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Nano bioactive glasses are known as suitable alternatives to repair the damaged bone tissues. In this
research, novel sol-gel derived bioactive glass composites were synthesized through a reduction in the
common weight percent of SiO2 substituted by 15 wt% of titanium dioxide nanotubes (TNTs) at two
different steps by the synthetic procedure. The morphology, crystalline structure, and functional groups
of the composites were evaluated through scanning electron microscopy (SEM), X-ray diffraction (XRD)
and Fourier transform infrared (FTIR) analyses. Based on the SEM images, the step in which TNTs were
added to the solution completely changed the morphology of the composite. Bioactivity tests were
carried out by soaking the samples in the simulated body fluid (SBF) at the intervals of 14 and 28 days
followed by the investigation of hydroxyapatite (HA) layer formation on the surface of the samples.
According to XRD peaks at 2-theta angle of around 31 and 40 degrees, it was found that the presence of
titanium dioxide nanotubes improved bioactivity after 14 days of immersion and both 58S-TNT
composites were more bioactive than 58S bioglass, while 58S bioactive glass possessed more intense
peaks of HA after 28 days of immersion in SBF. Furthermore, the drug loading characteristic of the
prepared composites was examined and the results showed that the addition of nanotubes improved the
drug loading performance of bioactive composites containing TNTs up to 70% compared to the 58S
bioglass with 37% drug loading.
doi: 10.5829/ije.2021.34.01a.01

NOMENCLATURE
°C
λ
$
°

Degree celcius
Wavelength
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Degree

1. INTRODUCTION1
Tissue engineering is an interdisciplinary field involving
life sciences, medicine, material sciences, and
engineering [1]. The development of practical substitutes
for damaged tissues is the main purpose of tissue
engineering. The global market of tissue engineering and
cell therapy was appraised in 2014 at about $15 billion.
Tissue engineering and regenerative medicine solutions
can also be used for any tissue, although the levels of
complexity of targets are different [2].

M
wt%
kV
θ

Molar concentration
Weight percent
Kilovolt
diffration angle (in X-Ray Diffraction)

Bone tissue engineering is a complex and dynamic
process that begins by transferring and utilizing
osteogenic cells after proliferation, differentiation,
matrix formation, and bone regeneration [3]. As a tissue
or a critical organ in the human body, the bone not only
plays an essential role in protecting the organs within the
body but also causes the stability of the body and
provides the mineral reserves of the body [4].
Natural bone is a composite material consisting of
organic and mineral substances. Organic substances
mainly include collagen fibers that cause bone hardness.
In contrast, minerals mainly include calcium and
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phosphorus in the form of hydroxyapatite crystals and,
along with them, sodium, potassium, magnesium,
fluoride, chlorine, carbonate, and some elements in small
quantities such as silicon, strontium, iron, and zinc are
the cause of bone strength [5].
Unlike some tissues, the bones have the potential to
regenerate and repair against injury. However, when the
demand for bone regeneration is more than average
potentials, such as extensive bone defects that are caused
after trauma, infection, and tumor removal or skeletal
abnormalities, bone grafting is required [6]. Bone
grafting, which can be used as an autograft [7], allograft
[8], or xenograft [9], is applied when a part of the bone is
destroyed. It is required to fill the gaps after injuries and
accidents or after tumor removal. However, the use of the
above methods is limited due to the lack of connective
tissues for all patients, as well as the likelihood of recoil
by the immune system. There is also the possibility of
infection and disease transmission from the donor person
to the patient. Bone tissue engineering is looking for
methods to replace the damaged bone tissue of the human
body by combining the cells of living organisms in an
artificial or natural substance. This strategy introduces a
good solution for the treatment of diseases and injuries of
bone tissue. Alternative materials used in bone tissue
engineering can be classified into polymers, including
natural and synthetic polymers, ceramics including
calcium phosphates and bioactive glasses, metals, and
composites [10].
Bioglass is a material with high biocompatibility
which
has
significant
osteoconductivity,
osteoinductivity, and controllable biodegradability.
Bioglass, which is a material with high biocompatibility,
remarkable
osteoconductivity,
significant
osteoinductivity, and controllable biodegradability, was
originally developed by Larry Hench. In an aqueous
environment, this material can form hydroxycarbonate
apatite, which is similar to biological minerals, and thus
was widely used in the regeneration of bone and tissue
engineering [11, 12].
Typically, glass is made through melting or the solgel method. In the melting method, the bioactive glass
can be obtained by melting a mixture of raw materials
and then cooling [13]. The sol-gel method is a wet
chemical process for producing materials such as
bioactive glass, using materials such as silicate
compounds and metal ions. This process mainly involves
hydrolysis, condensation of raw materials, drying, and
calcination [14, 15]. By controlling the process
parameters, it is possible to control properties such as
morphology and composition [16]. The results of in vitro
and in vivo tests indicate the superiority of sol-gel
bioglass to melt-drived bioglass in bioactivity [17]. For
the synthesis of bioactive glass by the sol-gel method,
mostly, tetraethyl orthosilicate (TEOS) is used as a
source of silica. Also, water or ethanol is used as a solvent

2

[18]. The sol-gel method, according to the catalyst used
in synthesis, can be divided into two acid and base
catalytic methods that can affect the properties of the
resulting materials. Metal ions can be added during the
hydrolysis and condensation of tetraethyl orthosilicate, or
after the formation of silicon-oxide nanoparticles. After
drying and calcination of resulting nanoparticles, the
bioactive glass is obtained. For particle shaping or
dispersion improvement, it is possible to add other
organic material during synthesis to the solution [18].
To ensure the effectiveness and safety of bone tissue
substitutes, they should be tested in vitro and in vivo
before testing in the human body. To avoid the high cost
of in vivo tests, several types of in vitro tests are used to
predict the in-vitro bioactivity of bioceramics. The
purpose of in vitro bioactivity tests is to select the most
appropriate biomaterial to continue its development [19,
20].
Currently, the most common in vitro bioactivity test
is the soaking of the ceramics in the simulated body fluid
[21]. In this method, the hydroxyapatite layer is formed
on the surface of the bioactive material, after immersion
in the simulated fluid of the bodies’ plasma. Materials
that a layer of hydroxyapatite is formed on their surface
after immersion in simulated body fluids, but they are not
implanted in the body, are known as in vitro bioactive
[19]. Simulated body fluid which proposed by Kokubo et
al. [22] is an ionic solution, which is similar to human
plasma and is fixed in the physiological acidity by Tris
Buffer. The formation of a layer of hydroxyapatite on the
surface of bioactive glass is a sign of readiness for
transplantation into living bone tissue [23]. The
composition of the glass, the particle size, and finally
their surface area are known as the factors that have the
greatest impact on the formation of the hydroxyapatite
layer and bone graft [18].
One of the fundamental challenges of implantation is
controlling the infection caused by the bacterial load,
which can create immune problems and eventually lead
to the rejection of the implant [24]. To overcome the
implant-related infection and the bacterial load on the
implant, an incorporation combination of antibiotic drugs
is recommended [25].
However, there are some limitations to the
application of common medicinal drugs like toxicity in
non-objective tissues, low efficiency, biological
distribution, absence of selectivity, and overdose of
medication [26]. To overcome these abovementioned
restrictions and to reduce the side effects of medications,
the local delivery of the drugs to bone tissue was
considered as a suitable candidate [27]. Local delivery of
medication to the desired tissues not only maintains the
healthy cells unaffected but also provides the optimal
amount of generally expensive related drugs with no drug
dilution throughout the body, which results in
bioavailability optimization of drugs [28].

3
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The fabrication of nanostructures with physical
properties such as pore size, pore volume and suitable
surface area will improve the adsorption of guest
particles such as drugs on the nanostructures [29].
Tetracycline (TC) is an effective antibiotic that is widely
used in the treatment of infectious diseases. There is a
very high tendency for TC towards calcified tissues like
bone and teeth [30].
To enhance the bioactivity of bioactive glasses, some
groups of researchers impregnated various types of metal
oxides such as TiO2. To do this, different sources of
titanium were substituted for one of the common
constituents of bioactive glass (SiO2–CaO–P2O5). In
most cases, researchers used Tetrabutyl Titanate as the Ti
precursor and fabricated quaternary bioactive glasses
without the direct utilization of TiO2 particles [31, 32].
During the last decades, it has been proven that titania
nanotubes (TNT) have desirable properties such as
biocompatibility, high surface area, controllable pores
size, chemical stability, mechanical strength, excellent
accretion to bone tissue, and ability to promote
hydroxyapatite growth [33, 34]. To the best of our
knowledge, no research reported the application of
titanium oxide nanoparticles directly in the common
structure of 58S bioactive glass by decreasing the weight
percent of SiO2.
In this study, the 58S bioactive glass and a novel
bioactive glass, which is synthesized by using TiO2
nanotubes as one of the raw materials in the synthesis of
bioglass, were produced by the sol-gel method.
Furthermore, functional groups, phase structures, and
bioactivity of samples, as well as tetracycline loading on
the glasses, were investigated.
2. EXPERIMENTAL
2. 1. Materials
The chemicals used in this study
was tetraethyl orthosilicate (TEOS) as Si source, triethyl
phosphate (TEP) as a P source, nitric acid (HNO3) (70%),
ammonia (NH4OH) (25%), and ethanol (C2H5OH) were
purchased from Merck (Germany), and calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O)) as Ca source was
supplied from Carlo Erba, Spain. TiO2 nanotubes (TNT)
were purchased from Day Petronic Company (Iran), and
tetracycline hydrochloride was purchased from Razak
Laboratory Company (Iran).
2. 2. Glass Preparation
The 58S bioactive glass
was prepared by a quick alkali-mediated sol-gel method
as described in a previous publication [35, 36]. Briefly,
21.6 ml of tetraethyl orthosilicate, 13.9 ml of deionized
water, and 2.8 ml of nitric acid were dissolved in 50 ml
of ethanol. This solution was stirred at room temperature
for 30 minutes to complete the hydrolysis of tetraethyl
orthosilicate. After this stage, 2.2 ml of triethyl phosphate

was added to the previous solution and stirred for 20
minutes. Next, 14.04 g of calcium-nitrate was added to
the solution and stirred for 20 minutes. The 2 M ammonia
solution was then added dropwise to the solution, so that
the viscosity of the solution increased slowly, and the
solution became a gel. Ammonia was used as an
accelerating agent in the gelation process. The resulting
gel was then placed in an oven at 60 °C for one day for
drying the gel and evaporating the alcoholic and water
compounds, and the gel was obtained in a powder form.
Subsequently, The resulting powder was placed in a
furnace with a temperature of 600 °C for 2 hours at the 3
°C/min to remove its nitrate compounds (sample code:
58S).
For the synthesis of novel modified bioactive glass
with titanium dioxide nanotubes, the synthesis method
was similar to the 58S biglass synthesis, while 15 wt% of
titanium dioxide nanotubes were incorporated into the
solution by reducing the weight percent of SiO2. In other
words, the amount of used TEOS was reduced to 16.02
ml and instead, 0.755 g of titanium dioxide nanotube was
added to the solution. Moreover, for better evaluation of
the TNTs role in the modifid bioactive glasses, TNTs
were added to the solution in two different steps:
1. after hydrolysis step of TEOS (sample code: 58S15TNT);
2. before ammonia solution addition (sample code: 58STNT15).
The weight percent composition of the synthesized
nanocomposites as well as the nanotube addition step are
presented in Table 1.
2. 3. Characterization
The X-ray diffraction
(XRD) analysis of powdered bioactive glasses was
performed on Inel EQUINOX 3000 diffractometer using
CuKα radiation (λ = 1.54) with 0.032 step size over a
range of 20<2θ<60. The Fourier transform infrared
spectroscopy (FT-IR) absorption spectra of the samples
were recorded with an ABB Bomem MB Series
spectrometer at room temperature in the 400–4000 cm-1
range with a resolution of 4 cm-1 and 25 scans per minute.
The morphologies of prepared samples were investigated
using KYKY EM3200 scanning electron microscope
(SEM) operating at the accelerating voltage of 30 kV.
Before SEM analysis, the samples were covered with
gold.

TABLE 1. Compositions of bioactive nanocomposites
SiO2

TiO2

CaO

P2O5

58S

58

-

33

9

58S-15TNT

43

15

33

9

58S-TNT15

43

15

33

9
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2. 4. Bioactivity Evaluation
The in vitro
bioactivity of samples was investigated by immersion of
the samples in the simulated body fluid (SBF). The
composition of the simulated body fluid is according to
the method proposed by kokubo et al. [22]. Powders were
immersed in the simulated body fluid and were placed in
an incubator at 37 °C for 14 and 28 days. The mass of
powder per volume of SBF was 25 mg/ml. Also, to
maintain the concentration of ions in the solution, the
previous solution was replaced by the fresh simulated
body fluid. Finally, the powders were dried in an oven at
60 °C and then were analyzed by XRD, FTIR, and SEM.
2. 5. Drug Loading
Drug loading analysis was
carried out using the immersion of samples in the drug
solution. Initially, 2000 mg/ml drug solution was
prepared by mixing of tetracycline hydrochloride and
deionized water for 5 minutes. The bioglass powders
were added to the drug solution with 10 mg/ml
concentration and stirred at room temperature for one day
using a magnetic stirrer. Afterward, the absorbance of the
dissolved solution was determined by Unico 2100 UVVis spectrometer at 383 nm [37] after the solution was
centrifugated. Using the calibration curve, the
concentration of the soluble drug was calculated after the
loading process. This concentration is related to the
residual drug in the loading solution, and the decrease in
the drug concentration is assigned to the drug adsorption
by the bioglass powders.
The calibration curve of Tetracycline concentration
was determined at room temperature by plotting
absorbance versus different concentrations of
tetracycline hydrochloride solution including 18.75,
37.5, 50, 75, 100, 125, 150, 200 ppm. The calibration
curve was obtained based on the lambert-beers law.
3. RESULTS AND DISCUSSION
3. 1. Phase Structure Analysis
Figure 1 shows
the scanning electron microscopy (SEM) images of the
prepared samples. As shown in the SEM picture of 58S
bioactive glass, this synthesized material possessed
spherical nanoparticles, while the addition of titanium
dioxide had a significant effect on the morphology of the
composites. Moreover, the step in which titanium dioxide
nanotubes were added to the solution completely
changed the composite morphology. In other words, the
SEM picture of 58S-15TNT composite shows that
titanium dioxide nanotubes were impregnated through
the composite surface with no considerable spherical
particles, while the 58S-TNT15 SEM image displays that
needle-like titanium dioxide nanotubes were formed on
the spherical bioactive glass composite.
XRD patterns for 58S, 58S-15TNT, and 58S-TNT15
samples are shown in Figure 2. There are no obvious

Figure 1. SEM images of 58S, 58S-15TNT, and 58STNT15

Figure 2. XRD spectra of 58S, 58S-15TNT, and 58STNT15

4

5
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peaks in the 58S XRD pattern, which indicates that this
bioglass was amorphous. By incorporation of titanium
dioxide nanotubes in the bioactive composites, two
characteristic peaks of this material appeared at
approximate angles of 25° and 48°, which represents the
presence of anatase TiO2. The peak appeared at an
approximate angle of 34° may be due to tricalcium
phosphate [38]. A peak created around an angle of 32.5°,
is related to the formation of calcium titanate phase.
Also, two peaks shown at about angles of 27° and 29°
correspond to the titanite [39, 40]. The formation of these
new compounds can be attributed to the reaction of
titanium dioxide nanotubes with functional groups of
bioactive glass. As shown in this figure, the 58S-TNT15
XRD pattern has stronger TiO2 peaks compared to that of
58S-15TNT. This may be due to the weaker interaction
between TNTs and the functional groups involved in the
synthesis of 58S-15TNT biocomposite due to the step of
TNTs addition. In addition, the lack of calcium titanium
silicate phase in the XRD pattern of the 58S-TNT15
sample confirms this finding.
Figure 3 shows the FTIR absorption spectra of the
58S, 58S-15TNT, and 58S-TNT15 bioglasses. The band
at 468 cm-1 is attributed to Si-O-Si bending vibration,
while the peak at 1099 cm-1 is ascribed to Si-O-Si
asymmetric stretching vibration [41]. Due to the addition
of TNTs, a band appeared at around 940 cm-1, which can
be assigned to Si-O stretching vibration in Si-O-Ti
groups [42].

Furthermore, the peak observed for all samples at an
about angle of 30° can be assigned to wollastonite
formation [44].
Due to the increase in the number of peaks related to
hydroxyapatite as well as their intensity after 28 days of
immersion in SBF compared to 14 days, it can be
concluded that increasing the soaking time enhanced the
formation of hydroxyapatite and subsequently the
bioactivity of samples. Furthermore, based on the
intensity of hydroxyapatite peaks at 31.5° and 40° shown
in the XRD patterns of composites containing titanium
dioxide nanotubes, it can be understood that the presence
of titanium dioxide nanotubes improved the bioactivity
after 14 days of immersion and both 58S-TNT
composites were more bioactive than 58S bioglass.
Although the 58S-15TNT sample was the more bioactive
sample after 14 days of soaking in SBF, 58S bioactive
glass possessed more intense peaks of HA after 28 days
of immersion in SBF.
Figure 5 shows the FTIR absorption spectra of the
58S, 58S-15TNT, and 58S-TNT15 composites after 14
and 28 days of immersion in SBF. The peaks at 567 cm-1
and 604 cm-1 can be assigned to the bending mode of the
O-P-O bond [43]. Another peak that appeared at 961

3. 2. In Vitro Bioactivity
Figure 4 shows XRD
patterns of 58S, 58S-15TNT, and 58S-TNT15 samples
after immersion in SBF for 14 and 28 days. Two weak
peaks observed at approximate angles of 31.5 ° and 40° in
58S XRD pattern indicates the onset of hydroxyapatite
formation after 14 days of immersion [43]. At an around
angle of 35°, a new peak was generated that may be due
to the formation of tricalcium phosphate [38].

Figure 3. FTIR spectra of 58S, 58S-15TNT, and 58STNT15

Figure 4. XRD patterns of 58S, 58S-15TNT, and 58STNT15 samples after a) 14 and b) 28 days of immersion in
SBF
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attributed to C-O asymmetric stretching vibration due to
the presence of CO32- in site PO43- [43, 46]. The peak at
3437 cm-1 could be ascribed to O-H bond [47].
According to the peaks shown in the FTIR spectra of
the composite containing titanium dioxide nanotubes, it
can be perceived that the intensity of peaks present in the
FTIR spectrum of 58S-15TNT is higher than that of the
58S-TNT15 sample, which again confirms better
bioactivity of 58S-15TNT.

Figure 5. FTIR spectra of 58S, 58S-15TNT, and 58STNT15 samples after a) 14 and b) 28 days of immersion in
SBF

Figure 6. TC loading capacity on of 58S, 58S-15TNT, and
58S-TNT15 samples

cm-1 is attributed to the symmetric stretching mode of the
P–O bond of the phosphate group [43]. The peak that
appeared at 877 cm-1 corresponds to the symmetric
vibrational.
C-O [45]. A new peak appeared at 961 cm-1 is
assigned to P-O stretching vibration. The peak at 1650
cm-1 can be ascribed to the vibration of CO32- and the twin
peaks located at 1423 cm-1 and 1458 cm-1 can be

3. 3. Drug Loading
The drug loading performance
of each sample is shown in Figure 6. As shown in this bar
chart, with an addition of the TNT to the structure of 58
base bioglass, the drug loading capacity of samples
increased more than 2 times. The dominant mechanism
of drug loading on the bioactive nanocomposites is
adsorption in which the active sites of the composites are
occupied by tetracycline particles during the process
[48]. The composites containing titanium dioxide
nanotubes showed a higher value of tetracycline loading
compared to 58S bioactive glass due to a better
adsorption capacity of TNTs present in the matrix of
nanocomposites [49]. The slightly better performance of
58S-TNT15 in comparison with 58S-15TNT may be
attributed to its higher surface area due to the presence of
needle-like titanium dioxide nanotubes formed on the
spherical bioactive glass composite as shown in the SEM
picture of the final product.
3. 4. Comparison of the Results
As described
in this study, navel nano bioactive nanocomposites were
synthesized by the incorporation of titanium dioxide
nanotubes into the bioglass structure. As mentioned in
the introduction section, The literature review in this area
shows that no research reported the direct substitution of
SiO2 with titanium dioxide nanotubes in the bioglass
composition. Based on the results obtained in this study,
it is clear that the presence of titanium dioxide nanotubes
resulted in better bioactivity of samples after 14 days of
soaking in the SBF solution compared to 58S bioglass.
However, Ni et al. [30] investigated the effect of adding
TiO2 to a bioactive glass compound. They reported that
the addition of TiO2 reduced the rate of hydroxyapatite
formation, but this effect diminished in a long time and
did not affect the growth of the apatite layer after long
periods of soaking. Moreover, Heidari et al. [32] assessed
the replacement of CaO with TiO2 in 45S5 bioactive glass
synthesized by sol-method. They reported that despite the
slowdown of hydroxyapatite formation in the early days
in titanium-containing samples, the bioactivity results
were almost the same over the 14 days. Therefore, it is
worth mentioning that direct utilization of titanium
dioxide nanotubes as a titanium precursor, applied in this
study, was more effective in increasing the bioactivity of
the composites than other titanium sources such as
Tetrabutyl Titanate used by other researchers.
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4. CONCLUSION
In this study, novel sol-gel derived modified bioactive
glasses incorporated by titanium dioxide nanotubes were
synthesized by reducing the amount of SiO2 present in
the structure of common 58S. According to the SEM
images of the modified bioglasses, it was found that the
addition of TiO2 nanotubes caused a change in the
morphology of samples and also new crystalline phases
such as titanite (CaTiSiO5) and calcium titanate (CaTiO3)
were generated. Comparing XRD and FTIR patterns of
the modified samples before and after in vitro bioactivity
tests revealed that the hydroxyapatite was formed on both
composites containing titanium dioxide nanotubes.
However, there was a decrease in the bioactivity behavior
of the modified bioglasses compared to 58S base bioglass
after 28 days of immersion in simulated body fluid.
Moreover, the 58S-15TNT composite showed better
bioactivity than the 58S-TNT15 sample after 28 days of
soaking in SBF. The results of drug loading on the
modified bioglasses also indicated that the presence of
titanium dioxide nanotubes in the structure of bioactive
composites was effective and these composites possessed
better drug loading performance due to an increase in the
tetracycline loading. Therefore, TNT incorporated
bioactive composites have the potential for extensive
research in the regeneration of bone defects and local
drug delivery.
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Persian Abstract
چکیده
کامپوزیتهای شیشه زیستفعال جدیدی با روش سل-ژل ،از طریق کاهش درصد وزنی سیلیس و جایگزینی آن با  15درصد وزنی از نانولولههای اکسید تیتانیوم سنتز شدهاند
که این مواد در دو مرحله متفاوت در فرآیند سنتز ا ضافه شدهاند .خواص زی ستفعالی ،مورفولوژی ،ساختار کری ستالی ،گروههای عاملی کامپوزیتها از طریق میکرو سکوپ
الکترون روب شی ( )SEMو آنالیزهای پراش ا شعه ایکس ( )XRDو تبدیل فوریه مادون قرمز ( )FTIRمورد ارزیابی قرار گرفتند .بر ا ساس تصاویر  ،SEMمرحلهای که در آن
نانولولههای اک سید تیتانیوم به محلول ا ضافه می شود ،به طور کامل مورفولوژی کامپوزیت را تغییر داده ا ست .آزمون زی ستفعالی بیرونتنی با غوطهور کردن نمونهها در مایع
شبیه سازی شده بدن برای بازههای  14و  28روزه و با توجه به ت شکیل الیه هیدروک سیآپاتیت روی سطح نمونهها انجام شد .با توجه به پیکهای  XRDدر زاویه دوتتا حدود
 31و  40درجه ،م شخص گردید ح ضور نانولولههای اک سید تیتانیوم منجر به بهبود زی ستفعالی نمونهها بعد از  14روز گردیده ا ست و هر دو کامپوزیت حاوی نانولولههای
اک سید تیتانیوم از نمونه  58Sزی ستفعالی بی شتری دا شتهاند ،در حالیکه بعد از  28روز غوطهوری در  ،SBFشی شه زی ستفعال  58Sپیکهای هیدروک سیآپاتیت با شدت
بیشتری را نشان داده است .به عالوه ،ویژگی بارگذاری دارو کامپوزیتهای تهیهشده ارزیابی شدند و نتایج مربوطه نشان دادند که اضافه نمودن نانولولهها در مقایسه با بیوگلس
 58Sبا بارگذاری داروی  37درصد ،عملکرد کامپوزیتهای زیستفعال حاوی نانو لولههای اکسید تیتانیوم را تا  70درصد بهبود بخشیده است.
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Paper history:

This experimental work is about the study of drying shrinkage followed by strength testing of lightweight
foamed concrete (LFC) specimens with the confinement of woven fiberglass mesh (FGM) at three
different densities. The LFC specimens were wrapped with 1-layer to 3-layer(s) of FGM for cube and
cylinder specimens and in beam specimens, it was centrally spread along the longitudinal axis. The
specimens were cured under air storage conditions and the drying shrinkage test was carried following
ASTM C157/C 157M specification on three prism-shaped ‘75mmx75mmx285mm’ specimens.
NORAITE PA-1 foaming agent was used to produce the desired density of LFC. All of 324 specimens
were cast and tested for mechanical properties at 7days, 28days and 56days respectively. In compression
strength test, cube dimensions of 100mm side following BS EN 12390-3:2009 was adopted. The flexural
strength was conducted on ‘100mmx100mmx500mm’ beam specimens following BS ISO 1920-8:2009.
The specimens ‘100mm in diameter and 200mm in height’ were tested for split tensile strength
considering ASTM C496/ C496M-04e1 specifications. The results showed that confinement with
160g/m2 (GSM) of FGM significantly restricts the drying shrinkage of LFC specimens compared to
control specimens and it decreased with the increases in layer(s) from l-layer to 3-layer(s) and density of
LFC. The testing of the mechanical properties of LFC showed a direct proportionality between strength
and LFC density and confinement layer(s). The failure pattern observed in all specimens was either by
debonding or splitting of fibers of FGM. Thus, LFC at 1600kg/m3 density confined/reinforced with 3layers of FGM conquers the good performance in drying shrinkage and strength properties while the
poor performance was shown by the unconfined LFC at 600kg/m3 density.
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1. INTRODUCTION1
Lightweight foamed concrete (LFC) is a cellular concrete
prepared by combination of foam of desired density in a
cement-based slurry. The foam enriches the workability
property of slurry due to the thixotropic behaviour of the
foam bubbles, allowing it to be easily poured and
transported into the desired moulds of any shape. The
technical terms used for labelling LFC include reduced
self-weight for lower densities [1, 2], which is essential
for restoration or to reduce the dead loads on structural
elements of buildings, thermal and acoustic insulation
[3], partition walls, enhance fire resistance [4], sub-base
in highways, insulation of floor and roof screeds, bridge
approaches/embankments [5], prefabricated structures
and many more.

Choi and Ma [6] engaged LFC to serve in tunnel
drainage and it was implemented in a two-lane highway
tunnel in South Korea. LFC results in sustainable [7, 8]
and economical construction due to use of less labour,
easy transportation and low operating costs [2, 6]. In
addition to this, the provision of partial replacement of
traditional aggregates used in foamed-concrete by fly ash
and silica fumes [9, 10] or recycled ingredients like glass
and foundry or electric arc furnace slag [11, 12] is
possible which can further reduce the cost. In practice,
the LFC has found numerous application in the
construction field in countries like UK, Turkey,
Philippines, Canada, Malaysia, Korea and Thailand [13,
14].
One of the prevalent downsides of LFC is its early age
drying shrinkage [15]. The reason being the expulsion of
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water from the capillaries of the concrete mixture [16].
Once the water evaporates, it is impossible to replace it.
This problem causes the LFC made elements to shrink
and reduce in volume leading to cracking and decreasing
overall performance. Kearsley [17] stated that the LFC is
noticed to be weak and non-durable due to its
characteristic high shrinkage value which can lead to
change in dimensions and cracks in the matrix. Besides
this, the average percentage of drying shrinkage in LFC
is about two to three times greater than conventional
concrete. Roslan et al. [18] revealed that the “typical
range of drying shrinkage value in LFC is in between
0.1% to 0.35% of the total volume of the hardened
concrete matrix”. As reported by Fedorov and Mestnikov
[19], the highest values of shrinkage deformations lead to
low strength characteristics in LFC. The explanation by
Rai and Kumar [20] about “high drying shrinkage of LFC
due to the absence of coarse aggregates where the result
is up to 10 times greater than has been observed in the
normal concrete”. The examination of the shrinkage
behaviour of LFC, moisture content and composition are
the basic responsible factors as stated by Nambiar and
Ramamurthy [21]. Amran et al. [22] stated that drying
shrinkage in LFC can be controlled by the type of
material used in matrix design, greater cement, water
proportion and admixtures. Namsone et al. [23] also
justified that the possible shrinkage problem in LFC is
caused by carbonation which leads to cracking and its
durability loss. Also, the high volume of voids is the
prime cause for increased drying shrinkage proportion in
LFC. As reported by Zamzani [24], the drying shrinkage
of LFC is radically greater in the beginning till 30 days
and then continues to grow gradually. The reason being
at the early age of the test, the specimens are not fully
hardened, and the lowest percentage of drying shrinkage
value is achieved at a higher density of LFC.
Since the drying shrinkage of LFC is higher
compared to conventional concrete. Either synthetic or
natural fibers like alkali-resistant glass, kenaf, steel, oil
palm fiber, and polypropylene fiber [25–27] can be used
in LFC to reduce the drying shrinkage and improve its
mechanical properties. This paper focuses on the
confinement of woven fiberglass mesh (FGM) by 1layer
to 3layers(s) in LFC to study the drying shrinkage
behaviour followed by basic mechanical property testing
of specimens for validation. Three different densities of
LFC were chosen based on the application categorized
which were 600kg/m3 for non-structural building
material, 1100kg/m3 for semi-structural while 1600kg/m3
for structural building material in real practice.
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water, and foam. Besides, 160g/m2 (GSM) of FGM was
employed in this research to investigate its functionality
to restrict the drying shrinkage and enhance strength
aspects of LFC. 53-grade OPC, commercially known by
‘Ultra Tech’ brand, following the specifications of
category 1 portland cement in ASTM C150-04 [28] was
used. Table 1 includes the basic chemical configuration
of used cement and the reference Type 1 cement as
specified.
The FA utilized in this research was restricted to less
than 1.18mm diameter with a specific gravity of 2.74 and
fineness modulus of 1.35. The grading limits was
according to ASTM C778-06 [29]. FA is suitable for
producing the LFC as the presence of coarse aggregate
creates bigger voids, sinks to the bottom of moulds,
affects its flowability resulting in an inconsistent mix and
thereby affects the LFC properties.
The presence of water is necessary to mix the cement
and FA to form the cement slurry which by a chemical
reaction will lead to the hardened mortar paste complied
with ASTM C1602-C05 [30]. ‘Protein-based foaming
agent, NORAITE PA-1’ was utilized as a foaming agent
that was added into the cement slurry to get the desired
density. 1kg of the foaming agent was diluted into 30L of
water as shown in Figure 1 before supplied to the foam
generator as shown in Figure 2.
Furthermore, the FGM as shown in Figure 3 also
known as the textile fabric was used as a
confinement/reinforcement. This mesh is categorized as
synthetic, lightweight, flexible, eco-friendly and alkaliresistant fiber. Table 2 shows the physical properties of
160 g/m2 (GSM) woven FGM and Table 3 displays its
composition.

TABLE 1. Basic chemical composition of OPC
Chemical
compound (%)

OPC

Specification limit as per ASTM
C150-04 [10]
Max

SiO2

16.00

Al2O3

3.90

6.0

Fe2O3

2.90

6.0

MgO

1.50

6.0

SO3

3.10

3.0

Min
20.00

2. MATERIALS AND MIX DESIGN
There are four basic materials utilized in the production
of LFC which were cement, fine aggregate (FA), potable-

Figure 1. Foaming agent dilution into the water
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The mix proportioning of the LFC as shown in Table
4 was prepared at three different densities: 600kg/m3,
1100kg/m3 and 1600kg/m3 with the confinement of 1layer to 3-layers of FGM. 1L-FGM specifies1-layer, 2LFGM for 2-layer and 3L-FGM for 3-layers of FGM. The
water to cement proportion was fixed to 0.45 as
suggested by Talaei et al. [31] and Kearsley and Visagie
[32]. Also, the cement to FA ratio was fixed to 1:1.5.
Figure 2. Foam generator

3. EXPERIMENTAL PROGRAMME

Figure 3. 160 GSM woven FGM

TABLE 2. Physical properties of FGM
Properties

160 GSM woven fiberglass mesh

Mesh size

4.0mm x 5.0mm

Colour

White

Coating type

Alkali resistance

2

Mass (g/m )

160±5

Ignition point

759.2ºF/ 404ºC

Melting point

320.0ºF /160ºC

Tensile strength (MPa)

1407

Elongation at break (%)

3.07%

Compliance

ASTM C1116-02

TABLE 3. Composition of FGM
Oxide components (AR-glass)

Percentage by weight (%)

SiO2

65.4

ZrO2

17.3

TiO2

1.2

Al2O3

The drying shrinkage test was conducted by using a
Mitutoyo brand digital indicator (accuracy up to 0±0.001
mm) with a 298mm reference bar. The test was
performed according to ASTM C157/C157M [33] where
three prism-shaped ‘75mmx75mmx285mm’ specimens
with mesh confinement about the longitudinal lateral
surface were installed with a pair of steel screw and cap
nut. After demolding, LFC specimens were placed in the
length comparator; a setup is shown in Figure 4(a) and
rotated anti-clockwise to get the data. The readings were
taken and recorded. Then, the steps were repeated for the
next age of testing, which was on day 1, 3, 7, 14, 21, 28,
and 56.
The strength tests were conducted on 324 specimens,
3 specimens in each category for each test. The different
categories were: control,1L-FGM, 2L-FGM and 3LFGM. The cast specimens were put to test at 7days,
28days and 56days. In compression strength test, cube
dimension of 100mm side following BS EN 123903:2009 [34] was used. The flexural strength was
conducted
on
‘100mmx100mmx500mm’
beam
specimens following BS ISO 1920-8:2009 [35] and

TABLE 4. Mix design of LFC confined with FGM
Sample

Mix
Mix proportion (kg/m3)
Cement/ Water/
density
Sand
Cement Cement Sand Water
(kg/m3)
600

1:1.5

0.45

230.24

345.36 103.61

1100

1:1.5

0.45

410.79

616.18 184.86

1.6

1600

1:1.5

0.45

591.34

887.01 266.10

Fe2O3

1.7

600

1:1.5

0.45

230.24

345.36 103.61

CaO

7.2

1100

1:1.5

0.45

410.79

616.18 184.86

1:1.5

0.45

591.34

887.01 266.10

Control

1L-FGM

MgO

0.7

1600

Na2O

0.6

600

1:1.5

0.45

230.24

345.36 103.61

K 2O

0.4

1100

1:1.5

0.45

410.79

616.18 184.86

B2O3

2.2

1600

1:1.5

0.45

591.34

887.01 266.10

Li2O

0.3

600

1:1.5

0.45

230.24

345.36 103.61

F2

0.5

1100

1:1.5

0.45

410.79

616.18 184.86

Others

0.9

1600

1:1.5

0.45

591.34

887.01 266.10

2L-FGM

3L-FGM
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moisture from the surface of the specimen while for the
later ages, the rate of increase of drying shrinkage is
reduced with time depending on the moisture movement
of concrete”.
The FGM not only prevents the water diffusion from
the cement matrix, but it also avoids the loss of existing
water in LFC. This also has been proved by Falliano et
al. [38] stating that the “unreinforced specimens exhibit
a shrinkage that decreases with increasing dry density”.
Namsone et al. [23, 39] also concluded that the addition
of fiber can reduce the risk of shrinkage and stabilize the
fresh mix.

Drying Shrinkage (mm)

(a)

(b)
Figure 4. (a) The instrument for drying shrinkage test; (b)
Placement of mesh

lastly, split tensile test was conducted on ‘100mm
diameter and 200mm height’ cylindrical specimens
considering ASTM C496/C496M-04e1 [36]. The
specimens in compressive strength test and split tensile
test were confined along the lateral surface and in the
flexural test, the mesh was spread in the longitudinal
direction at the center of the height of the specimen.
Figure 4(b) shows the FGM placement in specimens.
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Figure 5. Drying shrinkage results of 600kg/m3 density LFC
confined with a different number of layer(s) of fibreglass mesh

3. 1. Drying Shrinkage
Figures 5, 6, and 7 depict
the graphical development of drying shrinkage results for
LFC confined with 160 g/m2 (GSM) woven FGM. The
test results revealed that the control specimens have the
uppermost shrinkage strain when compared to the
confined LFC specimens for the three respective
densities. The drying shrinkage was in indirect relation
with LFC density and the layer(s) of FGM. At 600kg/m3
density of LFC confined with 1-layer FGM, the drying
shrinkage was restricted by 48%, while for LFC density
of 1100kg/m3 and 1600 kg/m3 by 57% and 43%
compared to the unconfined specimen at 56days. When
the number of layer(s) of FGM was increased by 2-layers
and 3-layers, the drying shrinkage behaviour also
decreased by 52% to 77% than the unconfined
specimens.
At the early stage of the test, all the specimens show
inconsistent drying shrinkage measurement as the
specimens were not fully hardened. However, on day-30
and above the graph shows only a slight increment in
drying shrinkage for the confined LFC while the control
specimen shows a noticeable increase. Besides, Karim et
al. [37] also clarified that the rapid “increase of drying
shrinkage at the early age is due to the rapid loss of

3L-FGM
2L-FGM
1L-FGM
Control

0.6
0.5
0.4
0.3
0.2
0.1
0.0
0

20

Days

40

60

Figure 6. Drying shrinkage results of 1100kg/m3 density
LFC confined with a different number of layer(s) of
fibreglass mesh

Drying Shrinkage (mm)

3. RESULTS AND DISCUSSION

Drying Shrinkage (mm)
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0.05
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1L-FGM
Control

0
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Figure 7. Drying shrinkage results of 1600kg/m3 density LFC
confined with different number of layer(s) of fiberglass mesh
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3. 2. Compressive Strength
The compressive
strength test (CT) results of LFC specimens of density
600kg/m3, 1100kg/m3 and 1600kg/m3 respectively are
displayed in Figures (8,9 and 10) indicating the test
outcomes at 7days, 28days and 56 days. It was found that
the compressive strength in all cases increases with age
and is in direct correlation with LFC density and layer(s)
of confinement in the specimens as supported by the
literature [40]. The 56th day compressive strength of LFC
specimens confined with 1L-FGM,2L-FGM and 3LFGM at 600kg/m3 density was +58.94%, +137.89% and
+168.42% respectively greater than unconfined/control
specimens. Similarly, the 56th day compressive strength
of 1100kg/m3 and 1600kg/m3 LFC specimens was found
in a range of +38.42% to +94.65% greater than
unconfined specimens.

10
8.6

9

Compressive Strength (MPa)

14

8
7
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6.20

7.48
6.99

7.74

5.76

6

4.67
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5
4.39
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5.14

3

7DAYS-C-CT
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7DAYS-1L FGM-CT
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7DAYS-2L FGM-CT
28DAYS-2L FGM-CT
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7DAYS-3L FGM-CT
28DAYS-3L FGM-CT
56DAYS-3L FGM-CT

2
1
0

Figure 10. Comparative compressive strength of LFC of
1600kg/m3 density with different layer(s) of FGM
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0.00

Figure 8. Comparative compressive strength of LFC of
600kg/m3 density with different layer(s) of FGM

3. 3. Flexural Strength
Figures 11, 12 and 13
present the results of the flexural strength test (FST) at
7days, 28days and 56days. The test results showed a
direct correlation between LFC density and the layer(s)
of confinement of FGM. Thus flexural strength in LFC
can be improved by an appreciable proportion of flexural
members of a structure as supported by findings of Musa
et al. [41]. The 56th day flexural strength of LFC
specimens reinforced with 1L-FGM,2L-FGM and 3LFGM at 600kg/m3 was +103.70%, +151.85% and
+385.18% respectively greater than control specimens.
Similarly, for 1100kg/m3 and 1600kg/m3 density LFC
specimens, the respective increment in flexural strength
after 56days was in a range of +119.54% to +256.32%
greater than control specimens.
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4.07 4.54
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4
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3
2
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Figure 9. Comparative compressive strength of LFC of
1100kg/m3 density with different layer(s) of FGM
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Figure 11. Comparative flexural strength of LFC of
600kg/m3 density with different layer(s) of FGM
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Figure 14. Comparative split tensile strength of LFC of
600kg/m3 density with different layer(s) of FGM.
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Figure 12. Comparative flexural strength of LFC of
1100kg/m3 density with different layer(s) of FGM
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Figure 15. Comparative split tensile strength of LFC of
1100kg/m3 density with different layer(s) of FGM
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3. 4. Split Tensile Strength
Figures 14, 15 and
16 present the results of the split tensile strength(STS)
test at 7days, 28days and 56days. The 3L-FGM
performed outstandingly followed by 2L-FGM and 1LFGM confinement in all the foam densities. The test
results were approved by the finding of [42, 43]. The 56th
day split tensile strength test of LFC specimens confined
with 1L-FGM,2L-FGM and 3L-FGM at 600kg/m3 was
+157.14%, +242.85% and +471.42% respectively greater
than unconfined specimens. Similarly, for 1100kg/m 3
and 1600kg/m3 density LFC specimens, the
corresponding increment in split tensile strength after
56days was in a range of +98.63% to +354.16% greater
than unconfined specimens. It was noticed that the
appearance of crack was vertical and progress was slow
and linear. The failure load of the specimens created a
wide crack departing the specimen longitudinally.
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Figure 13. Comparative flexural strength of LFC of
1600kg/m3 density with different layer(s) of FGM
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Figure 16. Comparative split tensile strength of LFC of
1600kg/m3 density with different layer(s) of FGM
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After testing the mechanical properties of specimens,
the common failure pattern observed in all cases was
either by debonding or splitting of fibers of the mesh.
Figure 17 shows the scanning electron microscope(SEM)
images indicating the typical failure of the specimens.

conquers the good performance of drying shrinkage
while the poor performance was shown by the
unconfined LFC at density 600kg/m3.
5. The testing of mechanical properties like compressive
strength, flexural strength and split tensile strength of
LFC showed a direct correlation of strength with age,
confinement layer(s) and foam density. The type of
failure of specimens in all cases was either by
debonding or by splitting of fibers.
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Persian Abstract
چکیده
این کار آزمایشی در مورد مطالعه جمعشدگی خشک شدن و به دنبال آن آزمایش مقاومت نمونههای بتن سبک کف ( )LFCبا محصور شدن شبکه فایبرگالس بافته شده
( )FGMدر سه تراکم متفاوت است .نمونههای  LFCبا نمونههای مکعبی و استوانهای با  1الیه تا  3الیه ( )FGMپیچیده شده و در نمونه پرتو ،بطور مرکزی در امتداد محور
طولی پخش شد .نمونهها تحت شرایط ذخیرهسازی هوا درمان شده و آزمایش انقباض خشک شدن به دنبال مشخصات  ASTM C157 / C 157Mبر روی سه نمونه
منشوری شکل  mmx75mmx285mm75انجام شد .برای تولید چگالی مطلوب  LFCاز ماده کفکننده  NORAITE PA-1استفاده شد .در مجموع  324نمونه برای
خواص مکانیکی  LFCمورد آزمایش قرار گرفتند .نمونههای بازیگران در  7روز 28 ،روز و  56روز مورد آزمایش قرار گرفتند .در آزمون مقاومت فشاری ،ابعاد مکعب ضلع
 100میلی متر به دنبال  BS EN 12390-3: 2009به تصویب رسید .مقاومت خمشی بر روی نمونههای پرتو  be 100mmx100mmx500mmبه دنبال BS ISO
 1920-8: 2009انجام شد .نمونهها با قطر  100میلیمتر و ارتفاع  200میلیمتر با توجه به مشخصات  ASTM C496 / C496M-04e1از نظر مقاومت کششی تقسیم
شدند .نتیجه نشان داد که حبس با  160گرم در مترمربع ( )GSMاز  FGMبه طور قابل توجهی جمع شدن خشک شدن نمونههای  LFCرا در مقایسه با نمونههای کنترل
محدود میکند و با افزایش الیه (الیهها) از الیه  Lبه  3الیه و تراکم کاهش مییابد .از  .LFCآزمایش خصوصیات مکانیکی  LFCتناسب مستقیمی بین قدرت و تراکم LFC
و الیه(های) حبس نشان داد .الگوی شکست مشاهده شده در همه نمونهها یا با تجزیه یا تقسیم الیاف  FGMبود .بنابراین LFC ،با تراکم  1600کیلوگرم در متر مکعب با 3
الیه  FGMمحدود  /تقویتشده عملکرد خوبی را در خواص انقباض و مقاومت خشک کردن تسخیر میکند در حالی که عملکرد ضعیف توسط  LFCغیرقابل کنترل در تراکم
 600کیلوگرم در متر مکعب نشان داده شد.
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NOMENCLATURE
WL

Liquid limit

MDD

Maximum dry density

WP

Plastic limit

UCS

Unconfined Compressive Strength

WS

Shrinkage limit

CaCl2

Calcium chloride

FSI

Free swell index

Gs

Water absorption



Specific gravity (g/cc)

WA
CEC

Cation Exchange Capacity

PI

Plasticity Index

OMC

Optimum Moisture Content

CNS

Cohesive non-swelling soil

1. INTRODUCTION1
Expansive soils are known worldwide for their volume
change behaviour due to moisture fluctuation because of
their intrinsic mineralogical behaviour [1]. These types
of soils are found mainly in the arid and semi-arid regions
[2] such as Australia, Canada, China, India, South Africa,
and the United States. India has an extensive track of
expansive soils known as black cotton soil covers about
twenty percentage of the total land area [3]. Due to its
black colour which is a result of high iron and magnesium
minerals acquire from basalt [4]. Expansive soils are

Bulk Density (kg/m3)

clayey soils are the extensive specific surface area and
high cation exchange capacity [5, 6]. Expansive soil
contains clayey minerals such as montmorillonite which
increases in volume during wetting. This volume change
can exert sufficient stress on a building, sidewalk,
driveways, basement floors, pipelines, and foundations to
cause damages. Since the expansive soils are found
worldwide, the challenges to the Civil Engineers in one
felt around the globe. If not adequately treated, expansive
soils may act as natural hazards resulting in damages to
structures [7, 8]. The annual cost of damages to the Civil
Engineering structures is estimated at 150 million in the
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United States and many billions of dollars worldwide [9].
Under the moisture ingress and digress, a building
founded on expansive soil undergoes differential
movements caused by alternate swell/shrink behaviour of
soil causing several structural damages. Many reported
data are available on the heave profile of soil at the
surface, at various depths from the ground surface and on
covered areas [10, 11] it is generally observed that the
amplitude of soil movement decreases with depth and
there is an increase in time lag with movement at depth
compared with that at the surface. To date, distress
problems related to this type of soils are quite immense
to have ensued in the loss of billions of dollars in repairs
and rehabilitation [12].
Many Researchers used the strong electrolytes such
as potassium Chloride, Magnesium Chloride, Zinc
Chloride, Sodium hydroxide, Ferric Chloride, and
Calcium Chloride could be tried instead of lime [13].
strong electrolytes are readily soluble in water and hence
could supply adequate cations for exchange reactions.
Industrial by-product material such as flyash [14], GGBS
[15], cement kiln dust, limestone dust [16] as additives
are becoming more popular due to their relatively low
cost additionally CO2, emission can be reduced
significantly by the increased use of such supplementary
cementing materials currently wasted in lagoons and
landfill sites. The most important feature in the
stabilization of clay soils is the ability of the stabilizer to
provide a sufficient amount of Calcium [17]. Stabilizers
can be amended with activators like lime or cement to
enhance their cementitious and pozzolanic properties.
The purpose of this study is to investigate the
influence of the inclusion of Ultra-fine slag in
conjunction with Calcium Chloride (CaCl2) in the
stabilization of expansive soils. In India, an industrial byproduct Ultra-fine slag material is manufactured by
Ambuja cement private limited. The majority of Ultrafine slag material is utilized in the high-performance
concrete structures either as a cement replacement or as
an additive to improve concrete properties in both fresh
and hardened states and soil stabilization purpose [18],
while CaCl2 is mainly used to reduce the swelling and
increase the shear strength of expansive soil for soil
stabilization. These Ultra-fine slag and CaCl2 have also
great potential to be used as stabilizing agents. The main
reason for their underutilization is the lack of pozzolanic
reactivity [19].
Ultra-fine slag is ultrafine ground granulated blast
furnace slag, performs a superior to all other mineral
admixtures used in India [20–22]. On the other hand,
CaCl2 is the hygroscopic material and hence is preeminently suited for stabilization of expansive soils,
because it absorbs water from the atmosphere and
prevents shrinkage cracks occurring in expansive soils
during summer season. The combination of the two
materials can be more beneficial when used as a
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stabilizing agent than using the individual. However, no
studies on the joint activation of Ultra-fine slag and
CaCl2 as stabilizing agents for expansive soils have been
published to date.
2. MATERIALS
2. 1. Expansive Soil
The expansive clay soil is
collected from Kirumambakkam, is located in
Puducherry, India. The soil is collected in a dry condition
at a depth of 1 meter below the ground level and
preserved in the laboratory. Identified the index and
engineering properties of expansive soils as shown in
Table 1.
2. 2. Alccofine-1203
Alccofine-1203 is ultrafine
slag, manufactured by Ambuja cement private limited in
India. Ultra-fine slag and Ultra-fine slag-1101 are two
types with low calcium silicate and high calcium silicate
respectively. Ultra-fine slag has the lime binder 34% and
average particle size of 4 microns (Range 0-17microns).
Chemical composition and physical properties are tested
by Ultra-fine slag micro materials, Pissurlem, Goa. Ultrafine slag properties are given in Table 2.
2. 3. Calcium Chloride
The chemical formula of
Calcium Chloride is CaCl2. It is a hygroscopic material
and hence, it is pre-eminently suited for stabilization of

TABLE 1. Physical properties of soil
Properties of soil

Results

Sand (%)

12

Silt (%)

30

Clay (%)

58

Specific gravity

2.60

Liquid limit (WL)

59%

Plastic limit (WP)

34.5%

Shrinkage limit (WS)

12.5%

Free swell index (FSI)

25%

Water absorption (WA)

53.69%

Cation exchange capacity (CEC) meq/100g

55

Unified soil classification (USCS)

CH

OMC (%)

18.19

MDD (kN/m3)

15.73

UCS (kPa)

157

Swell potential (%)

5.29

Swell pressure (kPa)

150

Hydraulic conductivity cm/sec

1.58x10-6
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TABLE 2. Physical and chemical properties of Ultra-fine slag
Properties

Results

Physical properties
Particle size Distribution(mm)
D10

1.5

D50

4.3

D90

9.0

Specific gravity (g/cc)
3

Bulk density (kg/m )

2.88
680

Chemical properties
SiO2

35.6%

Al2O3

21.4%

Fe2O3

1.3%

CaO

33.6%

SO3

0.12%

MgO

7.98%

black cotton soil (expansive soil), because it absorbs
water from the atmosphere and releases heat when it is
dissolved in water. Calcium Chloride is obtained from Sri
Rajendra Scientific and Surgicals Pvt Ltd. Pondicherry,
India.

is 157 kPa. The percentage of Ultra-fine slag (3, 6 and
9%) and CaCl2 (0.25, 0.5 and 1.0%) were added by dry
weight of the soil. The UCS values are shown in Table.
3. The optimum increase was noticed at 6% Ultra-fine
slag and 1% CaCl2. The UCS strength was an increase
from 157 kPa to 418 kPa. Beyond 6% of Ultra-fine slag
with 1%, CaCl2 resulted in a slight decrease in UCS
values.
3. 3. Swell Behavior
The swell behavior of soil
and mixed with different percentages of Ultra-fine slag
and CaCl2 is presented in Table. 3. The maximum swell
potential of intrinsic soil is 5.29% and swell pressure is
150 kPa. The swell of intrinsic soil is mainly due to the
presence of montmorillonite mineral. With the addition
of various percentages of Ultra-fine slag and CaCl2, the
swell of the soil decreases gradually and completely
brings to halt beyond the addition of Ultra-fine slag 6%
with 1% of CaCl2. Beyond Ultra-fine slag 6% with 1% of
CaCl2, complete elimination of swell is due to the
availability of adequate calcium, not only for cation
exchange reaction but also for the formation of
pozzolanic reaction compounds. Pozzolanic reaction
binds the flocculated soil particles, and thereby, the
formation of strong flocculated fabric, leading to the
reduction in a swell of soil.
3. 4. Mineralogical and Microstructural Analysis

3. RESULTS AND DISCUSSION
3. 1. Index and Compaction Tests
The influence
of Ultra-fine slag and CaCl2 on Atterberg limits (liquid
limit, plastic limit, and shrinkage limit) of expansive soil
is shown in Table 3. Results show that liquid limit
decreases and plastic limit increases; hence, the
difference between liquid limit and plastic limit is the
plasticity index. The plasticity index is reduced by about
67% when the soil is blended with 6% Ultra-fine slag +
CaCl2 1%.
The compaction characteristics of untreated and
treated soils are shown in Table 3. The results of
compaction show that the maximum dry density is
increased from 15.73 kN/m3 to 16.92 kN/m3 and
optimum moisture content is reduced from 18.19% to
16.5% with an increase of 6% Ultra-fine slag and 1%
CaCl2 binder; that is, for sample which shows maximum
strength.
3.2.
Unconfined
Compression
Strength
Unconfined compressive strength (UCS) tests were
conducted with Ultra-fine slag and CaCl2 was added.
Independently and blended to the expansive soil samples.
UCS tests were performed on both intrinsic soil and
chemically treated soil. The UCS value for intrinsic soil

3. 4. 1. SEM Analysis
Changes in surface matrix
and chemical composition due to reaction between
minerals of soil-Ultra-fine slag-CaCl2 were performed
with SEM and EDAX techniques, respectively. EVO 18
Carl Zeiss is used for the SEM and EDAX studies. The
analysis for clay soil, Ultra-fine slag and clay soil +
Ultra-fine slag 6% + CaCl2 1% are shown in Figure 1 (a,
b, c).
These studies were carried out in order to observe the
individually and changes in the soil are blended with an
admixture of 0 days. Eminent peaks Fe, Au, Al are
observed in 1(a) and Fe, Au, Al, Si are observed in clay
soil. In Ultra-fine slag (1b) Ca, Mg, Si, Al eminent peaks
are observed. In combination of soil blended with
admixture (1c) is observed eminent peaks are Fe, Au, Si,
O, Al. The test was performed mainly for the
identification of the various cementations compounds on
the soil stabilized with 6% Ultra-fine slag + CaCl2 1%
binder; that is, for sample which shows maximum
strength. The formation of aggregation or flocs is mainly
responsible for the reduction of the swelling in expansive
soil [8]. Cement hydration materials such as C-S-H gel is
mixed with calcium hydroxide, aggregation can be
observed in the SEM-micrograph. The hydration
products are usually intermixed with pore spaces that are
not empty but occupied by hardened epoxy resin [22].

R. Suresh and V. Murugaiyan / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 19-25

21

TABLE 3. Effects of soil-admixtures blended on Index and Engineering properties
CaCl2
(%)

Ultra-fine
slag (%)

0

0.25

0.5

1.0

Liquid Plastic
Plasticity
Shrinkage
limit
limit
index
limit (%)
(%)
(%)
(%)

Swell characteristics

MDD
(%)

OMC
(%)

UCS
(kPa)
0 days

Swell
potential (%)

Swell pressure
(kPa)

WA
(%)

0

59.0

34.5

12.5

24.5

15.73

18.19

157

5.29

150

53.69

3

55.0

35.0

13.3

20.0

15.85

17.75

216

3.22

120

50.05

6

49.0

35.5

16.0

13.5

15.95

17.45

245

1.23

095

44.59

9

47.0

36.0

22.5

11.0

16.15

17.24

241

0.75

075

42.77

0

54.0

37.0

14.0

17.0

15.85

18.05

245

2.17

115

49.14

3

51.0

38.5

15.0

12.5

16.05

17.76

300

1.02

098

46.41

6

49.0

39.0

19.0

10.0

16.30

17.25

327

0.59

065

44.59

9

48.0

39.0

24.5

9.0

16.45

17.10

324

0.46

096

43.68

0

52.5

38.0

14.5

14.5

15.90

17.65

306

1.47

045

47.77

3

50.4

38.5

16.0

11.9

16.34

17.34

359

0.90

038

45.86

6

48.0

40.0

18.8

8.0

16.70

16.80

384

0.34

022

43.68

9

49.0

41.0

24.0

8.0

16.90

16.40

376

0.11

018

44.59

0

51.0

39.0

18.0

12.0

15.80

17.40

352

0.78

032

45.68

3

49.0

41.0

21.0

8.0

16.30

16.80

401

0.17

012

44.59

6

47.0

39.0

22.5

8.0

16.92

16.50

418

0

0

42.77

9

49.0

42.0

22.8

7.0

16.95

16.24

406

0

0

44.59

Note: WL = Liquid limit; WP = Plastic limit; WS = Shrinkage limit; PI = Plasticity index; MDD = Maximum dry density; OMC = Optimum
moisture content; UCS = Unconfined compressive strength; WA = Absorption water content.

TABLE 4. Properties Obtained for Optimum Soil-Ultra-fine slag-CaCl2 Mix
Properties

Soil

93% soil+1% CaCl2+6% Ultra-fine slag

Sand (%)

12

10.30

Silt (%)

30

35.20

Clay (%)

58

54.50

Specific gravity

2.60

2.72

Liquid limit (WL)

59%

47%

Plastic limit (WP)

34.5%

39%

Shrinkage limit (WS)

12.5%

22.50%

Plasticity Index (PI)

25%

8%

53.69%

42.77%

Cation exchange capacity (CEC)
meq/100g

55

18

Unified soil classification

CH

CI

18.19

16.50

Water absorption (WA)

OMC (%)
3

MDD (kN/m )

15.73

16.92

UCC (kPa)

157

418

Free swell index (FSI)

25%

0

Swell potential (%)

5.29

0

Swell pressure (kPa)

150

Hydraulic conductivity cm/sec

1.58x10

0
-6

4.3x10-5
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3. 4. 2. XRD
The results of experimental
and XRD analysis that most of the Calcium is
consumed to alter the physical behavior of soil by
short-term process. However, peaks related to clay
soil are [d = 3.38Å, 2.29Å, and 2.96Å]. The X-ray
diffraction peaks identify for clay soil, Ultra-fine
slag and clay soil + Ultra-fine slag 6% + CaCl2 1%.
The most important peak traced was related to CH,
which was identified at 2ϴ =26° to 36° [20].
As can be seen from Figure 2 (a, b, c); the
addition of Ultra-fine slag and CaCl2 in the soil
causes CH related peaks to appear at the

aforementioned 2ϴ. It has been carried out to
confirm the formation of new minerals, which can
play a significant role in strength improvement
behavior Calcium stabilized for soil admixture. The
intensity has increased for Calcium Chloride and
Ultra-fine slag materials treated when compared
with the clay soil, which is all-evident from X-ray
data. The hydration products as a result of
pozzolanic reactions primarily consist of C-S-H gel
and calcium hydroxide (CH) [21]. The most
important peak traced was related to CH which were
identified at 2ϴ=26° to 36° [22].

Elements
CK
OK
Mg K
Al K
Si K
Ca K
Total

Weight
(%)
6.90
40.47
3.65
9.13
14.11
25.74
100.00

(a) SEM with EDAX analysis for soil
Elements
CK
OK
Mg K
Al K
Si K
Fe L
Au M
Total

Weight
(%)
14.54
45.43
1.19
7.98
19.03
7.11
4.72
100.00

(b) SEM with EDAX analysis for Ultra-fine slag
Elements

Aggregation

CK
OK
Mg K
Al K
Si K
Ca K
Au K
Total

Counts

C-S-H

Aggregation

Weight
(%)
8.09
53.60
1.36
8.24
20.85
2.99
4.87
100.00

Cementitious gel
between particles

(c) SEM with EDAX analysis for soil + Ultra-fine slag1203+ CaCl2 0 day
Figure 1. (a) SEM with EDAX analysis for soil; (b) SEM with
slag 1203; (c) SEM with EDAX analysis for soil + Ultra-fine slag1203+CaCl2 0 days

EDAX

analysis for

ultra-fine
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Position (o2 Theta)
(a) Soil

Position (o2 Theta)
(b) Ultra-fine slag

Position (o2 Theta)
(c) soil+6%Ultra-fine slag+1%CaCl2
Figure 2. XRD analysis for(a)soil;(b) Ultra-fine slag;(c)soil+6%Ultra-fine slag+1%CaCl2

4. CONCLUSION
In this study, based on the laboratory investigation, a
series of tests were performed to study the effect of CaCl2
and Ultra-fine slag on the swelling properties and
strength behavior of soils. Based on the results presented
in this paper, the following conclusions are made:
1. The optimum moisture content (OMC) was found to
decrease 18.19% to 16.5% while the maximum dry
density (MDD) increases from 15.73kN/m 3 to 16.92kN/
m3 with binding content.
2. The unconfined compressive strength (UCS) tests
were conducted with Ultra-fine slag and CaCl2 were
added independently and blended to the expansive soil
samples. The UCS strength was an increase from 157 kPa
to 418 kPa. Beyond 6% of Ultra-fine slag with 1% CaCl2
resulted in a slight decreased in UCS values.
3. The swell behaviour of soil; the swell potential is
reduced from 5.29% to zero and swell pressure is reduced
from 150kPa to completely bring to halt beyond addition
of Ultra-fine slag 6% with 1% of CaCl2.
4. SEM and XRD studies confirm the formation of
reaction products such as Ca, Mg and Si to contribute to
strength significantly. In XRD the addition of Ultra-fine
slag and CaCl2 in the soil causes CH related peaks to
appear at the aforementioned 2ϴ.

In the view of severe scarcity for suitable cohesive
non-swelling soils (CNS) at several project sites, an
alternative cushion material is proposed to be prepared at
the site using the intrinsic soil (expansive soil) by
admixing with it 6% Ultra-fine slag and 1% CaCl2 by dry
weight of the soil. Based on the favorable results
obtained, it can be concluded that the expansive soil with
Ultra-fine slag and CaCl2 can be considered as an
effective cohesive non-swelling soil (CNS) for
pavements, sidewalks, and floorings.
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Persian Abstract
چکیده
 یک برنامه آزمایشی اثرات سرباره فوقالعاده.مطالعه حاضر برای روشنسازی و کارایی سرباره فوقالعاده ریز و کلرید کلسیم در بهبود خصوصیات مهندسی خاک گسترده است
 ظرفیت، هدایت هیدرولیکی، مقاومت، تراکم، خاصیت انعطافپذیری، فشار تورم، پتانسیل تورم، شاخص تورم آزاد،% 1/0 ،% 0/5 ،% 0/25 CaCl2  و% 9 ،% 6 ، % 3 ریز
 ریزساختاری خاک گسترده و همچنین از یک ابزار آماری برای پیشبینی مقادیر آزمایشی مقاومت فشاری غیر محدود خاک استفادهSEM ،XRD تبادل کاتیونی و آزمایشات
 و نتایج گسترده خاک نشان داد که شاخصCaCl2 ، اختالط سرباره فوقالعاده ریز. هر دو مواد افزودنی به طور مستقل اضافه شده و به خاک وسیع مخلوط میشوند.شد
+%1  سرباره فوق العاده ریز+%6  خصوصیات تورم مخلوط کاهش یافته و وزن واحد خشک و مقاومت فشاری غیر محدود در ترکیب خاک، هدایت هیدرولیکی،پالستیکی
 مشخص شد که مقدار. کاهش مییابدCaCl2 %1  سرباره فوق العاده ریز و%6 ) نمونهها مجدداً کمی فراتر ازUCS(  مقاومت فشاری نامشخص. افزایش می یابدCaCl2
 مورد بررسی قرارCaCl2  برای مطالعه بیشتر با توجه به اقتصاد آن به دلیل محتوای کمCaCl2 +%1  سرباره فوق العاده ریز+%6 مطلوب مواد برای ترکیبی مطلوب از خاک
.گرفت

IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 26-38

International Journal of Engineering
Journal Homepage: www.ije.ir

Durability and Mechanical Properties of Self-compacting Concretes with Combined
Use of Aluminium Oxide Nanoparticles and Glass Fiber
H. Heidarzad Moghaddama, M. A. Lotfollahi-Yaghin*b, A. Malekia
a

Department of Civil Engineering, Maragheh Branch, Islamic Azad University, Maragheh, Iran
of Civil Engineering, University of Tabriz, Tabriz, Iran

b Faculty

PAPER INFO

A B S T R A C T

Paper history:

The presence of fibers in concrete specimens has an effective role on how the specimens were failed. In
this study, the effects of aluminium oxide nanoparticles on the workability, mechanical and, durability
properties of SCCs containing glass fibers were investigated. Glass fibers contents of 0, 0.5, 1, and 1.5
% by volume of concrete and aluminium oxide nanoparticles contents of 0, 0.5, 1, 1.5, 2, and 3 % by
weight of cement were used. The properties of fresh concrete were evaluated according to EFNARC
consideartions. The mechanical properties were evaluated by compressive strength, splitting tensile
strength, and ultrasonic pulse velocity tests. The durability of the specimens was also measured using
water absorption tests, water penetration depth and, electrical resistivity. Combined use of 2% aluminium
oxide nanoparticles and 1% glass fiber has increased the compressive and tensile strengths of SCCs by
59% and 119.2%, respectively. Aluminium nanoparticles have a very high specific surface area and their
reactivity causes them to react rapidly with calcium hydroxide to produce silicate-hydrate gels.
Therefore, calcium hydroxide crystals are reduced and the cavities in the cement gel are filled and the
compressive strength is increased. The use of aluminium oxide nanoparticles along with glass fibers
reduces the water absorption rate compared to the sample without these materials. This is one of the
effective properties of aluminium oxide nanoparticles, which increases the resistance to adverse
environmental factors by reducing water absorption.
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1. INTRODUCTION1
Today, the use of nanotechnology in the construction of
concrete has good practical potential and has different
features [1-4]. Brittleness of concrete limits its use for
parts that are completely or locally under tension. In
practice, this fundamental defect of concrete is resolved
by reinforcing it by installing steel rebars in the direction
of tensile forces. In order to create isotropic conditions
and reduce the brittleness of concrete, glass fibers can be
used in concrete [5].
On the other hand, the use of nanoparticles in concrete
has attracted the attention of many researchers in recent
years. Silva et al. (2016) examined the effect of silica and
aluminium oxide nanoparticle additives with steel fibers
on the behaviour of RC beams. They showed that

nanoparticles can improve the performance of RC beams
[6]. Joshaghani et al. (2020) showed that titanium,
aluminium, and iron oxide nanoparticles can improve
mechanical and durability and reduce workability [7].
Mohammed et al. (2020) investigated calcium and
aluminium oxide on the physical attributes of
cementitious mortar. For this purpose, different
percentages of calcined eggshell powder were used along
with 1% of aluminium oxide nanoparticles. The
experiments showed that the combined use of aluminium
oxide nanoparticles and eggshell powder reduced the
compressive strength and density, but increased the
percentage of water absorption [8]. Ansari rad et al.
(2020) studied the properties of basalt fiber reinforced
concrete containing silica nanoparticles and aluminium
nanoparticles. Basalt fibers reduced the flowability of
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self-compacting specimens and have little effect on
improving compressive strength [9]. Zin al-Abedini et al.
(2020) showed that the concrete made of nanolime
showed higher resistance than nano-silica and this type
of concrete can be considered in the group of high
performance and high strength concrete [10].
There have also been several studies on the use of
fibers in concrete. Ganesh (2016) examined selfcompacting concrete containing glass fibers. The length
of fibers added to the mixture was 1.2, 1.8, and 2.4 mm,
respectively, and the percentage of fibers were 0%, 0.25,
0.5%, 0.75%, and 1%. The highest compressive strength
was obtained in a specimen containing 1% fiber [11].
Soratur et al. (2018) stated that glass fiber and foundry
sand can lead to a significant improvement in mechanical
characteristics of concrete [12]. Alex and Arunachalam
(2018) conducted an experimental study of steel fibers
and glass fibers on the attributes of lightweight concrete.
The use of glass fibers and steel fibers improved tensile
and flexural strength of specimens [13]. Vasu et al.
(2019) used 0.1, 0.2 and 0.3% of glass fibers. They
indicated that glass fibers could improve the mechanical
characteristics of concrete [14]. Hemavathi et al. (2020)
examined the properties of concrete reinforced with glass
fibers containing silica fume. For this purpose, different
percentages of "manufactured sand" (30, 40, 70, and
100%) were replaced with natural sand. It was shown that
glass fiber and silica fume in concrete containing 30%
sand and 70% natural sand can be effective [15]. Kwan
et al. (2018) examined the durability of high-strength
self-compacting concrete specimens in corrosive
environments. For this purpose, glass fibers were used at
a rate of 0.6 to 2.40%. Specimens in which more glass
fibers were used showed greater resistance to adverse
environmental conditions [16]. Tabkhi Wayghan et al.
(2019) investigated the contribution of GFRP bars on the
compressive strength of concrete columns with circular
cross section. It has been shown that these rebars can
contribute significantly to compressive strength of
concrete columns if the column confinement is provided
sufficiently [17]. Ali et al. (2019) investigated the
influence of glass fibers on mechanical properties of
concrete with recycled coarse aggregates (RCA) and
normal coarse aggregates (NCA). The results indicated
that the addition of glass fibers was very useful in
enhancing the split tensile and flexural strength of both
RCA and NCA concrete [18]. Shadmand et al. (2020)
investigated the use of steel fiber in concrete jacket with
the purpose of retrofitting RC beams. They showed that
steel fiber-can improve the concrete jacket performance
and it is an adequate choice for reinforcing the concrete
of RC jacket [19].
In general, the results of the mentioned studies show
that the use of various fibers in concrete reduces cracks
and improves tensile strength. But the addition of some
fibers, along with their benefits, has drawbacks that can
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affect their performance. For example, steel fibers have a
higher density than other fibers and are relatively more
expensive to make. In addition, steel fibers do not
function well in corrosive atmospheric conditions and
can affect the durability of concrete. However, fibers
such as polypropylene, carbon, basalt and glass do not
have these weaknesses.
On the other hand, in the area between the cement
paste and the aggregate surfaces and the boundary areas
between the fibers and the aggregates, there are always
cracks that in the long run can lead to porosity in concrete
and reduce strength. The use of pozzolans can overcome
this weakness by strengthening the mentioned boundary
areas. The results of various studies show that aluminium
oxide nanoparticles have an effective role in improving
the mechanical properties of concrete and their use can
lead to increase adhesion between concrete and rebar in
concrete [2, 6]. Also, these nanoparticles have a relatively
higher resistance to heat caused by fire compared to other
nanoparticles [20-22].
The combined use of different fibers and
nanoparticles in concrete is considered as an effective
step in preventing the spread of microcracks and cracks
and compensating for the weak tensile strength of
concrete. From an economic point of view, the use of
fibers and nanoparticles depends on the application and
conditions of the project. Fiber has already found its
place in construction projects and its economic
evaluation is more related to the type of fiber which is
used and how to use it. However, in cases where fibers
are used instead of steel reinforcing mesh, not only equal
price of fibers and steel mesh but also skilled manpower,
tools, equipment, material storage space, etc are
considered and even this issue can be looked at with
foresight. Maintenance costs, weather conditions and
future applications of the structure that may have in the
future are all the factors that can justify the use of fibers
economically or vice versa. In some cases, project
scheduling may be very important and the use of fibers
can speed up the process and save a lot of money and this
can lead to abundant economic savings.
Therefore, in this study, the combined use of glass
fibers and aluminium oxide nanoparticles on the
workability, mechanical, and durability properties has
been evaluated. Glass fiber volume fractions between 0%
to 1.5% in combination with 0% to 3% aluminium oxide
nanoparticles were used. For this purpose, the properties
of fresh concrete were determined by conventional
experiments which were introduced by EFNARC [23],
and the mechanical properties were determined by
performing compressive strength and tensile strength
tests. The durability properties were performed by water
absorption, electrical resistivity and water penetration
tests. Also, non-destructive properties were evaluated
using ultrasonic pulse velocity (UPV). The flowchart of
the experimental tests is presented in Figure 1.
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Figure 1. Flowchart of the experimental tests

2. EXPERIMENTAL STUDY
2. 1. The Used Materials
Materials include
cement, sand, gravel, glass fiber, aluminium oxide
nanoparticles, water, and superplasticizer. Portland
cement (Type II) was used. Its chemical properties were
presented in Table 1.
The gradation of sand and gravel curve is within the
allowable range of ASTM C33 [24] (Figure 2). The used
sand is a river type with a density of 2640 kg/m 3. The
coarse aggregate is a broken type with a density of 2580
kg/m3 and its size is between 4.75 and 19 mm.

TABLE 1. Chemical attributes
nanoparticles and cement
Components

of

aluminium

oxide

Cement type II

Components

AL2O3

SiO2 %

21.27

Al2O3

99≤%

Al2O3 %

4.95

Ca

25ppm ≥

Fe2O3 %

4.03

Fe

80ppm ≥

CaO %

62.95

Cr

4ppm ≥

MgO%

1.55

Na

70ppm ≥

2.26

Mn

3ppm ≥

K 2O %

0.65

Co

2ppm ≥

Na2O %

0.49

SO3 %

Figure 2. Aggregates grading diagram

The length and diameter of glass fibers were
considered 12 and 0.02 mm, respectively. Also, tensile
strength and density of glass fibers were 14000 kg/cm2
and 2.44 kg/cm3, respectively. Aluminium oxide
nanoparticles are artificial and white matter which is
composed of very tiny AL2O3 particles. The alumina
which is used in nano- aluminium powder in this study
was more than 99%. The density and specific surface area
of aluminium oxide nanoparticles were 3.89 g/cm3 and
138 g/cm2, respectively. Also, the diameter of its solid
particles was about 20 nanometers. The chemical
properties of aluminium oxide nanoparticles were
presented in Table 1. The water which was used for
making and curing specimens was under the criterion
recommended by ASTM D1129 [25]. In this study, the
third generation superplasticizer based on carboxylic
ether with the brand name of GLENIUM_110P was used.
This material is opaque and cloudy in color and its
density at a temperature of 20 degrees Celsius is 1.1
g/cm3.
2. 2. Experiments
In order for self-compacting
concrete to be used in a variety of projects, it must be
evaluated in terms of the parameters such as stability and
filling ability. Each of these parameters is estimated by
one or more experiments [26]. In this study, according to
the considered abilities, slump flow test was selected to
appraise the flowability, T50, and V funnel tests were
selected to assess the viscosity and L-box test was
selected to evaluate the transmission capability. In the
slump flow experiment, the diameter of the circle that the
concrete forms after spreading will be the criterion of
examining filling ability. The appropriate range for
slump flow based on EFNARC [23] is considered
between 650 and 850 mm. Self-compacting concrete with
this range of slump flow is suitable for use in a variety of
conventional applications of self-compacting concrete
such as use in beams or building columns. Concrete
viscosity is the strength against fresh concrete flow and
is usually evaluated by T50 and V funnel tests.
Concrete viscosity should usually be considered for
areas with heavy reinforcement and when concrete
pouring levels are required. The time which is needed for
reaching the slump flow of specimen with a diameter of
50 cm is called T50. T50 FLow time can cause separation
and high T50 time can cause concrete blockage. To
determine the time of V-funnel, first, the inner surface
and the funnel valve were cleaned and moistened. The
moment of the complete evacuation of concrete from the
funnel is called V funnel time. The L-box test is applied
to determine the passing properties of specimens in the
presence of reinforcement without separation or
blockage. In L-box, two or three rebars with a certain
diameter and distance can be used, depending on the
density of the reinforcement at the execution site. The
values of H2 (concrete height at the end of the set-up) and
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H1 (concrete height behind the gate) were calculated. The
H2/H1 proportion indicates the blocking ratio. Figure 3
shows the images of fresh concrete experiments.
Compressive strength experiments were conducted
using 300×150 mm cylindrical specimens [27]. During
testing, the sample was located along the center of the top
plate of set-up and loading was conducted continuously
at a rate of 0.125 cm/min.
Standard cylindrical specimens of 300×150 mm were
pressed along the diameter of the specimen [28].
Splitting tensile strength was determined from Equation
(1):
𝑓𝑡 =

2p

(1)

πLd

The parameters of Equation (1) are presented below:
ft : Tensile stress; P: Failure load; L: Length; D: Diameter
The non-destructive properties of concrete were
evaluated by UPV test in accordance with ASTM C597
[29]. For this purpose, specimens with dimensions of
10×10×10 cm were made and tested at the age of 28 days
(Figure 4).
The water absorption of concrete specimens
indirectly indicates the porosity and extent of capillary
cavities in it [30]. Water absorption test was performed
on 10 cm cubic specimens at age of 28 days in accordance
with ASTM C1585-04 [31]. Three cubic samples were
made from each mixture and the final water absorption
was calculated based on the average of the water
absorption values obtained from the specimens.
There are no specific instructions in the various
standards for determining the electrical resistivity of
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concrete specimens [32], and therefore special equipment
has been used to perform this test. Thus, a device for
determining the electrical resistivity with a frequency of
1 Hz and a final capacity of 1 MΩ with two copper plates
has been used. In order to connect and establish proper
flow between the main sample (cement paste or
intermediate hardened concrete) and copper plates, some
fresh cement paste is placed and spread evenly by the
spatula. Also, to prevent short circuits and inaccurate
responses, the dough protruding from the copper plates
and the sample should be removed with a cloth. Finally,
by connecting each of the wires of the device to one of
the plates, the amount of electrical resistivity is recorded.
Figure 5 shows how to measure the electrical resistivity
of concrete specimens and copper plates and additional
specimens (to prevent connection to the workbench and
ground).
The water penetration depth is a parameter for
comparing the performance of the specimens against the
penetration of destructive ions. The lower permeability
of one concrete specimen than another specimen may
indicate that destructive ions and the extent of their
damage are less likely to penetrate the concrete specimen.
Water penetration test was conduted according to DIN
1048 [33] on cubic specimens with a dimension of 15 cm.
These specimens were cured in saturated lime water until
28 days and then placed in a water permeation tester
(Figure 6).

Figure 3. Fresh concrete experiments a: Slump flow b: V
funnel c: L-box

Figure 5. Electrical resistivity test

Figure 4. UPV test

Figure 6. Water pentration test
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In this device, water with a pressure of 5 bar acts on
the specimens for three days. According to the standard,
the surface of the specimen that is affected by water
pressure should be slightly roughened with a wire brush.
The water infiltration was determined after three days.
2. 3. Mixed Design
24 types of mixed designs
were investigated. The variables included glass fibers (0,
0.5, 1 and 1.5% by concrete volume) and aluminium
oxide nanoparticles (0, 0.5, 1, 1.5, 2 and 3% by weight of
cement|), respectively. The mixed design was considered
in accordance with ACI211-1-89 [34]. First, the
aggregates were mixed and then the fibers that previously
had been separated by sieve were added. At this stage, a
mixture of aluminium oxide nanoparticles and cement
were combined, and after mixing, water was added along
with a superplasticizer. In order to prevent the fibers from
sticking together and to create the balling phenomenon,
as well as to prevent the formation of separate granules
of aluminium oxide nanoparticles due to contact with
water, the mixed design operation was carried out
carefully. For each mixed design of compressive, tensile,
and flexural strength tests, three cylindrical specimens
were made and their mean was evaluated as the final
result .The environment of concrete curing was drinking
water with a temperature of about 20 degrees Celsius .
Table 2 presents the values of used materials for each
design separately.

3. RESULTS AND DISCUSSION
3. 1. Rheological Properties
The results of
fresh concrete tests and the allowable range of EFNARC
[23] are presented in Table 3. EFNARC has classified
self-compacting concrete in terms of slump flow into
three categories: SF1, SF2, and SF3. The slump flow of
the specimens in this study are in the range of 657 to 749
mm. Therefore, the specimens are classified as SF2 and
can be used in structural members with high-density.
With increasing glass fibers and aluminium oxide
nanoparticles, the slump flow in self-compacting
concrete decreased. For the slump flow to be within the
allowable range, more superplasticizer must be used. On
the other hand, if the used superplasticizer exceeds the
amount recommended by the manufacturer, it will have a
negative effect on the attributes of concrete. The highest
value of slump flow is related to NA0-F0 design (749
mm) and its lowest value is related to NA3-F1.5 design
(657 mm). The allowable range of T50 is between 2 and
5 seconds that the specimens under study are within this
range. The decrease in slump flow and the increase in
T50 time due to the presence of fibers and nanoparticles
have been observed in the studies of Mazaheripour et al.
(2011) [35], Mohsenzadeh et al. (2019) [5], and Faez et
al. (2019) [2]. Considering the changes of slump flow in

TABLE 2. Mixed design (kg/m3)
Mix code

C

W

AL

FA

CA

GF

SP

NA0-F0

450

216

0

700

955

0

7

NA0-F0.5

450

216

0

700

945

12.2

7

NA0-F1

450

216

0

700

930

24.4

7

NA0F1.5

450

216

0

700

920

36.3

7

NA0.5-F0

447.75

216

2.25

700

955

0

7

NA0.5-F0.5

447.75

216

2.25

700

945

12.2

7

N0.50-F1

447.75

216

2.25

700

930

24.4

7

NA0.5-F1.5

447.75

216

2.25

700

920

36.3

7

NA1-F0

445.5

216

4.5

700

955

0

7

NA1-F0.5

445.5

216

4.5

700

945

12.2

7

NA1-F1

445.5

216

4.5

700

930

24.4

7

NA1-F1.5

445.5

216

4.5

700

920

36.3

7

NA1.5-F0

443.25

216

6.75

700

955

0

7

NA1.5-F0.5

443.25

216

6.75

700

945

12.2

7

NA1.5-F1

443.25

216

6.75

700

930

24.4

7

NA1.5-F1.5

443.25

216

6.75

700

920

36.3

7

NA2-F0

441

216

9

700

955

0

7

NA2-F0.5

441

216

9

700

945

12.2

7

NA2-F1

441

216

9

700

930

24.4

7

NA2-F1.5

441

216

9

700

920

36.3

7

NA3-F0

436.5

216

13.5

700

955

0

7

NA3-F0.5

436.5

216

13.5

700

945

12.2

7

NA3-F1

436.5

216

13.5

700

930

24.4

7

NA3-F1.5

436.5

216

13.5

700

920

36.3

7

C: Cement, W: Water, GF: Glass fiber, FA: Fine aggregates,
CA: Fine aggregates, AL: Aluminium oxide nanoparticles,
SP: Superplasticizer

the specimens, it can be stated that by increasing the
accuracy in the method of adding superplasticizer, a
desirable result can be achieved.
Self-compacting concrete is divided into PA1 and
PA2 based on the ability to pass. Because the purpose is
to consider the access to concrete with the ability to pass
through compacting rebars, three rebars were used in the
L-box test. The blocking ratio of the specimens are within
the range of 0.8 to 0.97 and are in the PA2 category. In
general, fibers and nanoparticles lead to slow concrete
movement, which can be overcome by using the
allowable value of a superplasticizer.
Self-compacting concrete based on its viscosity is
divided into two categories, VS1/VF1 and VS2/VF2.
Self-compacting concrete in the VS1/VF1 category even
has a good filling ability in the presence of large rebars.
The passing time from V funnel for the specimens is in
the range of 7.4 to 11.1 seconds, and the T50 time is in
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TABLE 3. Fresh concrete results
Mix code

Slump flow
(mm)

T50 (s)

Vfunnel (s)

Lbox (H2/H1)

NA0-F0

749

2.9

7.4

0.8

NA0-F0.5

740

3.4

7.9

0.83

NA0-F1

726

3.6

8.3

0.85

NA0F1.5

716

3.7

8.9

0.87

NA0.5-F0

726

3.1

7.6

0.84

NA0.5-F0.5

708

3.5

8.2

0.85

N0.50-F1

702

3.7

8.5

0.86

NA0.5-F1.5

684

3.8

9.1

0.89

NA1-F0

714

3.2

7.8

0.89

NA1-F0.5

694

3.6

8.5

0.91

NA1-F1

683

3.9

8.8

0.91

NA1-F1.5

674

4

9.4

0.92

NA1.5-F0

699

3.3

8.1

0.9

NA1.5-F0.5

693

3.7

8.9

0.92

NA1.5-F1

687

4

9.9

0.93

NA1.5-F1.5

675

4.1

10.1

0.94

NA2-F0

689

3.4

8.5

0.91

NA2-F0.5

681

3.8

9.6

0.93

NA2-F1

671

4.1

10.4

0.95

NA2-F1.5

669

4.2

10.6

0.96

NA3-F0

671

3.7

8.9

0.94

NA3-F0.5

665

3.9

10.1

0.95

NA3-F1

660

4.4

11.2

0.96

NA3-F1.5

657

4.9

11.1

0.97

EFNARC

SF1: 550-650
SF2: 660-750
SF3: 760-850

VS1: ≤ 2
VS2: >2

VF1: < 8
VF2: 9-25

PA2 ≥ 0.8
(with three
bars)

the range of 2.9 to 4.9 seconds. Therefore, in terms of
viscosity, it can be stated that most of the specimens are
in the VS1/VF1 category. With increasing glass fibers
and nanoparticles, the viscosity of concrete specimens
increased. For example, the V-funnel time of the
specimen containing 3% of aluminium oxide
nanoparticles and 1.5% of glass fiber increased by 50%.
In general, considering the results, it can be stated that
the concrete specimens made in the present study have
the necessary self-compaction.
3. 2. Hardened Concrete Results
3. 2. 1. Compressive Strength
Table 4 presents
the results of compressive test of cylindrical specimens
at 28 days for 24 mixed designs in MPa. In this table, the
percentage of compressive strength changes of the
specimens containing aluminium oxide nanoparticles and
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glass fibers compared to the control specimen is
presented. The lowest and highest compressive strengths
were 41.8 MPa (NA0-0F0) and 68.2 MPa (NA2-F1),
respectively, and the lowest and highest splitting tensile
strength were 2.6 MPa (NA0-0F0) and 5.7 MPa (NA3F1.5), respectively. Figure 7 shows the compressive
strength of the specimens and their increased percentage.
As can be seen, glass fibers have little effect on
increasing compressive strength. For example, in
specimens without alumina oxide nanoparticles, the
compressive strength of the specimens reinforced with
1% glass fiber increased by a maximum of 1.9%. Also,
in specimens containing nanoparticles, the addition of
glass fiber has increased the compressive strength by a
maximum of about 2.5%. However, the addition of
aluminium oxide nanoparticles to concrete has

TABLE 4. Compressive and tensile strength of specimens
Compressive strength
(MPa)

Splitting tensile strength
(MPa)

Mix code
Strength
(MPa)

Variations
(%)

Strength
(MPa)

Variations
(%)

NA0-F0

41.8

0.0

2.6

0.0

NA0-F0.5

42.4

1.4

2.9

11.5

NA0-F1

42.6

1.9

3.4

30.3

NA0F1.5

42.2

1.0

3.7

41.0

NA0.5-F0

48.1

15.1

2.9

9.6

NA0.5-F0.5

48.7

16.5

3.3

14.0

N0.50-F1

49.1

17.5

3.9

48.7

NA0.5-F1.5

48.4

15.8

4.4

66.7

NA1-F0

54.3

29.9

3.1

19.2

55

31.6

3.6

38.3

NA1-F1

55.6

33.0

4.4

69.0

NA1-F1.5

54.7

30.9

4.8

83.5

NA1.5-F0

61.1

46.2

3.5

34.5

NA1.5-F0.5

61.8

47.8

4.0

52.5

NA1.5-F1

62.8

50.2

4.6

77.0

NA1.5-F1.5

61.5

47.1

5.1

95.4

NA2-F0

66.5

59.1

3.7

41.8

NA2-F0.5

67.2

60.8

4.2

60.9

NA2-F1

68.2

63.2

5.0

90.0

NA2-F1.5

66.9

60.0

5.4

106.5

NA3-F0

64.3

53.8

3.9

47.9

NA3-F0.5

65.1

55.7

4.4

66.7

NA3-F1

65.9

57.7

5.2

97.3

NA3-F1.5

64.7

54.8

5.7

119.2

NA1-F0.5
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significantly increased compressive strength. In
specimens without glass fiber, the use of 0.5, 1, 1.5, 2,
and 3% aluminium oxide nanoparticles increased the
compressive strength by 15.1, 29.9, 46.2, 59.1, and
53.8%, respectively. Therefore, according to the
mentioned values, the use of only aluminium oxide
nanoparticles as a replacement to a part of cement in
increasing the compressive strength of the studied
concrete specimens is more effective than using only
glass fibers in concrete; So that the maximum increase in
compressive strength of the samples in which the fibers
are only used is 2.5% and the maximum compressive
strength of the specimens in which the aluminium oxide
nanoparticles are only used is 59.1%. The reason for this
increase could be the appropriate reactivity of aluminium
nanoparticles with Portland cement during the cement
hydration process; Aluminium nanoparticles have a very
high specific surface area and their reactivity causes them
to react quickly with calcium hydroxide Ca(OH) 2 and
produce silicate-hydrate gel (C-S-H). Thus, the Ca(OH)2
crystals are decreased and the cavities in the cement gel
are filled and the compressive strength is increased [2,
36-39].
SEM images of the specimens presented in Figure 8
also confirm the mentioned result. The control specimen
contains numerous air cavities that the use of
nanoparticles fills these cavities and increases the bond
between cement and aggregates. The use of aluminium
oxide nanoparticles in cement not only improves the
structure due to the filling of the pores but also makes the
pozzolanic reactions more active.
Figure 8 clearly shows the microstructure difference
between concrete with and without aluminium oxide
nanoparticles and glass fibers after 28 days. The increase
of compressive strength due to the addition of aluminium
oxide nanoparticles has also been reported in related
studies. Arefi et al. (2011) [40] reported that the use of
3% aluminium oxide nanoparticles increases the
compressive strength by 63%. The mentioned results can
confirm the validity of the compressive strength test
performed in the present study.

(a)

(b)

(c)

(d)
Figure 8. Microstructural images of 4 specimens examined
at 28 days a: NA0-F0 b: NA0-F1.5 c: NA3-F0 d: NA3-F1.5

Figure 7. 28-day compressive strength of cylindrical
specimens and their percentage increase compared to the
control specimen

3. 2. 2. Splitting Tensile Strength
Table 4 and
Figure 9 show the splitting tensile strength at 28 days.
The combined use of nanoparticles and glass fiber has a
very efficient impress in improving the splitting tensile
strength; In specimens without glass fibers, the use of 0.5,
1, 1.5, 2 and 3% aluminium oxide nanoparticles
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increased the splitting tensile strength by 9.6, 19.2, 34.5,
41.8 and 47.9%, respectively. In specimens without
nanoparticles, the use of 0.5, 1, and 1.5% glass fibers
increased the splitting tensile strength by 11.5, 30.3, and
41%, respectively.
The presence of glass fibers in the brittle binder
matrix reduced crack width and thus increased the
splitting tensile strength. The combined use of 1.5% glass
fiber and 3% aluminium nanoparticles increased the
tensile strength by 119.2%. Therefore, according to the
obtained values, it can be stated that the combined use of
glass fibers and aluminium oxide nanoparticles has a
greater efficacy on increasing splitting tensile strength
compared to the use of only one of them. The presence of
fibers in concrete specimens had an effect on the failure
of specimens. In the specimens without glass fiber, the
failure was done abruptly, and with the separation of the
two pieces, and in the concrete specimens containing 1
and 1.5% of fiber, the failure was done gradually. Also,
the combined use of aluminium oxide nanoparticles and
glass fibers increased the interaction between cement
particles and fibers. This can lead to an increase in
density and splitting tensile strength.
In a study by Sivkumar et al. (2018), it was shown
that the use of 0.8% glass fiber increases the tensile
strength by 18% [41]. Hilles and Ziara (2018) also found
that the use of 1.2% of glass fibers can increase the tensile
strength by about 63% [42]. In general, it can be stated
that the strengths obtained in this study and their
variations are in the range of similar studies and the
difference between the results is due to the quality of the
materials, curing environment, accuracy of measuring
set-ups and type of cement.
Changes in the cylindrical compressive strength
against the splitting tensile strength of the selfcompacting specimens containing glass fibers and
aluminium oxide nanoparticles are presented in Figure
10.

Figure 9. Comparison of splitting tensile strength of
specimens at 28 days
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Figure 10. The correlation between splitting tensile and
compressive strengths

Figure 10 also shows the proposed relationships by
ACI 318-R [43] and CEB-FIP [44] and a number of
studies [45-48] on high-strength concrete. As can be
seen, the slope of the diagram for the results of the
present study is almost the same as the slope of the
various diagrams presented. The correlation analysis
coefficient (R2) [49] between splitting tensile and
compressive strengths of the studied specimens is
presented in Equation (2).
ft = 0.12(fc )0.9

(2)

3. 2. 3. UPV
Figure 11 compares the UPV vs
compressive strength of the specimens. In samples
without nanoparticles, the addition of glass fibers had
little effect on changes of the UPV. Minor changes in
UPV of concrete due to the addition of glass fibers have
also been observed in the studies of Rath et al. (2017)
[50] and Hedjazi and Castillo (2020) [51]. The combined
use of aluminium oxide nanoparticles and glass fibers has
an effect on increasing the UPV. The UPV of the
NA0-F0 and NA2-F1 specimens are 4.10 and 5.15
km/s, respectively. In fact, the combined use of 2%
aluminium oxide nanoparticles and 1% glass fiber has
increased the UPV by about 26%. Increasing the
aluminium oxide nanoparticles will increase the
UPV, but when the amount of aluminium oxide
nanoparticles in the mixture increases too much, it will
reduce the UPV.
By increasing the percentage of nanomaterials more
than the optimum value, the compressive strength and
UPV decrease. This may be due to the fact that increasing
the amount of nanopowder to its optimum limit causes
the nanoparticles to not disperse well. The accumulation
of nanoparticles creates a weak zone in the form of a
cavity and consequently, the microstructure of the
cement hydrate cannot be formed, which in turn reduces
the compressive strength.
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Figure 11. UPV vs compressive strength of the specimens

3. 3. Durability Properties
3. 3. 1. Water Absorption
Figure 12 compares
the water absorption of the specimens. According to CEB
[52], concrete specimens are divided into three groups
according to water absorption percentage: good, medium
and poor. Most of the studied specimens are in the
medium range. Addition of aluminium oxide
nanoparticles reduced the water absorption of the
specimens containing glass fibers by about 10 to 46%,
depending on the fibers contents compared to the control
specimen. The lowest water absorption decrease is
related to the specimen in which 3% aluminium oxide
nanoparticles are used (N3-F0) and the highest water
absorption is related to the sample in which 1.5% glass
fibers are used (N0-F1.5). The use of aluminium oxide
nanoparticles has reduced the voids of the specimens due
to the formation of hydrated silicate gel and thus
significantly reduced water absorption. Considering the
changes in water absorption of self-compacting concrete
specimens containing glass fibers and aluminium oxide
nanoparticles, it can be concluded that the use of glass
fibers along with aluminium oxide nanoparticles causes
the water absorption rate to be less compared to
specimens without these materials. This is one of the
effective properties of aluminium oxide nanoparticles,
which increases the resistance to adverse environmental
factors by reducing water absorption.

Figure 12. Water absorption of the specimens

3. 3. 2. Electrical Resistivity
Figure 13 compares
the electrical resistivity of the specimens at the age of 28
days. Higher electrical resistivity indicates that concrete
is more durable. Song and Saraswathy (2007) [53] and
Elkey and Sellevold (1995) [54] divide concrete into four
categories in terms of corrosion probability (Figure 13).
Specimens without nanoparticles are in the high range
and specimens containing nanoparticles are in the Low to
moderate range. The addition of aluminium oxide
nanoparticles to concrete specimens containing glass
fibers was effective and increased the electrical
resistivity by about 98 to 265% compared to the control
specimen.
The addition of aluminium oxide nanoparticles to
specimens with and without glass fibers greatly increases
the electrical resistivity. The extremely fast reactivity of
aluminium oxide nanoparticles causes it to react with
calcium hydroxide and produce hydrated calcium
silicate, which by filling small cavities and increasing the
density of concrete, prevents more ions from moving in
the concrete, thus increase the electrical resistivity of
concrete and concrete corrosion is reduced. The electrical
resistivity of all fiber specimens is lower than the control
sample. The fibers in the concrete increase the air and
thus reduce the electrical resistivity.
Figure 14 presents the results of water penetration
depth concrete for 24 specimens at the age of 28 days.
The addition of aluminium oxide nanoparticles to selfcompacting concrete specimens containing glass fibers
has significantly reduced the water penetration depth.
The addition of 0.5, 1, 1.5, 2 and 3% aluminium oxide
nanoparticles to the specimens without fiber reduced the
water penetration depth by 4, 19, 23, 34 and 38%,
respectively. Addition of 0.5, 1, 1.5, 2 and 3% aluminium
oxide nanoparticles to specimens containing 0.5% fibers
reduced the water penetration depth by 6, 20, 24, 33 and
37%, respectively. The addition of 0.5, 1, 1.5, 2 and 3%
aluminium oxide nanoparticles to specimens containing
1% fiber reduced the water penetration depth by 8, 20,
24, 31 and 37%, respectively. Also, adding 0.5, 1, 1.5, 2
and 3% of aluminium oxide nanoparticles to specimens

Figure 13. Electrical resistivity of samples in different
specimens

H. Heidarzad Moghaddam et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 26-38

Figure 14. Depth of penetration

containing 1% fibers reduced the water penetration depth
by 8, 21, 25, 32 and 38%, respectively. Powder effect and
pozzolanic reaction rate of nanoparticles are among the
reasons for reducing water penetration inside concrete
samples. The decrease in permeability with the increase
of aluminium oxide nanoparticles up to 3% by weight of
cement is related to the reduction of cracks due to the
flooding of concrete and the filling of pores in nano and
micro dimensions in concrete.
4. CONCLUSION
In the present study, the combined use of glass fibers and
aluminum oxide nanoparticles on rheological,
mechanical, durability and, microstructure properties of
self-compacting concrete was investigated. In previous
studies, the use of only each of these materials was
considered. The distinguishing feature of this study from
other similar studies was the combined use of glass fibers
and aluminum oxide nanoparticles. In this section, the
most important results are presented:
- The maximum increase in compressive strength of the
specimens in which fibers are only used is 2.5% and the
maximum compressive strength of the specimens in
which the aluminium oxide nanoparticles are only used
is 59.1%. The reason for this increase could be the
reactivity of aluminium nanoparticles to Portland
cement during the cement hydration process.
- SEM images show that the control specimen contains
numerous air cavities and the use of nanoparticles fills
these cavities and increases the bond between cement
and aggregates.
- The combined use of 1.5% glass fiber and 3%
aluminium nanoparticles increased the tensile strength
by 119.2%. The combined use of glass fibers and
aluminium oxide nanoparticles has a greater effect on
increasing tensile strength compared to use only one of
them.

35

- The presence of fibers in concrete specimens with and
without nanoparticles had an effect on the failure of
specimens. In the specimens without glass fiber, the
failure was done abruptly, and with the separation of
the two pieces, and in the concrete specimens
containing 1 and 1.5% of the fiber, the failure was done
gradually.
- The combined use of aluminium oxide nanoparticles
and glass fibers has caused the interaction surface
between cement particles and fibers to increase.
- Adding aluminium oxide nanoparticles to the
specimens also results in more C-H-S gel, which
increases the strength of the matrix in the concrete.
Also, part of the tensile stress is also borne by the glass
fibres.
- The use of nanoparticles in self-compacting concretes
containing glass fibers improves the UPV. For
example, the addition of 2% of aluminium oxide
nanoparticles to specimens containing 1% glass fibers
increased the UPV by about 26%.
- The use of glass fibres along with aluminium oxide
nanoparticles causes the water absorption rate to be less
compared to specimens without these materials. This is
one of the effective properties of aluminium oxide
nanoparticles, which increases the resistance to adverse
environmental factors by reducing water absorption.
- The utilization of glass fibers alongside aluminium
oxide nanoparticles decreased water absorption and
water penetration compared to specimens without these
materials. This advantage makes it possible to use
concretes in environments that are exposed to water
flow.
In general, the results showed that the combined use
of glass fibers and aluminum oxide nanoparticles has a
positive effect on improving the properties of selfcompacting concrete and they can be more useful in
projects in which high tensile and flexural strengths are
considered. The application of these materials can reduce
the use of steel rebar in reinforced concrete and it may be
more cost-effective.
Also, the results showed that the use of glass fibers
alone does not seem very suitable in terms of
permeability and water absorption. Aluminium oxide
nanoparticles can compensate for this weakness and
improve the durability properties of concrete. On the
other hand, glass fibers increase the tensile strength of
concrete by increasing the cracking resistance. Therefore,
the combined use of these two materials is effective and
can improve the mechanical properties and durability of
concrete
The use of other fibers such as steel fibers, nylon
fibers, polypropylene fibers, carbon fibers in the
composition of aluminum oxide nanoparticles in
different types of concretes is the topics that can be
investigated in future studies.
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Persian Abstract
چکیده
نانو ذرات به عنوان افزودنيهاي جديد و تأثیرگذار در کنار الیاف ،ميتوانند به نحو مطلوبي خواص بتن خودتراکم را بهبود بخشند .در مطالعه حاضر به بررسي اثرات نانو ذرات
اکسید آلومینیوم بر کارايي ،خصوصیات مکانیکي و دوام بتنهاي خودتراکم حاوي الیاف شیشه پرداخته شد .الیاف شیشه به مقدار  1 ،0/5 ،0و  1/5درصد و نانوذرات اکسید
آلومینیوم به مقدار  1 ،0/5 ،0و  2 ،1/5و  3درصد وزني سیمان استفاده شد .خواص بتن تازه ،با آزمايشهاي اسالمپ ،T50 ،قیف  Vو جعبه  Lارزيابي شد .خصوصیات مکانیکي
با انجام آزمايشهاي مقاومت فشاري و مقاومت کششي ارزيابي شد .خواص غیر مخرب بتن با استفاده از آزمايش التراسونیک بررسي شد .همچنین دوام نمونهها با استفاده از
آزمايش هاي جذب آب ،عمق نفوذ آب و مقاومت الکتريکي سنجیده شد .نتايج نشان داد استفاده ترکیبي از نانوذرات و الیاف شیشه نقش تاثیر گذاري بر بهبود خواص مکانیکي
بتن دارد؛ بطوريکه به عنوان مثال استفاده ترکیبي از  2درصد نانوذرات اکسید آلومینیوم و  1درصد الیاف شیشه مقاومتهاي فشاري و کششي بتنهاي خودتراکم را به ترتیب 59
و  119/2درصد افزايش داده است .نانوذرات آلومینیوم داراي سطح ويژه بسیار بااليي ميباشند و واکنشپذيري آنها سبب ميشود که با هیدروکسید کلسیم به سرعت واکنش
داده و ژل سلیکات -هیدرات تولید کنند .از اين رو کريستالهاي هیدروکسید کلسیم کاهش مييابد و حفرات موجود در ژل سیماني پر شده و مقاومت فشاري افزايش مييايد.
همچنین الیاف شیشه نیز با محدود کردن امتداد ترکها مي تواند گزينه مناسبي در ترکیب با نانوذرات اکسید آلومینیوم با هدف افزايش مقاومت کششي بتنهاي خودتراکم باشد.
استفاده از نانوذرات اکسید آلومینیوم در کنار الیاف شیشه سبب ميشود که میزان جذب آب در مقايسه با نمونه فاقد اين مواد کمتر شود .اين مسئله از خواص موثر نانوذرات
اکسید آلومینیوم مي باشد که سبب ميشود با کاهش جذب آب ،مقاومت در مقابل عوامل نامساعد محیطي افزايش يابد .افزودن نانوذرات اکسید آلومینیوم به نمونههاي حاوي و
فاقد الیاف شیشه باعث افزايش خیلي زياد مقاومت الکتريکي شد .نانوذرات اکسید آلومینیوم با پر کردن حفرات ريز و افزودن بر تراکم بتن ،مانع تحرک هر چه بیشتر يونها در
بتن گرديد و بدين ترتیب خوردگي بتن کاهش يافت.
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Reinforced concrete hollow-core slab (HCS) is a new type of lightweight slabs in which the longitudinal
voids provide the ability to reduce the concrete amount. Reducing the concrete amount causes a reduction
of the dead loads which consequently leads to cost-saving, fast construction, and getting long-span. The
experimental program includes constructing and testing slab species with dimensions 1700×435×125mm
to investigate the effect of eliminating concrete ratio by changing the size of the longitudinal void and
the number of longitudinal voids on the performance of HCS. T he experimental result s showed that
elimination of the concrete with percentages 10.83, 17.20 and 24.37% from the hollow-core high strength
slabs using three longitudinal voids of diameters 50, 63, and 75mm, respectively, resulted in saving the
ultimate strength by 90.06, 87.84 and 85.07%, and increasing the ultimate deflection by 5.48, 10.80 and
17.44%. While, elimination of the concrete with percentages 16.25, 24.37 and 32.50% from the hollowcore high strength slabs using two, three, and four longitudinal voids of 75mm diameter resulted in saving
the ultimate strength with percentages 89.29, 85.07 and 80.61%, and increasing the ultimate deflection
with percentages 7.57, 17.44 and 22.81% respectively when compared with the reference solid slab.
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1. INTRODUCTION1
Reinforced concrete slabs are the members that used as
floors and roofs in the building and used in the decks of
bridges [1]. The floor system can tack many forms such
as solid slabs, precast slabs, and ribbed slabs, the slabs
may be supported on a concrete beam, steel beam, and
wall or directly on the column [1]. Several attempts in the
past have been carried out on reinforced concrete slabs to
reduce its self-weight with a minimum reduction in the
flexural capacity of the slabs, the reduction in the selfweight of the slab will reduce the deflection and will

American Society for Testing and Materials
Shear span to effective depth ratio
American Concrete Institute
British Standards

AST M
a/d
ACI
BS

make slabs with larger span length without using
intermediate supports [2]. Waffle, Bubbled and Hollowcore slabs were used to reduce the slab self-weight and to
provide slabs with a long span [2]. Hollow-core slab
(HCS) is a concrete slab with continuous voids that
extend through the long direction of the slab, these voids
provided for reducing the weight and cost of the slabs and
for running the mechanical or electrical facilities. The
HCS provides high structural efficiency with low
material consumption [3]. Pajari [4] has made an
experimental program to study the pure torsion tests on
pre-stressed hollow-core slabs, the result showed that the
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torsional stiffness of the hollow-core with 400mm depth
was so close to the predicted values of the elementary
calculation. Cuenca and Serna [5] studied the effect of
steel fiber on the behavior of hollow-core slabs, the result
showed that using the steel fiber in the hollow-core slabs
gives higher shear capacity than slabs without steel fibers
and increased the ductile behavior of the hollow-core
slab. Sarma and Prakash [6] studied the effect of cut-outs
(openings) on the pre-stressed hollow-core slabs, the test
results showed that presence of the opening at the center
of slabs causes a reduction in the ultimate load by 44%
due to the local cracks around the opening and failure of
the slab. Kankeri and Prakash [7] studied strengthening
the hollow-core slab by bonded overlay and by nearsurface mounted (NSM) glas s fiber reinforced polymer
bar, the researcher found that Strengthening the hollowcore slabs by hybrid the NSM with the bonded overly
increase the ultimate load by 238% without compromise
the ductility when compared with the reference slab. AlAzawi and Abdul Al-Aziz [8] have made an experiment al
program to study the lightweight aggregate hollow-core
slabs, the test result showed that using the lightweight
aggregate hollow-core slabs with constant (a/d=2.9)
gives a reduction in self-weight by 32.92% and reduction
in the ultimate load and the first crack load by 5.18% and
12%, respectively when compared with the solid slab.
Khalil, et al. [9] studied the shear behavior in composite
hollow-core Slab, the researcher found that using the
longitudinal steel reinforcement in the hollow-core slab
delayed the apparition of the shear crack and reduce the
crack width. Lee, et al. [10] studied the shear
performance of hollow core slab, the researcher found
that the shear performance satisfied the requirements of
ACI 318-19. Mahdi and Ismael [11] studied normal
strength hollow core slabs, the result thowed that using
the HCS can save the ultimate load by 82.92 to 93.47%,
but the ultimate deflection increased by 6.58 to 28.31%.
From the previous studies which dealt with the field of
the structural behavior of hollow-core slabs, it can be
noted that most of these studies focused on investigating
the effect of using concrete topping, strengthening, using
steel fiber, cutout (opening), and some other parameters,
but did not study the effect of the reduction the concrete
volume on the structural behavior of hollow-core high
strength slabs. Therefore, this paper presents an
experimental study to investigate the effect of
eliminating concrete ratio by changing the size of the
longitudinal void (50mm, 63mm, and 75mm) and the
number of longitudinal voids (two, three, and four) on the
structural behavior of hollow-core high strength selfcompacted concrete slabs. In hollow-core slabs, the
recycled plastic pipes were placed in the middle of the
slab thickness where the flexural stress is minimum, to
eliminate some amount of concrete. This process leads to
reduce the self-weight of the slabs and therefore it leads
to reducing the embedded energy and the CO2 emission
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from the cement industry and this process is considered
environmental-friendly action which contributes to the
sustainability process. Figure 1 shows the research
methodology of this paper.
2. EXPEREMENTAL PROGRAM
2. 1. Slabs Description
The experimental program
includes casting and testing six reinforced high strength
self-compacted concrete one-way slabs, all the slab have
1700mm length, 435mm width, and 125mm thickness,
these slabs were divided into two groups as they are
presented in Table 1. The first group consists of one solid
slab as a control slab and three hollow-core slabs which
have three longitudinal voids with a different diameter
(50mm, 63mm, and 75mm) with designation names
3V50, 3V63, and, 3V75, chosen these diameters due to
existent these pip diameters in the market. Also, these
diameters satisfy the planned percentages of eliminatin g
concrete. The purpose of this group is to study the effect
of longitudinal voids diameter on the structural behavior
of high strength hollow-core slabs, and the second group
consists of the same solid slab in group one and three

Figure 1. The research methodology
TABLE 1. Experimental parameters details
Group
No.

1

2

Parameter

Longitudinal
voids diameter

Longitudinal
voids number

Number of Diame te r of
Slab
longitudinal longitudinal
designation
vids
voids (mm)
SS

---

---

3V50

3

50

3V63

3

63

3V75

3

75

SS

---

---

2V75

2

75

3V75

3

75

4V75

4

75
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hollow-core slabs with different numbers of 75mm
diameter longitudinal voids (two, three, and four) with
designations name 2V75, 3V75, and 4V75 respectively.
The slab 3V75 is the same slab in the first group, the
purpose of this group is to study the effect of longitudinal
voids numbers on the structural behavior of high strength
hollow-core slab. Figures 2-4 show details of the solid
and hollow-core slabs in groups one and two,
respectively.
2. 2. Materials
• Cement: The ordinary Portland cement (type I) was
used in this work. This cement has physical properties
and chemical composition which confirm according to
British Standards Institution (BS 12) [12].

Figure 2. Details of the solid slab

Figure 4. Details of the HCS slabs in group two

• Fine Aggregate: The used fine aggregate has 2.38
fineness modulus, the grading and the physical properties
of this fine aggregate indicated that it is within the Limit s
of B.S.882 [13].
• Coarse Aggregate: The maximu m size of the used
coarse aggregate is 14mm, the grading and the physical
properties of this coarse aggregate are within the Limits
of B.S.882 [13].
• Limestone Powder: The ground limestone powder was
used in this work as a filler to get better cohesiveness and
better segregation resistance, it has a particle size less
than 0.125mm according to EFNARC, [14]
• Superplasticizer: The third generation of highperformance superplasticizers (ViscoCrete®-593 0 L)
was used for producing self-compacted concrete. This
superplasticizer meets the requirement of ASTM C494
type F [15].
• Steel Reinforcement: Deformed steel bars with
diameters of 6mm and yield stress of 497Mpa were used
as main steel reinforcement and deformed steel bars with
a diameter of 4mm and yield stress of 430Mpa were used
as secondary steel reinforcement, the steel reinforcement
bars were tested according to ASTM A615/A &M [16]
• Plastic Pipes: The recycled plastic pipes were used to
create the longitudinal voids in the hollow-core slabs,
these pipes have different diameters (50mm, 63mm, and
75mm).
2. 3. Concrete Mixture
In this study, the trail mixes
were made many times to obtain the concrete mixtu re
which has 60.8MPa compressive strength at 28 days,
these concrete mixture satisfied the requirement of the
high strength self-compacted concert according to
EFNARC [14] and European guidelines [17]. Table 2
shows the concrete mixture of quantities. Measuring the
concrete compressive strength (fc) is done by testing
three cylindrical concrete for each slab specimens with
dimensions 150mm and 300mm according to ASTM
C39/C39M-15a [18].

Figure 3. Details of the HCS slabs in group one

2. 4. Test Specimens
The slab specimens were
tested by using a universal hydraulic machine with a
capacity of 600kN. Before starting the applied load, the
linear variable deflection transducer sensor (LVDT) was
fixed in the bottom mid-span slabs to measure the
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TABLE 2. Quantities of the concrete mixture per cubic meter
Mate rials
3

Quantities (kg/m )

Cement

Sand

Gravel

Limestone powder

Water

Superplasticize r

550

855

767

50

150

20

deflection. Also, an electrical strain gauge was fixed in
the center of top mid-span slabs to measure the concrete
strain during increasing the applied load. The slabs were
tested as a simply supported slab under two-point loads
with a clear span of 1500mm as shown in Figure 5.

percentages 8.84, 13.49 and 17.21%, and reducing the
ultimate strength with percentages 10.71, 14.93 and
19.39%. These decreases can be attributed to the
presence of the longitudinal voids which leads to
decrease the moment of inertia of the beam section; thus,
the flexural rigidity will decrease with increasing
diameter or number of longitudinal voids in the hollow
core slabs. Figure 6 shows the reduction in ultimate load
of the hollow core slabs with different diameter and
number of longitudinal voids, it can be noted in this
figure that increasing diameter of longitudinal voids has
more effect on the reduction in ultimate load than
increasing number of longitudinal voids due to increase
in approaching the longitudinal voids from the
compression zone with increasing the diameter of
longitudinal voids, so, the optimum slab in this study was
the slab 3V50 to preserve the ultimate strength and satisfy
the economical consideration.

3. RESULTS AND DISCUSSION
3. 1. First Crack Load and Ultimate Load Capacity
Table 3 shows the first crack load and the ultimate
strength of all the tested slabs, it can be noted that
elimination of the concrete with percentages 10.83, 17.20
and 24.37% from the hollow-core high strength slabs
3V50, 3V63, and 3V75, respectively caus e a reduction in
cracking load by 5.58, 8.37 and 13.49%, and reduction in
ultimate strength by 9.94, 12.16 and 14.93%. Also,
elimination the concrete with percentages 16.25, 24.37
and 32.50% from the hollow-core high strength slabs
2V75, 3V75, and 4V75 with two, three, and four
longitudinal voids with diameter 75mm, respectively;
resulted in reducing the first crack load with

3. 2. Load-deflection Relationship
Figures 7 and
8 show the load-deflection curve of the solid and hollowcore high strength slabs with different diameter and
number of longitudinal voids, respectively; it can be
noted that elimination of the concrete with percentages
10.83, 17.20 and 24.37% from the hollow-core high
strength slabs 3V50, 3V63, and 3V75, respectively cause
an increase in the ultimate deflection by 5.48%, 10.80
and 17.44%. Also, elimination the concrete with
percentages 16.25, 24.37 and 32.50% from the hollowcore high strength slabs 2V75, 3V75, and 4V75 with two,
three, and four longitudinal voids with diameter 75mm,
respectively; result in increased the ultimate

Figure 5. Testing of the slab specimens

TABLE 3. The first crack load and ultimate strength of all the tested slabs
Group No. Slab designation Elimination concrete (%) Cracking loadPcr (kN) Decrease (%) Ultimate load Pu (kN) Decrease in Pu%

1

2

SS

---

21.5

---

71.32

---

3V50

10.83

20.3

5.58

64.23

9.94

3V63

17.20

19.7

8.37

62.73

12.16

3V75

24.37

18.6

13.49

60.67

14.93

SS

---

21.5

---

71.32

---

2V75

16.25

19.6

8.84

63.68

10.71

3V75

24.37

18.6

13.49

60.67

14.93

4V75

32.50

17.8

17.21

57.49

19.39
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Figure 6. The reduction in ultimate load of HCS with
different diameter and number of longitudinal voids

deflection with percentages 7.57, 17.44 and 22.81%, this
increase in the ultimate deflection of the HCS belong to
the presence of the longitudinal voids which leads to
decrease the moment of inertia of the beam section thus,
the flexural rigidity will decrease with increasing
diameter or number of longitudinal voids.
3. 3. Load-strain Relationship
Figure 9 shows the
effect of longitudinal voids diameter on the concrete
compressive strain and steel tensile strain of the hollowcore high strength slabs. It can be noted that eliminatio n
of the concrete with percentages 10.83, 17.20 and
24.37% from the hollow-core high strength slabs 3V50,
3V63, and 3V75 with three longitudinal voids with

Figure 7. Effect of longitudinal voids diameter on the loaddeflection curve of hollow-core high strength slabs

Figure 8. Effect of longitudinal voids number on the loaddeflection curve of hollow-core high strength slabs
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diameter 50, 63, and 75mm, respectively; resulted in
increased the ultimate concrete strain with percentages
14.14, 24.14 and 30.40%, and decreased the ultimate
steel strain with percentages 10.59, 13.36 and 16.56%.
Figure 10 shows the effect of longitudinal voids number
on the concrete compressive strain and steel tensile strain
of the HCS. It can be noted that elimination the concrete
with percentages 16.25, 24.37 and 32.50% from the
hollow-core high strength slabs 2V75, 3V75, and 4V75
with two, three, and four longitudinal voids with diameter
75mm, respectively; resulted in increased the ultimate
concrete compressive strain with percentages 22.95,
30.40 and 38.95%, and decreased the ultimate steel strain
with percentages 9.81, 16.56 and 32.25%. Increasing the
concrete compression strain belong to the presence of the
longitudinal voids in the hollow-core slabs which leads
to eliminating part of concrete from the middle of the
slabs and focusing the stress in the region between the
plastic pipes. Decreasing the steel tensile strain of
hollow-core slabs can be attributed to reducing the
ultimate strength of the hollow-core high strength slabs
with increasing diameter or number of longitudinal voids.
3. 4. Crack Pattern and Failure Mode
The first
observed crack is first seen in the middle bottom at the

Figure 9. Effect of longitudinal voids diameter on the
concrete compressive strain and steel tensile strain of the
HCS

Figure 10. Effect of longitudinal voids number on concrete
compressive strain and steel tensile strain of the HCS
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tension zone of all the slabs when the concrete tensile
stress exceeds the value of its tensile strength, after
increasing the applied load other cracks appeared at right
and left of the first crack, these cracks extended upward
and the flexural shear cracks appear in the hollow-core
slabs. The flexural failure occurred in all the slabs when
one of the cracks in the middle of slabs split into two
directions before it reaches the upper face of the slab. The
increasing diameter of longitudinal voids in hollow-core
high strength slabs decrease the number of crack from 13
in the solid slab to 12, 12, and 11 in hollow-core slabs
(3V50, 3V63, and 3V75), and increases the crack width
of the hollow-core slabs at yield load by 13.83, 27.4 and
39.13%, respectively when compared with the solid slab.
Also, an increasing number of longitudinal voids in the
hollow-core slabs from two to three and four decreases
the number of cracks from 13 in the solid slab to 12, 11,
and 8 respectively in hollow-core slabs (2V75, 3V75,
4V75), but the crack width of the hollow-core slabs at
yield load increased by 21.74, 39.13 and 56.52%,
respectively when compared with the reference solid
slab. Extend the cracks up will be gradually in the solid
slab, but in the hollow-core slabs extended the cracks will
be opposed by the plastic pipes, so the path of the cracks
deviate around the plastic pipes, this leads to increase
length and width of the cracks and delay the spread of the
cracks and that lead to decrease the number of cracks in
hollow-core slabs. Figures 11 and 12 show the effect of
longitudinal voids diameter and number respectively on
the crack pattern of hollow-core high strength slabs.

SS

3V50

3V63

3V75

Figure 11. Effect of longitudinal voids diameter on crack
pattern of hollow-core high strength slabs

SS

2V75

3V75

4V75

Figure 12. Effect of longitudinal voids number on crack
pattern of hollow-core high strength slabs

4. CONCLUSION
Using the hollow-core slab was a very effective method
to reduce the self-weight of the slabs with maintaining
most of the structural behavior of the solid slabs as they
are presented below:
1. Elimination of the concrete with percentages 10.83,
17.20 and 24.37% from the hollow-core high strength
slabs with three longitudinal voids with diameter 50, 63,
and 75mm respectively gives a reduction in cracking load
by 5.58, 8.37 and 13.49%, saving the ultimate strength by
90.06, 87.84 and 85.07%, and increasing the ultimate
deflection by 5.4, 10.80 and 17.44%.
2. Elimination of the concrete with percentages 16.25,
24.37 and 32.50% from the hollow-core high strength
slabs with two, three, and four longitudinal voids with
diameter 75mm respectively, resulted in reducing the
first crack load with percentages 8.84, 13.49 and 17.21%,
saving the ultimate strength with percentages 89.29,
85.07, 80.61%, and increasing the ultimate deflection
with percentages 7.57, 17.44 and 22.81%.
3. The ultimate concrete compressive strain of the high
strength hollow-core slabs was larger than the ultimate
strain in solid slab and increased with increasing diameter
or number of longitudinal voids.
4. The high strength hollow-core slabs make a reduction
in ultimate steel tensile strain by 10.59%, 13.36%, and
16.56% with an increasing diameter of longitudinal
voids, and by 9.81%, 16.56%, and 23.25%, respectively;
with increasing number of longitudinal voids.
5. Increasing the diameter of longitudinal voids have
more effect on the reduction in the ultimate load than the
increasing number of longitudinal voids.
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6. There is a good agreement with existing reported data
in terms of saving the ultimate load and the load deflection relationship
7. The crack width increased and the number of cracks
decreased with increasing diameter or number of
longitudinal voids.
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Persian Abstract
چکیده
 کاهش مقدار بتن باعث.( نوع جدیدی از اسلب های سبک است که در آن حفره های طولی توانایی کاهش مقدار بتن را فراهم می کنندHCS( دال هسته توخالی بتن آرمه
 این برنامه آزمایشی شامل ساخت و آزما یش. ساخت سریع و طوالنی شدن مدت می شود، کاهش بارهای تلف شده می شود که در نتیجه منجر به صرفه جویی در هزینه ها
 نتیجه آزمایشی. استHCS  میلی متر برای بررسی اثر حذف نسبت بتن با تغییر اندازه خال طولی و تعداد حفره های طولی بر عملکرد125 ×435×1700 گونه های دال با ابعاد
 میلی متر به75  و63 ، 50  از اسلبهای با مقاومت باال در هسته توخالی با استفاده از سه حفره طولی به قطر٪24.37  و٪17.20 ، ٪10.83 نشان داد که حذف بتن با درصد
، 16/25  حذف بتن با درصد،  در حالی که.٪17.44  و10.80 ، 5.48  و افزایش انحراف نهایی٪85.07  و87.84 ، 90.06 ترتیب باعث صرفه جویی در مقاومت نهایی توسط
 میلی متر منجر به صرفه جویی در مقاومت نهایی با75  سه و چهار طول قطر،  از اسلبهای با مقاومت باال در هسته توخالی با استفاده از دو حفره طولی دو٪ 32/50  و24/37
. در مقای سه با دال جامد مرجع گردید22.81  و، 17.44 ، ، 7.57  و افزایش انحراف نهایی به ترتیب با درصد، ، 80.61  و،  درصد گردید85/7 ، 89/29 درصد

IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 46-55

International Journal of Engineering
Journal Homepage: www.ije.ir

Blast Demand Estimation of RC-moment-resisting Frames using a Proposed Multimodal Adaptive Pushover Analysis Procedure
K. K. Kirana, E. Noroozinejad Farsangi*b
a
b

SJB Institute of Technology, Bangalore, Karnataka, India
Faculty of Civil and Surveying Engineering, Graduate University of Advanced Technology, Kerman, Iran

PAPER INFO

A B S T R A C T

Paper history:

The procedure of estimating the RC moment-resisting frames under blast loading using a multi-mode
adaptive pushover (MADP) analysis is investigated in the current study. The main advantage of the
proposed procedure is the combination of the multi-mode and adaptive pushover analysis approaches,
which has not been done in the past for blast loadings. To investigate the efficiency of the proposed
approach, several RC moment-resisting frames (RC-MRFs) of the 4-, 8-, and 20- storey are considered
in the study. For a better comparison, the conventional modal pushover analysis (MPA), nonlinear
response history analysis (NRHA), and the proposed approach are considered in the simulations. To this
end, various influential parameters including the lateral force, floor displacement, storey drift, storey
drift ratio, etc. are considered. For all models, the first three mode shapes were considered in the analysis
procedure, while for the case of 20 storey RC-MRF, the torsional effect is included as well. The results
indicated that the proposed MADP procedure has adequate accuracy and efficiency to estimate the blast
loading demand on RC-MRFs.
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1. INTRODUCTION1
The process of evaluation and design of a structure or
elements due to imposed loading can be performed by
pushover analysis [1]. The loading pattern for assessing
the two- or three-dimensional structures due to lateral
loadings which includes linear or nonlinear responses, is
mainly based on inertia forces obtained at masses [2]. The
structure will then be pushed under these load patterns to
reach a pre-defined target displacement [3]. The strength
and deformation demands are estimated for the compared
available capacities can also be calculated by the inertial
forces and deformations at the target displacement levels.
This phenomenon is known as pushover analysis [4].
In turkey, the structures are constructed by using
precast concrete technologies. These structures were
subjected to seismic load and the peak responses were
obtained [5].
In some previous studies, the influence of vertical and
plan irregularities of the building has been carried out. In

the next stage, the results obtained from inelastic
dynamic analysis such as inter-storey drifts and plastic
rotations correlates by the modified pushover analysis
[6]. Many researchers have also considered a single
degree of freedom (SDOF) system to estimate the
collapse capacity of a structural system due to seismic
loading by considering the P-Δ effect [7–13]. In another
research, different building structures collapse capacities
were analyzed by pushover analysis, and results were
compared with nonlinear incremental dynamic analysis.
The pushover analysis is simple, efficient, accurate, and
lucid while predicting the collapse capacity of different
types of structures [2]. Hasan et al. have investigated the
nonlinear, inelastic, ideal, rigid, or pinned connections
frame structure under earthquake loadings by pushover
analysis [14].
Hundreds of different properties and the number of
stories of a generic structure were developed in the study
of Manafpour and Jalikhani. All structures were exposed
to seismic loading and analyses were carried out by
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pushover analysis. The authors have estimated the
median seismic collapse capacity by pushover analysis
without considering dynamic analysis [15].
In another study by Rahmania et al., the seismic
behavior of tall inelastic structures considering higher
modes was studied by pushover analysis. The responses
of progressive changes in dynamic properties have been
identified. To this aim, two steel frames were analyzed
by various methods such as upper bound, adaptive upper
bound, modal pushover analysis, and nonlinear time
history analysis. Among the investigated methods,
adaptive upper bound analysis has given the most
accurate results [16, 17]. In another study, the lateral
displacement profile of the moment-resisting frame
structure is estimated by mechanics-based procedure or
pushover analysis [18]. In the study of Hall, the seismic
analysis of a twenty storey building was analyzed by
nonlinear pushover analysis approach [19]. Nonlinear
static pushover analysis has also been used to analyze the
high-rise structures exposed to seismic force by
considering the torsion factor [20].
In the study of Hassan and Reyes, the mid-rise special
moment-resisting frames exposed to seismic loadings
were analyzed by using modal pushover analysis. The
results showed the accuracy of the method compared to
nonlinear response history analysis [21]. The limitation
of the nonlinear static analysis in terms of the
computational effort is saved by modal pushover
analysis. The symmetrical and unsymmetrical plan multistory concrete buildings exposed to seismic force were
analyzed by modal pushover analysis in several
references [22–27].
The multi-storey structures responses exposed to
seismic load were calculated by the Newmark-β method
[28–30]. The response due to blast load on a single degree
of freedom structures is shown in [31]. The use of damper
devices and base isolations techniques were investigated
to reduce the responses [32, 33].
The accuracy of the modified modal pushover
analysis of a different frame building with ground motion
is compared by modal pushover analysis. The higher
vibration modes with a linear elastic frame are analyzed
by modified modal pushover analysis. The modified
pushover analysis saves computational time and effort
compare to modal pushover analysis [34]. The higher
mode of vibrations of the midrise base isolation system
with seismic load response can be calculated by using
modal pushover analysis [35, 36]. MPA gives superior
results for the response of two actual buildings of 19 and
52 stories with seismic force [37]. The three-steel frames
of 3, 9, and 20 stories structures with seismic load
analysis were carried out using the floor response
spectrum approach. The floor response spectrum is the
advanced version of the modal pushover analysis [38].
The three-dimensional analysis for an unsymmetrical
both plan and elevations of a frame structure exposed to
ground motions data considering two horizontal
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components is analyzed by modal pushover analysis and
the results show the accuracy compare to nonlinear static
pushover analysis [39–41]. The unsymmetrical plan for
10, 15, and 20 storey models considering soil-structure
interactions were analyzed by consecutive modal
pushover analysis [42].
In the study of Maysam Jalilkhani et al, the seismic
analysis was carried out by multi-mode adaptive
pushover analysis (MADP) for RC moment resisting
frames of 4-,8-,12- and 20- stories [43].
Saedi-Daryan et al., the detailed stepwise procedure
was explained for the response of the structure exposed
to blast load by MPA [44]. The eight-storey structure
with shear wall exposed to blast load response was
calculated and compared with other methods of nonlinear
dynamic analysis [45].
The influence of blast load waves on nonlinear
structure responses was calculated by differential
equations. The responses were calculated for different
mode shapes [45, 46].
Antoniou and Pinho proposed the displacementbased adaptive based pushover analysis method for the
response of the MDOF system exposed to seismic
loading [47]. Balram Gupta and Sashi K Kunnath
proposed the adaptive pushover analysis method for
determining the response of mid-rise and high rise
structures exposed to seismic load by considering the
higher modes [45, 48]. Adaptive based pushover analysis
method is considered for obtaining the nonlinear seismic
response of structures [49, 50].
The current study is focused on three different frame
types that are low rise, mid-rise, and high-rise RC-MRFs
under blast loading. To this end, the blast loading effect
on 4-, 8- and 20 storey RC-MRFs were carried out by
three different analyses approaches. The investigated
methods have been the modal pushover analysis (MPA),
non-linear response history analysis (NRHA), and the
proposed multi-mode adaptative pushover analysis
(MADP). Simulations have been carried out using the
MATLAB platform and the results indicated the
accuracy and efficiency of the proposed MADP
procedure for RC-MRFs.
2.TORSION
The torsional effect of the lateral coupling is considered
for the analysis of the RC-MRF. The irregularity indices
and torsional factors are considered. The following
equations are used to calculate the eccentricity of a given
storey in the X and Y directions [51–54]:
𝑒𝑘𝑥 = 𝑥𝑟 − 𝑥𝑚

(1)

𝑒𝑘𝑦 = 𝑦𝑟 − 𝑦𝑚

(2)

where (xm, ym) and (xr, yr) are coordinates of the centre
of mass and centre of rigidity, respectively. The
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following equations are
coordinates:
𝑥𝑟 =
𝑦𝑟 =

used to determine the

∑ 𝐾𝑦𝑖 𝑥𝑖

(3)

∑ 𝐾𝑦𝑖
∑ 𝐾𝑥𝑖 𝑦𝑖

(4)

∑ 𝐾𝑥𝑖

where kxi and kyi are the lateral stiffnesses of floor ‘i’
along the global X and Y directions. The torsional radius
(rk) are given in below equations
𝑟𝑘𝑥 = √

∑(𝐾𝑥𝑖 .(𝑦𝑖 −𝑦𝑟 )2 )+(𝐾𝑦𝑖 .(𝑥𝑖 −𝑥𝑟 )2 )
∑ 𝐾𝑦𝑖
∑(𝐾𝑥𝑖 .(𝑦𝑖 −𝑦𝑟 )2 )+(𝐾𝑦𝑖 .(𝑥𝑖 −𝑥𝑟 )2 )

𝑟𝑘𝑦 = √

∑ 𝐾𝑥𝑖

(5)

(6)

The mass radius of gyration of a particular floor is given
by
∑ 𝑚𝑖 𝑑𝑖 2
(𝑚𝑖 )

𝑟𝑚 = √

(7)

where mi is the lumped mass at the radial distance di from
centre of mass. The torsional angle is obtained from
below equations [51].
𝜃 = tan−1 𝛼⁄0.01𝐻 ∗ 𝑅

(8)

where 𝜃 is the angle of the inclination, 𝛼 is the blast load
angle, R is the range and H is the height of each floor.
The torsional stiffness is given by
𝐾𝜃 = 𝐾𝑥 ∗

𝐵2
2

+ 𝐾𝑦 ∗

𝐷2
2

(9)

where K θ is the torsional stiffness, while Kx, Ky is the
stiffness along X and Y directions, B and D are the length
along X and Y directions, respectively.
3. MULTI-MODE ADAPTIVE PUSHOVER ANALYSIS
In this section, the blast load response on the RC
moment-resisting frames is calculated by using a multimode adaptive displacement-based pushover analysis
procedure. Figure 1 represents the flowchart of the multimode adaptive pushover analysis.
The following equations are used for the nonlinear
analysis of the frame:
N

̂n = exp [∑i=1 lnDi ]
D
N

The following steps explain the detailed procedure of
the proposed MADP.
 The nonlinear inelastic mathematical model is
developed which incorporates the stiffness, mass, and
damping matrices.
 Calculate the natural frequencies, mode shapes,
lateral force distribution, and perform nonlinear static
pushover analysis.
 Determine the base shear and roof displacement for
nth mode and draw the pushover analysis curve.
 Calculate the target roof displacement. If the roof
displacement is equal to the target roof displacement,
then the process will end otherwise the properties will be
modified and the procedure will be repeated.
 Calculate the response for the structural system for
the first mode.
 Repeat the same procedure for the other modes.
4. NUMERICAL MODEL

(10)

where Di is the absolute peak deformation, and N is the
number of the blast wave.
̂n
urnt = ∅nr Γn D

Figure 1. Flowchart of the proposed multi-mode adaptative
based pushover analysis

(11)

Figure 1 shows the algorithm of multi-mode adaptive
pushover analysis. The multi-mode adaptive pushover
analysis consumes less time, gives more accurate results
compared with other methods of pushover analysis.

The RC-MRFs with three different stories are considered
in the study. The load acting on the structural frame is a
nonlinear dynamic load that is blast load. The load acting
on the frame occurs within a millisecond and the
magnitude is much larger compared to earthquake
loading.
Figure 2 shows the configurations of the used RCMRFs in the current study. The 4 storey frame has a bay
width of 9.14m, while the remaining frames have a bay
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width of 6.10m. Table 1 shows the physical properties of
the models including the fundamental periods' range,
dead load, live load, and compressive strength of the
concrete used in beams and columns. Table 2 shows the
natural periods of all models in different modes. Table 3
shows the dynamic properties of the investigated frames.
Figure 2 shows the RC-MRFs exposed to blast load
are considered in the study. The figure shows the blast
load acting at a distance range from the frame.
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5. BLAST LOADINGS
The blast load acting on structures has a short period.
Table 4 shows the blast load parameters used in this
study. The blast load is calculated using Equations (12)(17).
670

Ps =
Ps =

Z3

+100 kPa (Ps> 1000kPa)

97.5 145.5
𝑍

+

𝑍2

+

585
𝑍3

(12)

+1.9 kPa (10<Ps<1000 kPa)

(13)

where Ps is the maximum static overpressure of the blast
load and Z is the scaled distance, which is calculated as:
Z =

R

(14)

1⁄
3

W

where W denotes the TNT weight. The time variation of
the blast load can be determined using the following
equations:
𝑡

𝑡

𝑇𝑠

𝑇𝑠

P(t) =𝑃𝑜 +𝑃𝑠 (1- )exp (-𝛾 )

(15)

γ = Z2 − 3.7Z + 4.2

(16)

Ts =W

[−2.75+0.27 logR⁄ 1⁄ ]
1⁄
3 10
w 3

(17)

where Po is the ambient pressure and T s is the positive
time duration of the blast load.
Figure 2. 2-D presentation of the RC-MRFs exposed to blast
loading considered in this study

TABLE 1. Physical properties of the models
Sl No

Parameter

Magnitude

1

Dead Load

8.38 kN/m2

2

Live load

2.40 kN/m2

3

Compressive strength of the beams

34.5 MPa

4

Compressive strength of the columns

46 MPa

TABLE 2. Characteristics of the analyzed frames[45]
Periods (s)
Sl
No

Frame
(Storey)

Height
(m)

Width
(m)

1

4

12

2

8

3

20

I
mode

II
mode

III
mode

9.14

0.64

0.20

0.20

24

6.10

1.34

0.45

0.25

60

6.10

1.71

0.64

0.38

6. RESULTS AND DISCUSSIONS
The considered low rise, mid-rise, and high-rise
structural frames are analyzed to determine the accuracy
and efficiency of the proposed MADP procedure. The
blast load acting on the frame has been the main input of
the structural analysis. The analyses were carried out by
considering three mode shapes, using modal pushover
analysis, nonlinear response history analysis, and multimode adaptative pushover analysis. The analyses were
carried out in the MATLAB [55] platform.
For seismic performance evaluation of structures,
probabilistic approaches are more common [56, 57];
however, for blast loading, a deterministic approach is
mainly used. The target displacement for the 4, 8, and 20
storey frames have been obtained as 11.82cm, 16.45cm,
and 23.22cm, respectively. The accuracy of the roof
displacement was calculated by using MADP analysis.

TABLE 4. Blast load parameter
TABLE 3. Dynamic properties of the frames
Sl No

Parameter

Value

1

Damping ratio

5%

2

Stiffness

15.11 kN/m

3

Damping

7.38 ×10-2kN-s/m

Sl No

Parameter

Magnitude

1

Weight (W)

1000 TNT(Trinitrotoluene)*

2

Range (R)

100m

3

Scaled Distance (Z)

10 m/kg1/3

4

Peak pressure (Ps)

100.67 kPa

* TNT generates blast energy of about 4680 joules per gram (J /g)
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6. 1. 4-Story Frame
Figure 3 shows the storey
drift of the four-storey frame with different analysis
approaches. The maximum drift occurs on the first floor
and the minimum drift occurs on the second floor by
MADP. The MADP will have a higher value on the 3 rd
floor and the remaining floors will have lower values.
Figure 4 shows the pushover curve with three different
mode shapes. The maximum base shear with roof
displacement occurs at Mode I and the minimum occurs
at Mode III. The maximum base shear is 1kN and roof
displacement is 50 cm and the minimum base shear is 800
N and roof displacement is 4 cm.
Figure 5 shows the blast load acting on the four-storey
frame model. The maximum load acting on the first floor
has been 12 kPa at 0.03 sec and the maximum load acting
on the fourth floor has been 6kPa at 0.04 sec. Figure 6
shows the mode shape of the four-storey frame.

Figure 3. Story drift of 4 story frame

Figure 6. Mode shape of 4 story frame

6. 2. 8-Story Frame
Figure 7 shows the storey
drift ratio of the eight-story frame with different pushover
analyses approaches, while the maximum storey drift
ratio is 4, 3 and 0.5 by MPA, NRHA and MADP
methods, respectively. The maximum storey drift occurs
at fourth floor and minimum storey drift ratio occurs at
first floor by various methods, respectively. The NRHA
and MADAP show similar results, whereas the MPA has
the maximum error.
Figure 8 shows the displacement of different floors
with different analysis approaches. The maximum
displacement occurs on the seventh floor with a value of
0.3m using modal pushover analysis and the minimum
displacement occurs on the first floor of 0.068m using
MADP analysis. Figure 9 shows the lateral force
distribution of the floors in different modes. The
maximum lateral force occurs in the third mode and the
minimum lateral force occurs in the first mode. The
maximum and minimum lateral forces have been 80 kN
and 20 kN, respectively.

Figure 4. Pushover curve 4 story frame

Figure 5. Load acting on 4 story frames exposed to blast
load

Figure 7. Story drift ratio of 8 story frame
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Figure 8. Displacement of 8 story frame
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6. 3. 20-Story Frame
The investigated high-rise
model is a 20 storey frame. The effect of torsion and
inclination of blast loading have been considered in this
model. Figure 10 shows the variations of the inclination
angle and torsion angle on the investigated model. It is
shown in Equation (8). The maximum inclination of the
blast load has been 60degree and the torsion angle was
0.010 radian. Figure 11 shows the mode shapes of the
twenty storey frame.
Figure 12 shows the base shear of roof displacement
of the twenty storey frame along X direction. The
maximum base shear has been 2050 N in mode I and the
minimum base shear has been 1600 N in mode III. Figure
13 shows the displacement of the floor level along X
direction with different analysis approaches. The
nonlinear responses analysis will provide maximum
value compared with other methods. The variations of the
displacement along the floor are presented. The MADP
and MPA show small errors compared to the MADP
method. The maximum displacement was 0.4m in the
second floor using nonlinear response history analysis.
The minimum displacement has been 0.07m using
MADP. Figure 14 shows the storey drift ratio of second
to fourth floors. The minimum storey drift ratio occurs at
14 to 18 floors.

1
0

5

10

15

20

Lateral Force (kN)
Mode II

8
7
6

Floor

5
4
3
2
1
-20

0

20

40

60

80

Figure 10. Relationship between inclination angle and
torsion angle

Lateral Force (kN)

8
7
6

Floor

5
4

Mode III

3
2
1
0

20

40
60
Lateral Force (kN)

80

Figure 9. Lateral Force of 8 story frame

Figure 11. Mode shape of the 20 storey frame
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Figure 12. Base shear of the 20 storey frame along X
direction

Figure 15. Torsional moment

20
20

15

Storey

Storey

MADP
MPA
NRHA

15

10

MADP
MPA
NRHA

10

5
5

0
0.0000

0
0.0

0.1

0.2

0.3

0.0002

0.4

0.0004

0.0006

Torsion (rad)

Displacement (M)

Figure 16. Torsion effect in different floors

Figure 13. Displacement of the 20 storey frame along X
direction

TABLE 7. Percentage of the error of different approaches and
in terms of drift ratio compared to the proposed MADP
approach

20

MADP
MPA
NRHA

Floor

15

10

Sl No

Frame

MPA

NRHA

1

4-storey

10%

25%

2

8-storey

14%

22%

4

20-storey

22%

28%

5

0
0

2

4

6

8

7. CONCLUSIONS

Storey Drift ratio

Figure 14. Storey drift ratio of the 20 storey frame along Y
direction

Figure 15 shows the torsional moment of the fifteenth
floor. The maximum torsional moment has been 1kNm at
2m.s. Figure 16 shows the torsion of the twenty-story
floor with different analysis approaches. The maximum
torsion occurs at 20th floor of 0.0007 rad using MADP
analysis. Table 7 shows the percentage of the error of the
different frames with different analyses approaches. The
maximum error occurs in 20 storey model using
nonlinear response history analysis and the minimum
error occurs at 4 storey frame using modal pushover
analysis.

The current study investigates blast load acting on 4-, 8and 20- storey frame models. The structural responses
were determined using a proposed multi-mode adaptative
pushover analysis. Three different mode shapes were
considered in the simulation. For 20 storey structure
(high-rise model), the torsional effect has been
considered as well. The monitored responses were
displacement, storey drift, storey drift ratio, base shear,
and torsional effect. The main verdicts could be
summarised as follows based on the calculated results:
- For 4 storey frame structure, storey drift error will be
15% and 8% for NRHA and MPA, respectively
compared to MADP.
-The maximum pressure occurs at lower stories and
minimum pressure occurs at higher stories for the
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structure frame exposed to blast load.
-The base shear will be inversely proportional to mode
shapes.
-In 8 storey model, the maximum storey drift ratio occurs
at third, fourth, and fifth floors, respectively. The
remaining floors had the minimum storey drift ratios.
-For an 8 storey frame structure, displacement error will
be 8% and 14% for NRHA and MPA, respectively
compared to MADP.
-For a high-rise structure (20 storey model) the influence
of torsion with respect to variation of torsional angle and
blast load angle were also considered in the study.
-Torsional moment and blast load along both X and Y
directions have been the input parameters of the high-rise
model exposed to blast load.
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Persian Abstract
چکیده
در این مطالعه رویکرد تحلیل استاتیکی غیرخطی به روزشونده با در نظر گرفت اثر مودهای باالتر جهت بررسی اثر انفجار بر قاب های خمشی بتن مسلح مورد ارزیابی قرار
گرفته است .نوآوری مطالعه حاضر در ترکیب اثر مودهای باالتر و تحلیل استاتیکی غیرخطی به روزشونده بوده که تابحال برای ارزیابی اثر بار انفجار بر سازهها مورد استفاده
قرار نگرفته است .به منظور بررسی کارایی روش پیشنهادی ،سه سازه بتن مسلح  8 ،4و  20طبقه در این مطالعه مورد بررسی قرار گرفتهاند .جهت مقایسه بهتر ،عالوه بر رویکرد
پیشنهادی ،روش تحلیل استاتیکی غیرخطی به روزشونده متداول و همچنین تحلیل غیرخطی تاریخچه زمانی نیز بر روی مدلها اعمال گردیده است .بدین منظور پارامترهای
اثرگذار متعددی از جمله بارگذاری جانبی ،جابجایی طبقات ،دریفت طبقات ،نسبت دریفت طبقات و  ...مدنظر بوده است .در تمامی مدلهای سازهای مورد بررسی اثر  3مود
ارتعاشی اول در فرآیند تحلیل در نظر گرفته شده ،در حالیکه برای مدل  20طبقه اثر پیچش در پاسخ سازه نیز لحاظ گردیده است .نتایج این تحقیق بیانگر دقت کافی و عملکرد
مطلوب روش پیشنهادی به منظور تخمین پاسخ سازهها تحت بارگذاری انفجار میباشد.
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A B S T R A C T
The rapid growth of cloud environments has led to the expansion of resources that offer a variety of
services. The opertions of the services are usually very simple and may not satisfy the complex needs
of the user, hence there is a need for a combination of these services that can fulfill the user's
requirements. Most of the service composition methods in cloud environments assume that the involved
services came from one cloud, and this is unrealistic because other clouds may provide more relevant
services. The challenges in composition services distributed in multi-cloud environments include
increased cost and a reduction in its speed due to the increasing number of services, providers, and
clouds; so, in order to overcome these challenges, the number of providers and participating clouds must
be reduced. This study used the Skyline service algorithm to compose services in multi-cloud
environments, which examined all the clouds during the service composition process. The proposed
method can provide an applicable composition service to the user with the lowest communication cost
by considering the number of clouds and by using fewer providers. The Skyline algorithm involves two
steps. In the first one, the best composition in a cloud environment is selected among all the possible
providers by considering the number of providers and the communication time. In the second step, the
Skyline algorithm is used to create all the possible compositions in a multi-cloud environment.
Parameters such as fewer clouds and shorter communication times between the clouds are selected. The
results show that the proposed method can find the composition with the least number of clouds, the
lowest cost, and has the lowest calculation time. It can be said that the Skyline makes it possible to select
a suitable composition of user-requested services in a multi-cloud environment.
doi: 10.5829/ije.2021.34.01a.07

1. INTRODUCTION1
Web service is a modular and self-described application
that is published based on a set of standards such as
SOAP, WSDL, and UDDI [1-2]. When a web service is
limited to simple features, a set of separated web services
must be combined to create a value-added one [3-4].
Service composition problems can be resolved by
selecting a set of web services in such a way that their
combination meets the functional and non-functional
requirements of the user [5]. With the advent and rapid
development of cloud computing, more clouds can carry
out the existing tasks in the cloud with different
functions, and this cloud environment is a natural choice

for providing various types of resources as a service. To
meet the user’s needs, cloud-based systems [6-7] are
usually designed by calling up several providers. The
service composition in cloud environments allows for the
integration of various cloud resources into a set of
integrated services for providing cloud-based solutions
that meet certain qualitative criteria [8]. Most of the
service composition methods that have been proposed for
cloud computing consider all the composite services in
one cloud, rather than searching services from the various
available clouds [9]. Organizations often distribute their
services using cloud providers to ensure the availability
and quality of the provided services, and also to reduce
the risk of data loss [10]. In addition, service composition
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in multi-cloud environments poses many issues such as
the cost of communications within the cloud, increased
fiscal costs, and security issues. Hence, challenging tasks
include reducing the number of participating clouds and
the number of providers due to the limitations of the
services. Therefore, the current study seeks to find the
best possible service composition in cloud environments
using the Skyline service algorithm, which uses both a
smaller number of providers and clouds to reduce
financial costs.
The Skyline algorithm is based on the concept of
Pareto dominance [11]. It has been used to solve research
problems such as web service selection, query processing
over uncertain data [12-14], effective processing of
advanced queries [15], and indexing of time series data.
The use of the Skyline algorithm in the proposed method
creates all the possible compositions of the providers in a
multi-cloud environment. The best composition in a
cloud environment is selected by considering the number
of providers and the communication time. Parameters
such as fewer clouds and a shorter computation time
between the clouds are also considered in selecting the
most suitable cloud composition.
The innovation of this paper includes modeling the
multi-cloud environment using the Skyline in two steps.
First, the providers and services were modeled based on
user requests. Secondly, the clouds are modeled based on
the providers and services selected in the previous step.
Then, we introduce the algorithms for the extraction of
the candidate services, providers, and clouds based on the
Skyline rules.
The rest of this paper is organized as follows. In
Section 2, the works related to service composition will
be discussed using the Skyline service. In Section 3, the
algorithm and the concepts of the Skyline service are
expressed. Then the proposed method is outlined is
Section 4. Section 5 presents the results and evaluation,
and the last section is devoted to conclusion and
suggestions.
2. RELATED WORKS
Most of the existing approaches to service composition
in cloud environments consider all the services in the
composition from a single cloud. However, certain
algorithms have also been proposed to address this issue.
In Section 2.1, other methods will be examined, and in
Section 2.2, service composition using the Skyline
algorithm will be discussed.
2. 1. Methods Provided Using Multi-cloud
Algorithms
Zou et al. used a tree structure to
model a multi-cloud environment (MCB). Then, with the
MCB tree search, the minimum request set was created.
Accordingly, they proposed three algorithms for
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selecting the optimal cloud composition. In the first
algorithm, they considered all clouds as inputs and
evaluated all the possible solutions. This method
determined the sequence of the service composition at the
time of execution, but with the use of a large number of
clouds. The second algorithm recursively defined a
service composition in all the cloud compositions. The
last algorithm provided an optimal cloud computing
approach using an approximate method. However, it was
time-consuming and may not be a good cloud computing
approach because it used the composition of clouds that
utilize service spaces and could impose on some
compositions [16]. Gutierrez-Garcia et al. proposed an
agent-based multi-cloud service composition approach
by using a semi-recursive conventional protocol;
however, it has the limitations of agent-based distribution
[17]. Jatoth et al. proposed a quality of service (QoS)
cloud service composition based on both the modified
invasive weed optimization algorithm and an Adaptive
Genotype Evolution based Genetic Algorithm (AGEGA)
[18-19]. Gavala et al. proposed a QoS aware cloud
service composition based on an Eagle Strategy with
Whale Optimization Algorithm (ESWOA). However, in
these three approaches, they considered multiple QoS
parameters for service composition in only one cloud
[20]. Yu et al. presented a Greedy-WSC algorithm and an
ant colony optimization based algorithm, namely ACOWSC, to select the service composition in cloud
environments with a minimal number of clouds. The
Greedy-WSC algorithm selects clouds that offer more
services, and the ACO-WSC algorithm is used to
combine selected clouds. Their results showed that the
ant colony optimization method could efficiently find
effective cloud composition with the minimum number
of clouds. The disadvantage of this model was its lack of
considering semantic information in the composition of
web services, especially in a dynamic and distributed
environment [21]. Kurdy et al. suggested a composite
optimization (COM2) algorithm for cloud services that
ensures the selection of clouds with the maximum
number of services, which increases the likelihood of
completing a service request at a minimum cost. The
results of their experiments showed that COM2 was
successfully able to compete with previous algorithms in
the field of service composition, but it did not consider
the interconnecting costs of the clouds [22]. Mezni et al.
used formal concept analysis (FCA) and fuzzy formal
concept analysis (FFCA) for service composition in a
cloud-based environment. The FCA is based on the
concept of a network, a powerful tool for classifying
cloud information and services. Initially, a cloud
computing model was created as a set of formal concepts;
then, it extracted and combined the candidate clouds
from the formal concepts. Finally, the optimal cloud
composition was selected, and the multi-cloud service
composition (MCSC) became a classical service
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composition problem. In addition to considering the
number of clouds in the composition, it also takes into
account the cost between the clouds. The tests showed
the effectiveness and ability of the FCA-based method to
find and group cloud compositions with a minimum
number of clouds, the lowest communication cost, and
the lowest time to service selection in the nearest cloud
or in the same cloud [23-24].
2. 2. Methods Provided Using the Skyline
Algorithm
Yu and Bouguettaya suggested an
algorithm that used the dominant relationship between
service providers to find a set of the best possible service
composition for Skyline services [11]. Instead of
examining all the possible composition of services, this
algorithm significantly reduces the search space and
proposes a low-up computing framework that enables the
Skyline algorithm to scale well with a number of
services. In their research, three algorithms, namely
OPA, DPA and BUA, were developed to select a set of
the best possible composition services. The DPA used a
parent table and a broad network to achieve enhancement
and route ability. The BUA used a powerful low-up
computing framework with a linear composite strategy,
which improved the performance and the scalability.
Wu et al. provided an algorithm for the composition
of services based on service quality. In this way, when a
new service comes, the previous service is deleted, and
the quality of service is changed. This algorithm reduces
the number of selected services through Skyline and
chooses the best service using the service quality [25].
In another study, Zhang et al. used the Skyline
guaranteed query processing method to build mashup
cloud applications and employed similarity tests to
achieve an optimal Skyline. Cloud mashup is a
composition of several services with a shared data set and
integrated functions. This method was used to optimize
the composition of web services in large-scale cloudbased mashup applications from the Map-Reduce. Since
the choice of Skyline service and hybrid processes were
very timely, especially when the data space of the
services was very large, a block-based blocking was
proposed to shorten the process. After testing 100,000
real websites worldwide in 10 dimensions, it was found
that the Map-Reduce based block-removal method was
3.25 times faster than the angular segmentation
algorithm, and 1.4 times faster than the network method
[26-27].
Liu et al. proposed a dynamic Skyline service
selection tool to reduce redundancy. In this method, the
process of choosing a service was divided into two
stages: the service selection stage and the implementation
phase of the selected services. The selection stage used
the offline method to calculate the Skyline, and was
responsible for updating the Skyline service. Therefore,
the offline process never affected the performance of the

phases of the service selection. The implementation
phase was responsible for selecting the optimal
composition of the services, which matched the QoS user
limitations. The results showed that this method selected
the most appropriate services [28].
Moradi and Emadi presented an algorithm for service
composition using the Skyline service in parallel. In this
way, the choice of services was based on the quality of
service; the use of parallelization techniques had a
significant impact on reducing the response time and
increasing the speed of the composition of services, as
well as reducing the computations [29].
However, most traditional service composition
methods regard service composition in a single cloud and
consider a balance between the QoS parameters. In this
paper, we present an algorithm based on Skyline service,
which focuses on reducing the number of clouds and
providers.
3. THE SKYLINE SERVICE ALGORITHM
The existing approaches in multi-cloud service
composition only reduce the number of clouds. This
research, like [23], considers modeling the relationship
between the providers and the clouds in the selection of
optimal clouds, as well as the composition of services by
the Skyline service algorithm. The Skyline service
algorithm has been used to extract the optimal
composition of the providers and clouds. Also, combined
services can have sequential, parallel, loop, or
conditional structures. In this research, only the
sequential structure for combining services and their
implementation is considered.
Definition 1: A multi-cloud environment is a set in
which C= {C1,C2,...,CN} where Ci is a cloud and
P={P1,P2,…,PN} where Pi is a provider that is hosted by
the clouds. A provider also offers a set of services. Every
provider may belong to more than one cloud, and every
service also may belong to more than one provider.
The multi-cloud service composition problem is
given a set of clouds that hosts the services offered by a
number of providers. The Skyline service algorithm is
designed to select the minimal sub-set of clouds and
providers, while reducing the cost of communication
between the providers and clouds.
Skyline was originally introduced in the database
domain [30]. Given a set of S points in a D-dimensional
space, the points in the Skyline are not dominated by any
other place in the search space [31].
Definition 2 (Dominance Service and Skyline
service): In service composition, dominance services are
better in all parameters of service quality compared to
other services. For example, SA= {S1, S2, S5} is a set of
services that provides task A with QoS= {3, 4, 2}in time
and SB= {S2, S4} that provides task B with QoS= {4, 5}
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in time. The Skyline service for SA= S5 and for SB=S2
are not dominated by other services, and it is the best
candidate service [28, 32- 33].
The Skyline was introduced for the first time to create
a web service and to evaluate its effectiveness [30]. In the
service composition, the dominant service is the services
that are better than others in all aspects of service quality.
To this end, some researchers have proposed different
methods for determining the dominant relationship to
determine the Skyline service [34-35].
Therefore, if a service is part of Skyline, it is expected
to offer better parameters than other services [36]. In the
above example for SA and SB, the composition of
Skyline services is {S5, S2}, in which a set of services
are dominated by none of the services in the other
composition [11] as {S1, S2}, {S1, S4}, {S2, S2}, {S2, S4},
{S5, S2}, and {S5, S4}.
One of the algorithms offered by the Skyline service,
which is used in this investigation, is a dual progressive
algorithm [11] for making composition possible. The
root, that is, the parent node, is constructed first, and then
the next nodes are constructed. The rule to create each
node is that the selected services available in composition
are different only in one service with its child nodes. For
example, the root node in Figure 1 is a1, b1, c1, and its
child nodes include (a1, b2, c1), (a1, b1, c2), and (a2, b1, c1).
The lattice expansion determines only the sequence of
counts between the nodes, and proves that each node is
considered after its ancestors, but for nodes that do not
have parent-child relationships, an appropriate order
must be guaranteed. Since it may have a score of (a1, b2,
c1) less than (a1, b1, c3), it should be counted in advance.
In order to achieve the progressive counting of the base,
the lattice expansion (T) with a heap (H) is used. The
lattice expansion ensures that the parent node is counted
before the child node. On the other hand, the heap
determines the counting of the nodes that do not have a
parent-child relationship. The commencement of the
manufacturing process starts from the first level. At each
step of the count, the lattice expansion is extracted from
the heap with the lowest cost and is compared with the
existing Skyline. Ultimately, the considered composition
is placed in Skyline if it is not lost or eliminated. The
progressive algorithm of a node can be generated several
times from generating other parent nodes, which creates
a replication problem. As shown in Figure 1, the top
number of each node shows its parent number. For
example, the node (a3, b2, c2) is placed three times in the
heap because it has three parents, and each time they
develop (a3, b2, c2), they are generated and placed in H.
The multiplication of the node has many computational
problems since many nodes are processed several times.
The same node can be located in Skyline more than once,
which causes a false Skyline [9].
The parent table [11] provides a suitable solution for
solving a node problem with the least computation.
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Instead of considering all the ancestors, the parent table
only stores information about the number of parents for a
given node. The basic rule is that a node can be put in a
heap only when all its parents are already processed. The
parent table stores the number of parents in each node.
Each time the node is compared to another node, the
number of parents is reduced by one unit, and the table is
updated with new values; eventually, every node in its
value reaches zero in the heap. This operation ensures
that all the nodes of the child are placed in the heap before
the parent nodes [11].
In the next step, the best service in the lattice should
be selected taking into account the dominant relationship.
Then, the Button-Up Algorithm [11] strategy is to use
linear compositions while doing comparisons to select
the best composition. A linear composition is to compare
the results of the two nodes with the next node, and
achieving the best possible composition [11, 29]. ButtonUp Algorithm carries out optimization and QoS
calculations with positive traits inherited from dual
progressive algorithm.
4. DETECTING A MULTI-CLOUD ENVIRONMENT
USING THE SKYLINE SERVICE ALGORITHM
In this research, the Magnetic Cluster Expansion (MCE)
is modeled as a set of lattice expansion, as shown in
Figure 2. Each cloud is described as a lattice expansion
created to group the providers based on the services they
provide, and another lattice expansion has been created
to express the relationships between the desirable
providers and their hosting clouds.
Since a provider may belong to more than one cloud,
so with respect to the given N clouds, the information
about the services and their providers is modeled in the
N lattice expansion, where each one represents the
environment of a cloud. First, a number of the preferred
composition of the providers are selected as equal to the

Figure 1. Lattice Expansion
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TABLE 2. An example of relationships between the clouds and
providers in a multi-cloud environment
MCE

C1

C2

C3

C4

C5

P1

0

0

1

0

1

P2

0

1

1

0

0

P3

0

0

1

1

0

P4

1

1

0

0

0

TABLE 3. An example of relationships between the providers
and their services in Cloud 1

Figure 2. The proposed method

number of the available clouds. After comparing and
choosing the most suitable composition, a multi-cloud
spreading lattice expansion is built, and the optimal
composition of the clouds is selected from this lattice
expansion.
An example of a multi-cloud environment is shown
in Table 1. Thirty services with various QoS functions
and capabilities are provided by five providers on three
clouds. For example, Cloud C1 hosts three providers,
which altogether provide 13 services. Some providers
may deploy their services in multiple clouds (e.g., P2, P5).
Based on the example above that shows a cloud
environment with three clouds, a lattice is expanded for
each cloud, and for a multi-cloud environment, a
distributed lattice is modeled. Table 2 describes the
relationships between the providers and their host clouds,
and Table 3 describes the relationships between the
providers and their services in Cloud 1.
This research seeks to find a composition of clouds
and providers that hosts the best service and to reduce the

TABLE 1. An example of multi-cloud environment
Clouds

C1

C2

C3

Providers

P1

P2

P3

P4

P5

P1

P5

P2

Services

5

4

4

2

3

5

4

3

Cloud1

P1

P2

P3

P4

S1

0

5

7

9

S2

5

0

4

6

S3

7

4

0

3

S4

9

6

3

0

cost of communication between the services that come
from different clouds. For this purpose, two algorithms
are proposed to select a multi-cloud composition that
uses the minimum number of providers and clouds. The
steps are briefly summarized below:
Step 1- Extracting the optimal composition of
providers: In this step, the best composition of providers
is extracted in each of the clouds. By comparing the
compositions obtained from all the clouds, the optimal
composition that meets the user’s request is selected and
then used as input to determine the optimal cloud
composition.
Step 2 - Extracting the optimal composition of the
cloud: At this point, the lattice expansion, which shows
the relationship between the providers and their host
clouds, is used to obtain the optimal composition of
clouds according to the providers selected in Step 1. The
random composition of the clouds, which hosts the
optimal composition of the providers, is selected as the
root of the lattice expansion; the lattice expansion is thus
complete and is selected based on the dominant
relationship of the optimal composition of the clouds.
The following sections give more details about each
of the above steps.
4. 1. Extracting the Optimal Composition of
Providers
This step uses the Skyline service
algorithm to extract the optimal composition of providers
in each cloud. In selecting the optimal composition, none
of the existing approaches take into account the number
of providers and the cost of communication between the
providers. To determine the cost of communication
between two providers, each cloud environment uses the
information shown in Table 4. In this study, the matrix
values are simple, representing the time of
communication between two providers (in milliseconds).
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TABLE 4. Matrix of communication cost between providers in
cloud1
P1

P2

P3

P4

P1

0

5

7

9

P2

5

0

4

6

P3

7

4

0

3

P4

9

6

3

0

Figure 3. An example of lattice expansion of providers

This algorithm considers the user requested services
to determine the appropriate composition; Sr is
considered as an input to create a lattice expansion in
each cloud. For creating a lattice expansion in each cloud
(Algorithm 3), the root node is created based on a
possible composition of providers (line 4 in Algorithm
1), which satisfies the user’s requested services. For
example, if a user requests S1, S2 services (Figure 3), the
above algorithm will be considered as the root in Cloud
1 of the P1, P1 composition that delivers the services that
are being provided; then, the child nodes are constructed.
Rule 1: The child node is a node that differs in
the composition of providers with the parent node only in
one provider.
So, the child nodes of the above example will be (P3,
P1) and (P1, P2); after determining each node, the cost of
each node is calculated according to Equation (1).
|𝐸|

𝑆𝑖 ≔ 𝛼 ∗ 𝑁𝑖 + 𝛽 ∑𝑗=1 𝑐𝑜𝑠𝑡 𝑗

(1)

where E is the set of edges that show the communication
between the providers in a composition, cost j denotes the
cost of communication between the providers Px and Py
in the j relationship link, and Ni is the number of existing
providers in the i-th composition. Also, α and β are
numeric values representing the number of providers and
the communication costs of the providers, respectively.
To avoid the presence of providers in dispersed areas and
encourage the lowest cost of communication between
providers as the most important goal, the amount of α
should be smaller than β. Having created the lattice
expansion starting from the root node, the root node first
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appears in the heap and is selected as the Skyline. After
removing the root node, its children are added to the heap
if all their fathers are examined, and so the cost of each
composition is compared with the cost of the composition
in the Skyline; then, if the composition is found to be
optimal, the Skyline is updated. Hence, the best
composition is selected by comparing the cost of the
composition. Thereafter, the second cloud’s lattice
expansion will be created and the optimal composition
will be compared with that of the first cloud, and the best
composition will be selected. The output of this
algorithm is the optimal composition of providers.
4. 2. Extracting the Optimal Composition of Clouds
The composition obtained from the algorithm in the
previous section is the input of this algorithm. The goal
of this stage in a cloud-based environment is to classify
the clouds that together provide the equired services. By
evaluating all possible compositions, the optimal cloud
composition is determined, from which the appropriate
services are delivered to the user. Here, to determine the
cost of the relationship between the two clouds, the
matrix values in Table 5 are simple values that represent
the time between the clouds (in milliseconds).
To determine the optimal composition of clouds, the
optimal composition of providers from the previous step
is considered as input to determine the root of the lattice
expansion, and thus the lattice expansion is completed
(Algorithm 3). When constructing cloud compositions,
the cost of each compound is calculated in accordance
with Equation (1). The only difference is that E is the
number of edges representing the connections between
the clouds in the composition, and j shows the cost of
communication between the two clouds, Cx and Cy, on
the jth communication link. Ni is the number of clouds in
the ith composition. The total cost of the composition is
calculated by taking into account the total
communication costs in the cloud composition according
to Equation (1). In this algorithm, α and β are also
numerical values representing important factors such as
the number of clouds and the cost of cloud
communications, respectively. Thus, α should be smaller
than β to avoid the presence of clouds in dispersed areas
and to encourage the lowest cost of communication
between the clouds, which is considered as the most
important goal. For example, if the optimal composition
obtained from the previous step of composition (P3, P1)
is used, the algorithm takes into account in the multicloud environment of (C3, C3) compound that hosts the
providers in the optimal composition; then, the child
nodes are constructed, which are shown in Figure 4.
Rule 2: In creating each child node, the composition
is different from that of the provider only with the parent
node. So the child nodes of the above example will be
(C4, C3) and (C3, C5).
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5. EXPERIMENTAL RESULTS
This section provides details of the experiments
conducted to evaluate the performance of the proposed
method. The Java programming language has been used
in this approach, and the development environment is
NetBeans IDE 8.2.
In this study, Java classes have been used to randomly
generate some experimental data sets, including a set of
services and relationships between the clouds, providers,
and services provided by each provider, as well as α, 0.3,
and β, 0.7.
The experiments are conducted in environments with
a number of different clouds (between 5 and 100) and
services ranging from 1 to 20; since the creation of a
multi-cloud environment is a coincidence, the test of each
environment is repeated 50 times. The user’s request in
all the test cases consists of three services.
5. 1. Estimating the Computation Time
In
these experiments, as in similar methods, a concept called
density has been considered to determine the impact on
the total execution time when the providers are hosted in
several clouds; the total execution time is between 20 and
40%, and the number of clouds is between 5 and 100. The
composition time results are shown in Figure 5.

TABLE 5. Matrix of communication cost between clouds
C1

C2

C3

C4

C1

0

6

8

10

C2

6

0

9

12

C3

8

9

0

4

C4

10

12

4

0

5: Best=RootNode; H=RootNode;
6: While(! H.isEmpty())
7: Remove the top node from H;
8: if n is dominated by Best
9: Best=n;
10: end if
11: CN=expand(n,T);
12: for all node ni in CN
13: P(ni) --;
14: if(P(ni)==0)
15: H.add(ni);
16: end if
17: end for
18: end while
19: if Best is dominated by Best provider composition
20: Best provider composition=Best;
21: end for
22: return Best provider composition;
23: End
Algorithm 2: Extracting optimal composition of clouds

Input: Best provider composition
Output: Best cloud composition
1: Begin
2: Creating expansion lattice based on
Best provider composition(Algorithm 3)
3: Best=RootNode; H=RootNode;
4: While(! H.isEmpty())
5: Remove the top node from H;
6: if n is dominated by Best
7: Best=n;
8: end if
9: CN=expand(n,T);
10: for all node ni in CN
11: P(ni) --;
12: if(P(ni)==0)
13: H.add(ni);
14: end if
15: end for
16: end while
17: return Best cloud composition;
18: End

Algorithm 3: Creating Expansion Lattice for providers (or
clouds)

Figure 4. Example lattice expansion of clouds
Algorithm 1: Extracting optimal composition of providers
Input: A user request Sr
Output: Best provider composition
1: Begin
2: Best provider composition=0;
3: for each cloud Ci do
4: Creating expansion lattice based on Sr (Algorithm 3)

Input: A provider(cloud) composition that provide user
request (or Best provider composition)
Output: Expansion Lattice
1: Begin
2: for each a provider(cloud) composition
3: int num=number of user request (or Best provider
composition)
4: While (num!=0)
5: change node that number is num based provider(cloud)
that is provide same service(provider)
6: num--;
7: end while
8: end each
9: return Expansion Lattice;
10: End
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times in Figure 8 show that Skyline is better than FCA
for the three MCE experiments. That is, by changing the
density, the proposed algorithm is faster in terms of
computational time. This is explained by the dual
progressive algorithm, Heap memory and parent table in
Skyline algorithm. Also, using a bottom-up algorithm
and the linear composition strategy, we can find the
optimal combination in the lattice, without needing to run
through the whole multi-cloud lattice.

Figure 5. Results of the computation time

According to this figure, the computation time at a
density of 40 is lower than the other two densities, and
especially with a higher number of clouds, this difference
is more evident. In general, this algorithm has a low
computational time for the cloud environment with a
different number of clouds. Also, the execution time is
slightly high when a provider is not hosted on several
clouds.

5. 3. Comparison of Cloud Communication Costs
In this section, the performance and quality of the
proposed solution are compared with the Mezni method
[23]. These two methods are compared in a multicloudenvironment with 100 clouds and three userrequested services. MCE1 is a cloud environment with a
density of 20, MCE2 has a density of 30, and MCE3 is
40.
The overall cost for each cloud compilation generated
by the FCA and the Skyline was calculated using defined
equation. The results for the FCA are shown in Figure 7,
but the value of the Skyline is fixed to be 0.3. It is clear
from Figure 7 that for all the MCE settings, the best cost
was obtained by Skyline. It also shows that the proposed
method always achieves the best cloud composition with
the lowest cost.
5. 4. Comparisons of Run-time
Given the time
required to find the optimal cloud composition, the run

100

FCA

SKYLINE

80

COST

5. 2. Estimating the Cost and Number of Clouds in
the Selected Composition
Figure 6 shows that
the size of the optimal composition and composition
costs are not affected by the changes in density and the
number of clouds. The experimental results show that the
Skyline-based approach always produces a favorable
cloud composition even in a large-scale cloud-based
environment, and even when each provider is hosting a
small number of clouds.

Figure 6. Estimating the cost and number of clouds in
composition

60
40
20
0
MCE1

MCE2

MCE3

Figure 7. Estimating the cost and number of clouds for FCA
and Skyline

Figure 8. Run time in FCA and Skyline
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6. CONCLUSIONS

Mathematics,
Vol.
196,
10.1016/j.dam.2014.10.020

(2015),

100-114.

DOI:

With the advent of virtual resource sharing, cloud
platforms have created a new paradigm that provides
more efficient and convenient services. As stated
previously, most of the service composition methods in
cloud environments assume that the involved services
come from one cloud. This study investigated the use of
the Skyline service algorithm to compose services in
multi-cloud environments, which examines all the clouds
during the service compilation process. Since this
algorithm provides the creation of all the possible
combinations, the proposed method allows the selection
of the optimal composition of user-requested services in
a cloud-based environment. In the proposed method, the
criteria for choosing the best composition in a cloud
environment are fewer providers and a shorter
communication time between the providers. Hence, the
best composition in a cloud environment is the one that
includes these criteria. Overall, the following results have
been obtained:
1. The use of the Skyline algorithm makes it possible
to review all the possible composition of services offered
by providers in a cloud-based environment.
2. The proposed Skyline algorithm always finds the
optimal cloud compositions.
3. The proposed algorithm improves the accuracy of
the optimal composition and reduces the time of
computation.
Also, this study focuses on the sequential structure of
a service composition. This is why the total cost of
communication between the clouds is calculated based
on the order of the services executed as the sum of the
communication costs of the provider’s composition and
the cloud. The sequential structure is one of the four main
structures of a service composition in the YAWL model
[4], and it is a topic of interest for future studies on other
structures.
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Persian Abstract
چکیده
 از آنجا که عملکرد یک سرویس معموالً بسیار ساده.رشد سریع بهرهبرداری از محیطهای ابری موجب ارائهی انواع مختلف منابع به عنوان سرویس در این محیط شده است
 بیشتر روشهای ترکیب سرویس در محیط. ضروری است، نیاز به ترکیب این سرویسها که قادر به ارضا نیازهای کاربران باشد،است و پاسخگوی نیاز پیچیده ی کاربر نیست
های چند ابری فرض می کنند که سرویسهای شرکتکننده در ترکیب در یک ابر هستند که این رویکرد غیر واقعی است زیرا ممکن است ابرهای دیگر سرویسهای
 یک کار چالشبرانگیز دیگر کاهش هزینههای مالی با کاهش تعداد ارائهدهندگان و، در ترکیب سرویسهای توزیع شده در محیطهای چند ابری.مناسبتری را ارائه دهند
 برای رفع این چالش باید تعداد فراهم کنندگان سرویسها در ابرها در فرایند ترکیب.ابرهای شرکتکننده در ترکیب و کاهش هزینهی ارتباطات بین ارائهدهندگان و ابرها است
 برای ترکیب سرویسها در محیطهای چند ابری استفاده می کند تا تمام ابرها در فرایند ترکیب سرویس بررسیSkyline Service  این تحقیق از الگوریتم.کاهش یابد
 الگوریتم. روش پیشنهادی می تواند یک سرویس ترکیبی قابل استفاده برای کاربر ارائه کند که پارامترهایی همچون کمترین تعداد ارائهدهنده و ابر را درنظر می گیرد.شوند
 بهترین ترکیب سرویس در یک ابر از میان تمام فراهم کنندگان با درنظرگرفتن تعداد فراهم کنندگان و، در مرحله اول. در دو مرحله استفاده می شودSkyline Service
 پارامترهایی مثل تعداد ابر. برای ایجاد تمام ترکیبات ممکن در محیط چند ابری استفاده می شودSkyline Service  الگوریتم، در مرحله دوم.زمان ارتباطی انتخاب می شود
 کمترین هزینه و کمترین، نتایج نشان می دهد که روش پیشنهادی می تواند ترکیبی با حداقل تعداد ابرها.کمتر و زمان ارتباطی کمتر بین ابرها در این مرحله اعمال می شود
. یک ترکیب مناسب از سرویسهای درخواستی کاربر را در یک محیط چند ابری انتخاب می کندSkyline Service  در نهایت می توان گفت که.زمان محاسباتی را پیدا کند
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We consider the effect of segregation on opinion formation in social networks with and without
influential leaders in scale-free random networks, which is found in many social and natural
phenomena. We have used agent-based modeling and simulation, focusing on the social impact model
of opinion formation. Two simulation scenarios of this opinion formation model have been considered:
(1) the original scenario which randomly assigns persuasion strengths to the agents, and (2) a
centrality-based scenario, which assigns persuasion strengths proportional to the agents’ centralities. In
the latter scenario, hubs are considered more influential leaders who are more connected to others and
have higher persuasion strengths than others. The simulation results show a correlation between
segregation and change of population opinion in the original model, but no correlation between both
variables in the centrality-based scenario. The results lead us to conclude that with strong influential
leaders in society, the effect of segregation in opinion formation is neglectable.
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1. INTRODUCTION1
Opinion formation is a social contagion [1] or collective
behavior process [2], describing how opinions forms in
society due to the members’ communication. Opinion
formation is essential in studying consumer behavior,
organizational behavior, predicting election results, and
many others. Many studies have been conducted on
opinion dynamics. Some studies have shown public
opinion formation through online social networks, the
largest infrastructure for social interactions [3], in
general topics and discussions [4, 5] as well as in many
social movements and national referendums, e.g., the
Arab Spring of 2011 [6], the US presidential 2016
election [7], and the Brexit referendum [8].
In opinion formation studies, a common
approach is to model social opinions by a binary value
to reflect two different opinions, e.g., approval and
disapproval in a referendum like Brexit [8]. The social
*Corresponding Author Institutional Email: amansuri@itrc.ac.ir (A.
Mansouri)

impact model of opinion formation [2] is a binary
opinion model, based on the social impact theory in
psychology [9], describing how every individual’s
opinion is affected by social impacts from agreed and
disagreed individuals. A noise parameter is also
considered in this model as the non-deterministic part,
reflecting the non-deterministic behavior of individuals.
The segregation phenomenon, defined as “the degree
to which two or more groups live separately from one
another” [10], affects opinion formation [11, 12].
Segregation happens in social networks due to network
structure. Segregation happens in social networks due to
network structure. In the social impact model of opinion
formation, with a scale-free random network and
randomly assigned attributes to the individuals, the
more segregated opinion group dominates, the less
segregated opinion group on average. Therefore, with
the same population size and individual characteristics
of both opinion groups, segregation is an overall
influential factor for opinion formation because a more
segregated opinion group attracts some individuals from
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the other group and becomes the majority opinion group
of society in equilibrium [13, 14].
The concept of leadership is also notable in opinion
formation. The existence of influential leaders with high
persuasion strengths and a lot of connectivities with
other individuals in a society may have lots of effects on
opinion dynamics and opinion formation. Some studies
have shown the role of troll factories and bot networks
with high connectivities to lead the public opinions in
election campaigns even by spreading fake news [7, 8,
15].
In this research, we consider the effect of
segregation in the social impact model of opinion
formation using an agent-based modeling approach. To
understand the role of segregation in the social impact
model, we compare the results of two scenarios of the
model: the original scenario in which persuasion
strengths of the agents are randomly assigned; and a
centrality-based scenario in which according to some
social psychology studies the strength of persuasion of
individuals is proportional to their centralities in the
network. Among the various centrality measures, we
have used the agents’ node degrees, the simplest and the
most commonly used centrality measure.
The rest of this paper is organized as follows.
Section 2 summarizes the background of this study. In
section 3, we explain the methodology. Section 4
presents the results. In section 5, we analyze and
compare the results, and Section 6 concludes this study.

67

In the simplest version of the social impact model
[17], we have N agents in the model with opinions
oi=1 for i=1,2,.., N. In every time step, the impact on
agent i is calculated as Equation (1), in which, pj
denotes persuasiveness strength of agent j, the strength
of the agent j to persuade agent i with opponent opinion
to change its opinion. Similarly, sj denotes the
supportiveness strength of agent j, the strength of the
agent j to convince agent i with the same opinion to
keep its current opinion. The parameter dij denotes the
distance between the agents i and j, and  determines
how fast the impact increase between agents i and j by
decreasing their distance.
N p
 N s

I i   j (1  oi o j )   j (1  oi o j )
 j 1 d ij
  j 1 d ij


(1)

Since opinions are from the binary value set 1, the
summations of Equation (1) calculate the impact of the
agents to change and keep the current opinion of agent j.
The former summation calculates the change impact,
and the latter summation calculates the keep impact.
The opinion dynamics is expressed by Equation (2),
which predicts the opinion of agent i in the next time
step using its current opinion (oi), the social impact on it
(Ii), and a random field representing all sources other
than social impact affecting the opinion of agent i
denoted by hi. The sign function of Equation (2) maps
negative values to -1 and positive values to +1.

oi (t  1)  signoi (t ) I i (t )  hi 

(2)

2. BACKGROUND
2. 1. The Social Impact Model of Opinion
Formation
Opinion formation describes how
opinions about a specific topic evolve among
individuals who interact with each other [16]. Many
opinion formation models have been introduced in
recent decades, mainly as agent-based models, in which
agents represent individuals in society.
The social impact model of opinion formation [2] is
based on the social impact theory in psychology
formulated by Bibb Latané [9]. According to this
theory, the impacts on individuals are exerted by the
real, implied, or imagined presence or actions of one or
more people or even groups. The impact of source
agents on a subject agent depends on three factors: the
(spatial, closeness, time, or abstraction) distance of the
source agents from the subject agent, the source agents’
strength of persuasion, and the number of source agents.
The social impact model is a discrete opinion model.
Every agent takes an opinion from the conventionally
binary values ‘-1’ or ‘+1’. The binary opinion values
could be interpreted as the agents’ stances about a
specific topic in two stances, for example, ‘for’/
‘against’ or ‘agree’/ ‘disagree’.

2. 2. Segregation in Social Networks
Segregation
is a consequence of homophily in real-life social
networks. Homophily is the tendency of similar
individuals to bounded with each other, which can be
related to one or more features, and affects the network
structure [18]. Some examples of common features
include gender, race, age, and education level.
Therefore, links are more likely to form between similar
individuals in a common community [19] than between
dissimilar individuals, and the segregation phenomenon
happens. Segregation is defined as the degree to which
two or more groups are separated from one another [10].
Segregation could be used in many aspects of social
networks, including individuals’ opinions. In [20], for
example, segregated opinions about US presidential
elections have been detected using data collected from
Twitter.
To measure the degree of segregation in a social
network, various indexes have been introduced,
including the segregation matrix index (SMI) [10, 21].
SMI originally assumes two segregated sub-networks,
while could be generalized for more sub-networks.
Suppose an undirected network of N nodes, with m11
links in sub-network 1 and m22 links in sub-network 2.
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SMI assigns a number to each segregated sub-network.
To calculate SMI, the densities of links in both subnetworks are calculated using Equations (3) and (4),
d11  m11 / m11 ,

(3)

d 22  m22 / m22  ,

(4)

in which, m11+ and m22+ denote the number of all
possible links in sub-networks 1 and 2, respectively,
calculated as Equation (5) and Equation (6), assuming
sub-networks 1 and 2 consists of n1 and n2 nodes,
respectively:
m11  n1 (n1  1) / 2,

(5)

m22   n2 (n2  1) / 2.

(6)

Then, the density of between-group links is calculated
as Equation (7):
d12  m12 / m12 

(7)

in which, m12+, the number of all possible links between
both sub-networks, is calculated as Equation (8):
m12   n1n2 .

(8)

In the next step, SMI for both sub-networks is
calculated by Equation (9) and Equation (10) which are
normalized to a quantity between -1 and +1. The subnetwork with higher SMI is more segregated.
S1  (d11  d12 ) /( d11  d12 )

(9)

S 2  (d 22  d12 ) /( d 22  d12 )

(10)

2. 3. Opinion Leadership in Social Networks
Opinion leaders are individuals who exert personal
influence on other people in certain situations [22] and
have a significant role in opinion formation.
From the social-psychological viewpoint, the
influence of an opinion leader on the others is related to
three factors: (1) who one is: the personification of
certain values by the opinion leader’s figure; (2) what
one knows: the competence or knowledge related to the
leaders; and (3) whom one knows: the strategic location
in the social network [23]. One’s influence on group
opinions depends on how well-connected one is in the
social network that determines communication [24].
Noelle-Neumann proposed a 10 item ‘personality
strength’ scale to measure to what extent people
perceive self-confidence in leading and influencing
others, and according to a survey with 270 samples
accomplished by Weimann and colleagues, network
centrality was compared to the 10-item personal
strength rating and a correlation of +0.54 was found
between the individual’s number of communication

links and the personality strength measures, and they
claimed this correlation was even higher when relating
the personality strength to the number of
communication links within the individual’s clique or
group [25]. Another study on a fandom newsgroup in
USENET [26], shown a direct correlation between the
number of posts with the influential ability. Some
studies use the term evangelists for well-connected
opinion leaders in online social networks to express
their influence on society’s opinion formation [27, 28].
Some studies have also revealed a correlation between
opinion leadership and leaders’ centrality in the network
using an agent-based modeling approach [12-14, 25].
Therefore, from the social structure point of view,
leaders are the more influential people who are wellconnected to other nodes, often called ‘hubs’ [29, 30].
Although the correlation between influence and network
centrality has been explained in the literature, less
attention has been paid to the role of opinion leaders in
the context of opinion formation on social networks.
3. METHODOLOGY
We have used an agent-based modeling approach [31],
which has widely been used in opinion formation
models [32, 33]. To study the effect of segregation on
opinion formation, we considered a noise-free social
impact model; thus, we supposed hi=0 in Equation (2),
the equation for opinion dynamics. More details of our
method are described in the following subsections.
3. 1. Equilibrium Phases
In the noise-free social
impact model, after some time steps of the simulation,
one of the following equilibrium phases or states may
occur [12] and terminate the simulation run:
 Frozen phase: No change is observed in the agents’
opinions advancing the time step.
 Orderly fluctuated phase: At least one agent changes
its opinion every other time steps, i.e., after some
time steps, there are agents whose opinions are the
same as their opinions in two time steps ago (and
other agents’ opinions are the same as the previous
time step).
Figure 1 shows how an orderly fluctuated phase may
occur. Possible opinions are shown in black and white.
The agents’ persuasiveness and supportiveness strengths
assumed to be the same, and dij between every agent
pairs, i, and j, are supposed to be equal. Applying the
social impact model rules cause the circular agents to
change their opinions, regularly in every time step,
while the rectangular agents do not change their
opinions.
3. 2. The Network Topology
The structure of the
social network of interacting agents affects opinion
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Figure 1. An orderly fluctuated phase example in the social
impact model: the agents’ pj and sj are the same; dijs are equal;
the circular agents regularly change their opinions (black and
white)

dynamics. Heavy-tailed distributions occur in complex
systems, including social networks, and can help in data
interpretation [34]. Although the universality of scalefreeness in social networks is controversial, it is
common to claim that most of these networks are scalefree in the real-world [35].
In this research, we used the Barabási-Albert
algorithm [36] to generate random scale-free networks
of agents’ connections. This algorithm starts from m0
nodes, and using a preferential attachment mechanism
adds every new node with m1 edges that links the new
node to previously added nodes with probability
proportional to the nodes’ degrees. The generated
network is a scale-free network with power-law node
degree distribution. We assumed m=2 and m0=2 to
generate random networks using this algorithm. Scalefree networks generated by this algorithm have a large
number of small loops, which in turn cause many
segregated nodes and groups [37].
3. 3. Two Assignment Scenarios
We regarded
two scenarios: the original scenario and the centralitybased scenario. In the original scenario, the
persuasiveness and supportiveness strengths were
assigned using a random variable from the uniform
distribution Uniform(0, 100). In the centrality-based
scenario, we considered the correlation between opinion
leadership and the centrality of the agents in the
network (as discussed in section 2). Therefore,
persuasiveness and supportiveness strengths, pi and
si respectively, are assigned directly proportional to the
node degrees according to Equation (11):

pi  si  d (i)  100,

(11)

where d(i) denotes node degree of agent i and  denotes
the maximum node degree in the network.
3. 4. Pseudo-Code of the Model
Figure 2 shows
the pseudo-code for the simulation algorithm. We
assumed 1000 agents (line 1). For every agent i, pi and si
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are assigned according to the simulation “scenario”
(line 8), which is either “original” or “centrality-based”
as mentioned before. It is also assumed that 1/(dij)=1.
The ‘for’ loop at line 16 implements a one time step
of the model. The simulation time steps continue by the
‘while’ loop of line 11 until a ‘frozen’ or ‘orderly
fluctuated’ phase occurs. During this ‘while’ loop,
values of S and  are calculated. S indicates the
difference of SMIs of both opinion groups, calculated
as:
S = S-1 - S1 ,

(12)

in which, S-1 and S+1 denote SMI values of ‘-1’ and ‘+1’
opinion groups, respectively.  indicates the difference
between the percentage of ‘-1’ opinion group before and
after each time step, calculated as:
 =  next -  current ,

(13)

in which next and current denote the percentage of ‘-1’
opinion group in the next time step and the current time
step, respectively.
Every iteration of the ‘for’ loop of line 2 runs one
replication of simulation. In every simulation
replication, a new random seed is assigned to generate a
various random numbers sequence. After 30 replications
of simulation, implemented by for loop at line 2, the
scatter plot for S and  variables is drawn, and the
Pearson correlation coefficient is calculated in line 40.
4. RESULTS
To study the correlation between segregation and
opinion formation in both mentioned scenarios of the
social impact model of opinion formation, the original
and the centrality-based scenarios, the simulation
algorithm (Figure 2) has been run for both scenarios.
The outputs of the simulation runs are presented in this
section.
4. 1. The Original Social Impact Model
Each
simulation replication continues until an equilibrium
phase, frozen or orderly fluctuated phase; therefore,
every time step becomes one data sample for
considering the correlation. Figure 3 shows  values, the
percentage of ‘-1’ opinion group, at every time step
until an equilibrium phase for simulation of the original
model.
As Figure 3 shows, simulation replications start
from initial =50%. The number of total time step
samples shown in the figure is 304; therefore, the mean
value of time steps until an equilibrium phase for 30
simulation replications is 10.13. The standard deviation
is 2.15, minimum and maximum number of time steps
are 7 and 12, respectively.
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Algorithm 1: Pseudocode for the simulation.
.
1: N=1000 [Number of agents]
2: for i from 1 to 30 do [simulation replications]
3:
initialize rand_seed to a new seed value [to generate new random number sequence]
4:
B_A = Create_barabasi-albert for N nodes with m0 = m = 2
5:
create N agents and randomly assign each agent to one node of B_A
6:
randomly assign -1 opinion to 50 percent of the agents and assign +1 opinion to other agents
7:
for each agent Ai do
8:
generate and assign pi and si according to the Scenario [original or centrality-based]
9:
end For
10:
frozen_or_orderly_fluctuated = false
11:
while not frozen_or_orderly_fluctuated do
12:
S-1 = SMI(B_A, -1) [Segregated Matrix Index of -1 group]
13:
S+1 = SMI(B_A, +1) [Segregated Matrix Index of +1 group]
14:
S = S-1 - S+1
15:
1 = current_()
16:
for every agent Ai do
17:
Ai_con = the agents connected to Ai according to B_A [assume Ai connects to Ai itself too]
18:
Ii_pers = Ii_sup = 0 [initialize sum of persuading and supporting impacts]
19:
for every Aj in Ai_con do
20:
if Aj's opinion = Ai's opinion then
21:
Ii_sup = Ii_sup + sj [sum of supportive impacts]
22:
else
23:
Ii_pers = Ii_pers + pj [sum of persuading impacts]
24:
end if
25:
Ii = 2*Ii_pers - 2*Ii_sup [Equation (1)]
26:
if Ii > 0 then [noise is supposed zero, decision based on Ii]
27:
Ai's next opinion = -1 * Ai's opinion [change for the next time step] [Equation (2)]
28:
end if
29:
end for [every Aj in Ai_con]
30:
end for [every agent Ai]
31:
for every agent Ai do
32:
Ai's opinion = Ai's next opinion
33:
end for [every agent Ai]
34:
2 = current_()
35:
 = 2 - 1
36:
save point (S, )
37:
frozen_or_orderly_fluctuated = check_frozen_orderly_fluctuated()
38:
end while [not frozen_or_orderly_fluctuated]
39: end for
40: draw scatter plot for points (S, ) and calculate correlation
Figure 2. Pseudo-code for the simulation algorithm

As discussed for the pseudo-code of the simulation,
for every time step depicted in Figure 3, a pair of S
and  variables is calculated. The scatter plot of these
pairs is shown in Figure 4, which shows a positive
correlation between S and . The calculated Pearson
correlation coefficient is equal to 0.728 (p-value <
0.01), indicating a strong positive correlation between
S and . Both normality and homoscedasticity test
have been passed. We used the D'Agostino-Pearson
method and Levene method for the normality and
homoscedasticity tests, respectively. The straight line on
the scatter plot has been fitted using the least-square
method.

4. 2. The Centrality-Based Social Impact Model
Very similar to the original model, the diagrams for the
centrality-based model have been generated. Similar to
Figure 3, Figure 5 shows  values in percent of the ‘-1’
opinion group at every time step until an equilibrium
phase for simulation of the centrality-based scenario.
Again simulation replications start from initial =50%.
The total number of time step samples shown in the
figure is 267, the mean value of time steps until an
equilibrium phase is 8.90, the standard deviation is 2.04,
minimum and maximum number of time steps are 5 and
13, respectively.
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Figure 3. Percentage of the ‘-1’ opinion group () for
simulation replications until a frozen or orderly fluctuated
equilibrium phase in the original scenario

Figure 5. Percentage of the ‘-1’ opinion group () for
simulation replications until a frozen or orderly fluctuated
equilibrium phase in the centrality-based scenario

Figure 4. Scatter plot of “difference of the segregation of two
opinion groups (S)” and “difference of percentage of ‘-1’
opinion group after one time step ()”in the original scenario

Figure 6. Scatter plot of “difference of the segregation of two
opinion groups (S)” and “difference of percentage of ‘-1’
opinion group after one time step ()”in the centrality-based
scenario

Similar to Figure 4 for the original social impact
model, Figure 6 shows the scatter plot of pairs of S and
 variables. Unlike the original model, none of the
normality and homoscedasticity tests, which are the
conditions for calculating the Pearson correlation
coefficient, have been passed; therefore, there is no
correlation between S and  in this scenario.
5. DISCUSSION
The scatter plots presented in the previous section reveal
the association between segregation and change of the
agents’ opinions. As these plots show, there is a strong
correlation between segregation and opinion change in
the original scenario, and there is no correlation
between these parameters in the centrality-based
scenario.

In the scatter plot of Figure 4 for the original model,
when S=0, which means both opinion groups have the
same SMI, none of both groups dominate the other
group; therefore, the number of members of both
opinion groups does not change much. Thus,  remains
the same as the previous time step, =0, and the fitted
line passes roughly through (0,0). A positive value for
S means that the group with opinion ‘-1’ is more
segregated than the group with opinion ‘+1’.
As Figure 4 shows, the opinion ‘-1’ becomes more
dominant, and some agents from the other group (‘+1’
opinion group) change their opinion to ‘-1’. Hence, 
increases and result in a >0. With similar reasoning,
S<0 results in a <0, as the figure shows. The
calculated Pearson correlation coefficient, r=0.728,
reveals a strong correlation between the independent
variable S and the dependent variable .
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In the centrality-based scenario, as Figure 6 shows,
there is no correlation between S and . In this
scenario, since persuasiveness and supportiveness
strengths are proportional to the agents’ centrality, there
are some powerful leaders in society. As explained in
section 2, these well-connected agents with high power
of leadership could be called evangelists. The few
evangelists affect many non-leader (or follower) agents;
therefore, many segregated groups are affected by these
evangelists. Thus, the segregation phenomenon does not
play a significant role in this scenario, as Figure 6
implies, and many segregations are broken.
As comparing Figure 3 and Figure 5 reveals, the
trend of  in both scenarios are entirely different. In the
original scenario of the model, the diversity of opinion
population changes is much less than the centralitybased scenario. It happens due to the various
assignments for pi and si in both scenarios. Ii could be
regarded as a linear combination of two random
variables pj and sj. In the original scenario, pj and sj have
the uniform distribution Uniform(0, 100), but in the
centrality-based scenario, corresponding variables have
power-law distribution according to the node degree
distribution in the Barabási-Albert network, P(k)k-
with =2.90.1 [36]. Since for 3, the variance of the
power-law distribution is theoretically infinite and
empirically very greater than the variance of
Uniform(0,100), which is equal to 100 2/12, the variance
of the linear combination random variable, Ii, is very
greater and cause more diversity of  in the centralitybased scenario advancing the time steps, as comparing
the Figure 3 and Figure 5 shows. More details about this
comparis
on are discussed in [12].
6. CONCLUSION
The segregation phenomenon and leadership power play
essential roles in the social impact model of opinion
formation. The results from simulations in this research
implies that when powerful leaders exist in a social
network, segregation has less impact on opinion
formation, and the leadership power of influential wellconnected leaders influences the opinion of society;
therefore, the final combination of opinion groups’
populations may differ much from the starting one due
to these few influential well-connected leaders’
existences.
On the other hand, without powerful leaders in a
network, segregation strongly affects opinion formation
in such a way that with a strong correlation, the more
segregated opinion group is less affected by the other
group and more affects the other opinion group. In this
case, society’s opinion may change, but the diversity of
change is not so much compared to the case with
powerful leaders.

According to the social impact model, influential
leaders with strategic points in the network and high
influential strengths connect many other individuals and
try to persuade them. However, the opposite opinion
segregated group(s) resist the leaders’ influential
strength. If the influential power dominates the
segregation resistance, leaders could achieve the major
opinion of the society; otherwise, segregated opposite
opinion group(s) persist their own opinion. Other
convinced people may emerge as opinion leaders during
a successful opinion spreading by the leaders, causing a
collective behavior breaking many segregated groups
until the majority opinion forms.
The conclusions mentioned above could justify that
influential well-connected leaders have essential roles to
lead society in many social movements. Without these
leaders, the segregation phenomenon determines
society’s opinion formation, which has less effect on
society’s opinion. In many social decisions, some
groups try to form their own desired opinion in society
and try to have an opinion leadership role, sometimes
using troll and bot networks.
Our conclusion is according to the real world from a
sociological viewpoint. Some studies have emphasized
the leaders’ structural positions in the network, the
central points in the network terminology. For example,
as discussed in [38], in social movements, social
structural conduciveness is necessary (but not sufficient)
for social movement mobilization; leaders create the
impetus for movements, and structural conditions affect
the emergence and effectiveness of leaders. In the online
networks, this process may happen at a much faster rate
and a larger scale [39, 40]. Furthermore, in some cases,
bots and trolls influence public opinions, and the main
leaders of the opinions are not clear for the public, such
as the suspected influence of Russia in Brexit [8] and
the 2016 U.S. presidential election [41].
On the other hand, highly segregated groups may
resist to opinion change persuasions. The political
science literature has confirmed the observation of
geographical segregation and partisan alignment, that
people tend to segregate themselves into their own
political worlds, blocking out discordant voices and
surrounding themselves with reassuring news and
companions [39].
In this research, we relaxed the noise parameter of
the social impact model of opinion formation. However,
this parameter is very important and depends upon other
parameters, including environment variables and
individuals’ behaviors in the opinion dynamics process.
Further studies could also consider the effects of the
noise parameter.
Although this study shows the correlation between
segregation and distribution of persuasion strength of
the agents in scale-free networks, further studies need to
be carried out to understand this correlation in other
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common network topologies for modeling social
networks and using various probability distributions for
persuasion strengths of the agents.
According to the results of this research, we
concluded a positive correlation between segregation
and forming the majority opinion in society using an
agent-based simulation approach. However, similar to
many other computational social science studies, this
conclusion could be more considered by social
psychologists using other tools and approaches.
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Persian Abstract
چکیده
 در یک حالت بدون وجود رهبران بانفوذ و در حالت دیگر با،در این مقاله تأثیر پدیدة جداشدگی در شبکههای اجتماعی بر شکلگیری عقیده در دو حالت بررسی شده است
 در این پژوهش از. شبکه تصادفی بیمقیاس در نظر گرفته شده است که در بسیاری از پدیدههای طبیعی یافت میشود، شبکه تعامل افراد.وجود رهبران بانفوذ در جامعه
 یکی مبتنی بر، دو سناریوی شبیهسازی مبتنی بر عامل اجرا شد. مبنای پویایی شکلگیری عقیده قرار گرفت،رویکرد مدل سازی مبتنی بر عامل استفاده شد و مدل تأثیر اجتماعی
 و دیگری سناریوی مبتنی بر مرکزیت که قدرت، قدرت متقاعدکنندگی افراد یا عاملها به صورت تصادفی به آنها تخصیص مییابد،مدل اولیة تأثیر اجتماعی که در آن
 قدرت متقاعدکنندگی زیادی نیز دارند و، گرههایی که مرکزیت بیشتری دارند،متقاعدکنندگی افراد یا عامل ها متناسب با مرکزیت آنها در شبکة تعامل آنها است و بنابر این
 نتایج شبیهسازیها نشان میدهد که یک همبستگی قوی بین میزان جداشدگیِ گروه عقیده و افزایش جمعیت گروه عقیده در مدل اولیه وجود.رهبران بانفوذتر در جامعه هستند
 بر اساس این نتایج میتوان دریافت که وقتی رهبران با قدرت متقاعدکنندگی زیاد و ارتباطات زیاد در. همبستگی بین این دو وجود ندارد، اما در مدل مبتنی بر مرکزیت،دارد
. قابل چشمپوشی است، تأثیر جداشدگی در ممانعت از شکلگیری عقیدة جامعه به سمت عقیدة رهبرانِ بانفوذ،جامعه وجود دارند
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Epilepsy is one of the common neurological disorders which can cause unprovoked seizures. Currently,
diagnosis and evaluation are carried out using electroencephalogram (EEG) signal analysis, which is
performed visually by clinicians. Since EEG signals tend to be random and non-stationary, the visual
inspection often provides misrepresentation of results. Numerous studies have been proposed computerbased analysis for epileptic EEG classification; however, there is still a gap to improve detection
accuracy with a small number of features. Therefore, in this study, we proposed an automatic detection
protocol for epileptic EEG classification. The proposed methods are relative wavelet energy and wavelet
entropy for feature extraction and combined with the classifier method for automatic detection. In this
study, three classes of EEG consisted of pre-ictal, ictal, and interictal were used as test data and also
evaluate the proposed method. EEG signals were decomposed using wavelet transform into five
conventional sub-bands, including gamma, beta, alpha, theta, and delta. The relative energy and entropy
were then calculated in each of these bands as a feature set. These methods are chosen with consider of
low-cost computing. We tested the performance of our feature extraction method using Support Vector
Machine (SVM), both linear and non-linear kernels. From the simulation, the highest accuracy was 8096.7% for ictal vs. pre-ictal, ictal vs. inter-ictal, pre-ictal vs. inter-ictal, and ictal vs. non-ictal. Finally,
this work was expected to help clinicians in the detection of epilepsy onset based on EEG signals.
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1. INTRODUCTION1
Epilepsy is one of the most common neurological
disorders. Patients may suffer seizures due to abnormal
or excessive of electrical brain activity [1]. Currently,
neurologists conduct the diagnosis and evaluation of
epilepsy patients based on analysis of EEG signals by
visual inspection [2]. This process takes a long time and
allows many error detections [3]. EEG signals show
dynamic changes in nerve activity concerning seizures in
the brain [4]. Nowadays, computer based-methods have
*Corresponding
Author
Institutional
sugondo@telkomuniversity.ac.id (S. Hadiyoso)

Normal vector length
Trade-off parameter
Set of slack variables
Training set

been developed to detect and analyze epilepsy based on
EEG signal so that it is more effective and accurate.
EEG signals are processed to obtain features that can
represent information characteristics to be classified [5,
6]. According to literature [7], EEG signal classification
can be performed by processing the signals in the time
domain, frequency domain, time-frequency domain, and
many others using nonlinear techniques. Researchers
developed a wavelet method for extracting features on
EEG signals based on energy and entropy of the signal
[8]. Faust et al. [4] stated that wavelet transforms produce
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detailed information of EEG signal to detect and predict
seizures. Wavelet transform has better representation
than other signal processing methods. Wavelet energy
describes energy information at different frequencies in
the EEG signal that is adjusted to the needs of the analysis
[9]. Entropy shows an index that illustrates brain wave
disorder. Wavelet entropy can analyze EEG signals with
very dynamic features [10]. Daubechies discrete wavelet
transform and wavelet harmonic used to characterize and
analyze epileptiform [11]. Wavelet analysis of EEG
signals may produced accurate features to analyze
different brain rhythm, even on a low scale. The other
study by Lee et al. [12] combined wavelet transforms,
phase-space reconstruction, and Euclidean distance to
classify the normal EEG and epileptic seizures on the
EEG signal. This method produced 24 features, and a
minimum of four features with the highest accuracy was
selected for classification using fuzzy logic. Guo et al. [9]
explored relative wavelet energy for representing the
EEG signal and classifying it using artificial neural
networks. In our previous work, we examined the
classification of seizure patterns on the EEG signal using
SVM. We divided four classifications scenarios, which
are three based on seizure and normal conditions from
feature extractions combination consisting of Hjorth
Descriptor, Independent Component Analysis (ICA), and
Mel Frequency Cepstral Coefficients (MFCC) [13].
Based on previous research, we proposed a new
method for seizure detection in epilepsy patients based
on the relative wavelet energy and wavelet entropy from
the EEG signal. In this study, a combination of wavelet
methods for feature extraction and SVM for
classification were conducted. Wavelet transform
segmented the EEG signals into five bands consisting of
gamma, beta, alpha, theta, and delta. Relative wavelet
energy and entropy are then calculated for these bands as
feature sets. Finally, we evaluate the performance of the
proposed feature extraction method using support vector
machine.
The rest of this paper is organized as follows. Section
2 illustrates the EEG dataset collection and methods that
support the findings of this study. The performance
evaluation and discussion are shown in section 3. The
conclusion and future works are drawn in section 4.

frequency. The 10-20 system placement standard was
applied to 16 scalp electrodes. The EEG signal was preprocessed with a band-pass filter (0.5 Hz and 70 Hz) to
reject large amounts of noise.
Furthermore, the EEG dataset was segmented into
pre-ictal, ictal, and inter-ictal. Each stage contained 50
segments of the EEG signal with a duration of 5.12
seconds. Our proposed method was tested in several
classification schemes included: ictal vs. pre-ictal, ictal
vs. inter-ictal, pre-ictal vs. inter-ictal, and ictal vs. nonictal.
2. 2. Proposed Method
Figure 1 presents a
proposed method for epileptic EEG classification. First,
the EEG signal which consists of ictal, pre-ictal, and
inter-ictal is segmented into delta, theta, alpha, beta, and
gamma bands using Wavelet transform. The relative
energy and entropy are then measured for each band.
Finally, a performance evaluation was carried out using
a support vector machine with various kernels. The
following sub-sections describe the details of the
proposed method.
2. 2. 1 Band Segmentation Using Wavelet
Transform
Wavelet transform (WT), or then called
wavelet decomposition, is generally a frequency
decomposition of sub-band signals where the
components are produced by decreasing the hierarchical
decomposition. Wavelet-based transformation methods
has been widely used over the past decades [14].
Implementation of wavelet transform can be done by
passing the high-frequency signal or high pass filter and
low frequency or lowpass filter [15, 16]. This method is
suitable for representing EEG signals that have
characteristics, high frequency in a short period, and low
frequency in a long period. Wavelet extracts features that
can be used for analyzing the diverse transient case in the
signal, as in the EEG signal. Wavelet transform has been
commonly used for EEG analysis, as reported in studies
[17-19], where WT produces high performance in signal
characterization.
In the family of wavelet, the mother wavelet is the set
of basis functions which is expressed in Equation (1)
below.
Ψ𝑎,𝑏 (𝑡) =

2. MATERIAL and METHOD
2. 1. EEG Dataset
In this study, the epilepsy EEG
dataset, which was used for simulations, was taken from
the Hauz Khas Neurology and Sleep Center, India. It is
available
on
the
https://www.researchgate.net/publication/308719109_E
EG_Epilepsy_Datasets. The EEG was taken from 10
epilepsy patients in the department and recorded using
Grass Telefactor Comet AS40 with 200 Hz sampling
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(1)

where Ψ is basis or mother wavelet, 𝑎, 𝑏ϵℜ, 𝑎 ≠ 0 is the
scale parameter, and 𝑏 is the shift parameter, while 𝑡 is
the time.
In its function for signal segmentation or
decomposition, WT is often used as a filter bank (consists
of low pass and high pass filter) [20]. In this research, we
use wavelet decomposition to obtain the delta, theta,
alpha, beta, and gamma bands. Since the sampling
frequency is 200 Hz, 5-level decomposition was applied
to obtain these bands with Daubechies-2 (DB2) as the
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Figure 1. Proposed method for epileptic EEG classification

basis wavelet function. Sub-band D2 correspondence
with gamma, D3 correspondence with beta, D4
correspondence with alpha, D5 correspondence with
theta, and A5 correspondence with delta. The relative
energy in each band is then measured as a function of
normalization with the total energy of all bands. Shannon
entropy is also calculated on all bands as a representation
of the randomness or uncertainty of the signal. The
scheme of the WT method can be seen in Figure 2.
2. 2. 2 Classification with Support Vector Machine
(SVM)
Support vector machine (SVM) is one method
that is commonly used for classification problems in
biomedical signal processing [21-24]. SVM is a
supervised learning method. Initially, SVM was used to
classify two groups and then developed to solve multiclass classification problems. In addition, SVM is also
able to overcome the problem of linear and non-linear
classification. SVM is used to find optimal hyperplane
functions by maximizing the distance between classes
[25]. Hyperplane can be determined by calculating the
hyperplane's margin and measuring its maximum point.
The closest pattern is called a support vector. The
hyperplane in SVM is illustrated, as shown in Figure 3.
In this study, linear SVM and non-linear SVM are
used to validate the proposed method. The function of
linear SVM is expressed in Equation (2).
min 1⁄2 ‖𝑤
⃑⃑ ‖2 + 𝑇 ∑𝑘𝑖=1 𝜀𝑖

𝑘(𝑎𝑖 , 𝑏𝑖 ) = (𝑎𝑖 , 𝑏𝑖 + 1)𝑑

(3)

where (𝑎𝑖 , 𝑏𝑖 ) is training set, meanwhile for quadratic
function the 𝑑 = 2, and for cubic function, the 𝑑 = 3.
3. RESULTS AND DISCUSSION
Figure 4 shows the results of the Wavelet transform
which generates the five conventional EEG bands,

Figure 2. Wavelet decomposition and correspondence with
the EEG sub-band

(2)

Where 𝑤 is normal vector length, T is the trade-off
parameter between training set errors and class
separation. Whereas 𝜀𝑖 is the set of slack variables. The
aim of this function is to find the minimum distance
between two hyperplanes (2‖𝑤
⃑⃑ ‖) by minimizing ‖𝑤
⃑⃑ ‖.
Since the boundary line have variations by applying
other kernels, therefore non-linear SVM kernels
including quadratic and cubic SVM also simulated to find
the best performance in classification. This function is
obtained by Equation (3).

Figure 3. Hyperplane as a separator between classes [26]
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including delta, theta, alpha, beta, and gamma. Then the
relative energy and entropy are measured for each band.
The average values of the relative energy and entropy of
each EEG stage are shown in Figures 5 and 6. The
relative energy in the delta and theta bands in the ictal
stage tends to be higher compared to the non-ictal stage.
This indicates a slowing of the EEG wave in the ictal
stage. Pre-ictal and inter-ictal stages show that the
relative energy in the alpha, beta, and gamma bands is
higher than the ictal stage. Meanwhile, the entropy value
in the ictal stage is the lowest in all EEG bands compared
to the non-ictal stage.
Since entropy is related to the degree of complexity
of the dynamic system, the ictal stage has the lowest
signal complexity compared with other conditions. These
results were confirmed by Weng et al. [27], that the ictal
EEG decreased the complexity of the signal with the
entropy value of the pre-ictal stage higher than the ictal
stage. The parameters which are measured in this study
provide discriminant features between groups of epileptic
EEG signals. We also confirmed by conducting a
significance test using the analysis of variance
(ANOVA). In this study, features with statistically
significant differences if they have a p-value <0.05 and if
it generates a p-value <0.01, it has a higher degree of
significant difference. The results of the significance tests
for each classification problem are presented in Table 1.
From these results, we highlight that in all ictal vs. nonictal stage scenarios, there are differences with high
significance (p <0.01), which is almost generated by all
features. Meanwhile, in the case of inter-ictal vs. preictal, there were six features that did not have high
significance, two of which had p <0.05. This indicates
that these two stages have several similar signal
properties, which may be more difficult to classify. Next
is the performance validation of the proposed method
using SVM. In this study, the number of features which
is used as a predictor is 10 features from the measurement
of the relative energy and entropy of each EEG band.

Figure 4. The results of decomposition using wavelet
transform in the ictal stage
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Figure 5. The average of the relative energy of the ictal,
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Figure 6. The average of entropy of the ictal, inter-ictal, and
pre-ictal stage

TABLE 1. p-value for each classification scenarios
Feature

Ictal vs
inter-ictal

Ictal vs pre- Inter-ictal
ictal
vs pre-ictal

Ictal vs
Inter-ictal
vs preictal

RGP

5.15E-09**

6.97E-03**

3.89E-03**

1.65E-07**

RBP

9.00E-18**

3.09E-05**

1.66E-03**

3.55E-13**

RAP

1.05E-05**

2.45E-02*

O.0971

2.76E-04**

RTP

1.14E-23**

4.95E-12**

0.0649

3.70E-21**

RDP

0.0812

0.117

1.08E-02*

1.37E-02*

EG

1.42E-26**

2.02E-24**

1.43E-04**

5.87E-31**

EB

2.88E-18**

2.38E-17**

6.35E-03**

4.89E-20**

EA

4.02E-18**

1.57E-16**

2.93E-02*

7.81E-20**

ET

2.88E-19**

2.33E-14**

0.435

4.80E-18**

ED

1.18E-14**

5.20E-11**

0.358

3.81E-14**

RGP = Relative gamma power; RBP = Relative beta power; RAP = Relative
alpha power; RTP = Relative theta power; RDP = Relative delta power; EG
= Entropy gamma; EB = Entropy beta; EA = Entropy alpha; ET = Entropy
theta; ED = Entropy delta
* p-value < 0.05
** p-value < 0.01
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Since SVM is a supervised learning method, a crossvalidation algorithm is needed to split the training and
test data. The use of this algorithm also aims to avoid
overfitting. 10-fold cross-validation with SVM is used to
evaluate the performance of the proposed method in the
four classification problems, as explained in the subsection above. The test results for each scenario are
presented in Table 2. In the case of classification between
ictal and pre-ictal the highest accuracy is 95%, with
sensitivity and specificity of 94 and 96%, respectively.
For ictal vs. inter-ictal cases, the highest accuracy, which
is achieved, is 96%. In this case, 100% specificity was
obtained, which means that the system is able to detect
all inter-ictal stages without miss classification.
Meanwhile, in the ictal vs non-ictal (pre-ictal and interictal) stage classification, the proposed method generates
an accuracy of 96.7 with 99% specificity in detecting
non-ictal onset. This scenario shows that the proposed
method is able to detect ictal and non-ictal onset with
high accuracy and has a consistent performance when
applied to ictal vs. pre-ictal or ictal vs. inter-ictal
classification problems. The simulation results in this
scenario are expected to be used to predict the onset of
seizures. In the pre-ictal vs. inter-ictal classification
problem, the system is able to produce the highest
accuracy of 80% and a sensitivity of 90%. This result is
quite good, considering both of the onsets have similar
characteristics. Where the two conditions are the onset
before the occurrence of seizures at different intervals,
from the simulations conducted using different SVM
kernels, it can be concluded that the quadratic kernel has
the best performance, providing the highest accuracy for
the three test scenarios.
The evaluation of the proposed method was also
carried out by comparing it with previous studies that
used the same dataset. In the ictal vs. pre-ictal scenario,

TABLE 3. The system performance comparison
Study by

Sharma, et. al
[28]

Gupta, et. al
[29]

Proposed
study

Method

Class

Acc. (%)

minimally mean
squared
frequency
localized
(MMSFL)optimal
orthogonal
wavelet filter
bank (OWFB)

ictal vs. preictal

90

pre-ictal vs.
inter-ictal

NA

inter-ictal
vs. ictal

100

ictal vs. preictal

79.7

pre-ictal vs.
inter-ictal

74.6

inter-ictal
vs. ictal

96.5

ictal vs. preictal

95

pre-ictal vs.
inter-ictal

80

inter-ictal
vs. ictal

96

Discrete cosine
transform
(DCT), Hurst
Exponent

Relative
Wavelet
Energy (RWE)
and Wavelet
Entropy

the proposed method outperforms the study by Sharma et
al. [28] and Gupta et al. [29] where the accuracy was 90
and 79.7%, respectively. In the pre-ictal vs. inter-ictal
scenario, the proposed method also outperforms the study
by Gupta et al. [29], yielding an accuracy of 74.6%. This
is a good result and should notably since the two stages
have similar characteristics. Meanwhile, the ictal vs.
inter-ictal scenario has lower performance than the study
by Sharma et al. [28] and Gupta et al. [29]; however, the
gap is relatively low. A brief summary of the
comparisons with previous studies is presented in Table
3.

TABLE 2. The classification results for each scenario
Scenario
Ictal vs
Pre-ictal

SVM

Accuracy (%)

Sensitivity Specificity

Linear

94

92

96

Quadratic

95

92

96

Qubic

95

94

96

Ictal vs
Interictal

Linear

94

88

100

Quadratic

95

90

100

Qubic

96

92

100

Pre-ictal
vs Interictal

Linear

78

88

68

Quadratic

80

90

70

Qubic

76

86

66

Linear

96.7

92

99

Quadratic

96.7

92

99

Qubic

95.3

90

98

Ictal vs
Non-ictal

4. CONCLUSION
This paper presents a method for epileptic EEG detection
using relative wavelet energy and wavelet entropy.
Wavelet transform was used to generate conventional
EEG bands consisting of the delta, theta, alpha, beta, and
gamma. Then relative energy and entropy were measured
as a feature set. From the measurement of relative power,
it was known that the delta and theta band in the ictal
stage was higher than in the non-ictal stage. Entropy
measurements showed that the value of entropy in ictal
tended to be lower than the non-ictal stage. The entropy
value in pre-ictal was highest compared to other stages.
This measurement was considered to be able to provide
discriminant features between epileptic EEG groups.
Therefore, performance evaluations were performed with
SVM and cross-validation to the feature vectors, which
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were generated by the proposed method. Performance
evaluation was done in the four classification problems,
including ictal vs. pre-ictal, ictal vs. inter-ictal, pre-ictal
vs. inter-ictal, and ictal vs. non-ictal. Each scenario
generates the highest accuracy of 95%, 96%, 80%, and
96.7%, respectively. In ictal vs. pre-ictal and inter-ictal
vs. pre-ictal scenario, the proposed method outperformed
previous studies. We notably highlighted the cases of
ictal vs. non-ictal, where the proposed method produced
high accuracy. It means that the proposed method was
expected to be used for the prediction of onset seizures.
In future works, the results of this study will be
simulated to a larger EEG epilepsy dataset. Moreover,
various feature extraction and classification methods will
be explored so that it becomes an opportunity to solve the
more complicated case of EEG signal classification.
Other classification parameters are also meaningful so
that research is more challenging to be addressed.
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Persian Abstract
چکیده
صرع یکی از اختالالت عصبی رایج است که می تواند باعث تشنج بدون برانگیختگی شود .در حال حاضر  ،تشخیص و ارزیابی با استفاده از آنالیز سیگنال الکتروانسفالوگرام
)(EEGانجام می شود که توسط پزشکان بصری انجام می شود .از آنجا که سیگنالهای  EEGتصادفی و غیر ثابت هستند  ،بازرسی بصری اغلب بیان نادرست نتایج است.
مطالعات متعددی تجزیه و تحلیل مبتنی بر رایانه برای طبقه بندی  EEGصرعی پیشنهاد شده است .با این حال  ،هنوز فاصله ای برای بهبود دقت تشخیص با تعداد کمی از
ویژگی ها وجود دارد .بنابراین  ،در این مطالعه  ،ما یک پروتکل تشخیص خودکار برای طبقه بندی  EEGصرعی پیشنهاد کردیم .روش های پیشنهادی انرژی موجک نسبی
و آنتروپی موجک برای استخراج ویژگی و ترکیب شده با روش طبقه بندی برای تشخیص خودکار است .در این مطالعه  ،سه کالس  EEGشامل پیش اکتال  ictal ،و
 interictalبه عنوان داده های آزمون استفاده شد و همچنین روش پیشنهادی را ارزیابی کرد .سیگنال های  EEGبا استفاده از تبدیل موجک به پنج زیر گروه معمولی  ،از
جمله گاما  ،بتا  ،آلفا  ،تتا و دلتا تجزیه شدند .سپس انرژی نسبی و آنتروپی در هر یک از این باند ها به عنوان یک مجموعه ویژگی محاسبه شد .این روش ها با در نظر گرفتن
محاسبات کم هزینه انتخاب می شوند .ما عملکرد روش استخراج ویژگی خود را با استفاده از هسته های خطی و غیر خطی با استفاده از ماشین بردار پشتیبانی )(SVM
آزمایش کردیم .از طریق شبیه سازی  ،باالترین دقت  ٪96.7-80برای  ictalدر مقابل  ictal ،pre-ictalدر مقابل  pre ictal ،inter ictalدر مقابل  ، inter ictalو ictal
در مقابل غیر  ictalبود .سرانجام انتظار می رفت که این کار به پزشکان در تشخیص شروع صرع بر اساس سیگنال های  EEGکمک کند.
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A B S T R A C T
This research work is concerned with the predictability of ensemble and singular tree-based machine
learning algorithms during the recession and prosperity of the two companies listed in the Tehran Stock
Exchange in the context of big data. In this regard, the main issue is that economic managers and the
academic community require predicting models with more accuracy and reduced execution time;
moreover, the prediction of the companies recession in the stock market is highly significant. Machine
learning algorithms must be able to appropriately predict the stock return sign during the market
downturn and boom days. Addressing the stated challenge will upgrade the quality of stock purchases
and, subsequently, will increase profitability. In this article, the proposed solution relies on the utilization
of tree-based machine learning algorithms in the context of big data. The proposed solution exploits the
decision tree algorithm, which is a traditional and singular tree-based learning algorithm. Furthermore,
two modern and ensemble tree-based learning algorithms, random forest and gradient boosted tree, has
been utilized for predicting the stock return sign during recession and prosperity. The mentioned cases
were implemented by applying the machine learning tools in python programming language and
PYSPARK library that is used explicitly for the big data context. The utilized research data of the current
study are the shares information of two companies of the Tehran Stock Exchange. The obtained results
reveal that the applied ensemble learning algorithms have performed better than the singular learning
algorithms. Additionally, adding 23 technical features to the initial data and subsequent applying of the
PCA feature reduction method have demonstrated the best performance among other modes. In the
meantime, it has been concluded that the initial data do not possess the proper resolution or
generalizability, either during prosperity or recession.
doi: 10.5829/ije.2021.34.01a.10

1. INTRODUCTION1
In recent years, machine learning methods are widely
used in different areas [1,2]; also, the stock return
predictability issue has been frequently investigated in
financial studies, and in this regard, forecasting the stock
returns for investment purposes is very imprtant [3].
Nowadays, the rapid increase in processing speed, low
data storage costs, the big data availability, as well as a
wide range of open-source software, have revolutionized
application of machine learning techniques. However,
the stated novel research field is not bound to computer
science or software engineering. Currently, machine
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learning tools are also utilized for resolving financial
issues [4].
Since large companies are more involved in economic
activities and have a more transactions, they generate
more massive data. As CPU speed increases, larger data
packs could be analyzed; consequently, the data analyses
improve the investor predictions and concurrently reduce
the shareholders' uncertainties and company costs. The
big data field is expanding to the modern economy
context and may assist financial market participants to
make more informed choices about the companies in
which they intend to invest. Additionally, these data
affect the price, stock value, and investment decisions of
the mentioned companies [5]. Due to this, the stock return
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sign that is affected by the stock price is also influenced
by them.
Capital markets include recession and prosperity.
During prosperity, the stock return is positive in most
companies, and vice versa. In this regard, if a company
can keep its stock return positive while the market is in
the state of recession, it is preferable for purchasing. Due
to the mentioned reason, forecasting stock returns during
the recession is highly significant. Machine learning
algorithms must be able to appropriately predict stock
returns in the times of market downturn and boom days.
The primary motivation of conducting the present
research is to study the predictability of machine learning
algorithms in the boom and bust cycles of the stock
market and to compare them in the context of big data.
The selected data have been employed in this field for the
first time. These data include 23 technical features, in
addition to the 10 basic features of the Tehran stock
market. In the current study, it has been sought to
examine the impact of adding 23 technical features to the
mentioned data in this case, in addition to the
predictability of machine learning algorithms in boom
and bust cycles in the big data field and its corresponding
tools. Moreover, the obtained results of the original data
and the new data of this field have been compared.
2. LITERATURE REVIEW
Machine learning is a scientific study that innovates
various algorithms to improve its performance on a
particular task gradually. Due to the remarkable ability to
extract valid information from datasets and the most
optimized pattern recognitions, numerous recent papers
have focused on the application of machine learning
techniques in financial subjects. These methods
encompass basic statistical models such as logistic
regression as well as artificial intelligence methods such
as decision trees, support vector machines, and artificial
neural networks. In contrast to traditional machine
learning models, ensemble models (i.e., a combination of
several models) are machine learning-based approaches
in which several basic algorithms are utilized for solving
a particular problem, and it has been proven that they
demonstrate a higher performance in predicting financial
time series in comparison to singular learning models.
In ensemble learning algorithms, bagging and
boosting are among the most popular techniques in the
machine learning field. Bagging (bootstrap aggregating)
that has been developed by Bryman [6] is one of the most
straightforward and most intuitive approaches in the
ensemble, which in addition to superb performance, it
also reduces the variance and prevents the occurrence of
overfitting. The begging algorithm is obtained from the
Bootstrap technique, which produces subsets of training
data by repeating the training data set. Each subset is
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utilized for fitting a separate basic learner, and the final
prediction results are gathered through the majority
voting method. Boosting is another ensemble technique
that is according to the research of Freund and Shapir [7].
In contrast to the bagging technique, this method creates
various learners by applying a sequential weighting
algorithm to training samples. Any sample that has not
been classified by the previous learner will gain more
weight in the next round of training. Consequently,
unclassified training samples will usually occur in the
subsequent Bootstrap sample, and the bias can be
effectively reduced. The ultimate model of the Boosting
algorithm is a combination of all basic learners that are
weighted through their corresponding predictive
performance [4]. The random forest algorithm exploits
the bagging method, and the gradient boosted tree
algorithm uses the boosting method.
Two types of ensemble classifiers have been
organized (i.e., homogeneous and heterogeneous
ensemble classifiers) through utilizing the majority
voting and the bagging method by Tsai et al. [8]. In this
regard, the financial ratio and macroeconomic
characteristics in the Taiwan stock market have been
considered to examine the performance of stock return
forecasts. The result has indicated that ensemble
classifiers perform more beneficial than singular
classifiers from the aspect of forecast accuracy and return
on investment (ROI) [8].
Similarly, a comparative study has been conducted by
Ballings et al. [9] in which ensemble learning algorithms,
including random forests, and the AdaBoost, have been
compared to singular learning models, including neural
networks, linear regression, support vector, and k-nearest
neighbors algorithms. Afterward, the one-year stock
price direction of European companies have been
predicted. The AUC results illustrate that the random
forest is the superior algorithm among the examined
algorithms [9].
Random forest and XGBoost algorithms have been
applied for the classification problem by Basak et al. [10].
Moreover, according to the prevailing price of the past
few days, it has been predicted that stock prices would
rise or fall. Eventually, experimental results have
displayed that the performance of the forecasting process
for different types of companies has improved in
comparison to the available companies [10].
Regarding the perspective that macroeconomic
indicators can solely predict the accurate one-month
ahead price of major US stock indices, four ensemble
models of random forest quantile regression, quantile
regression neural network, bagging regression and
boosting regression have been created by Wong et al.
[11]. The results have demonstrated that the forecasting
performances of these ensemble learning methods are
superior to traditional time series models. Additionally,
this study proposes a hybrid approach of long short term
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memory, and then, it proves that macroeconomic features
are pioneers [11].
3. MATERIALS AND METHODS
3. 1. System Model and Hypotheses
The
structure of a machine learning model does not
necessarily require the development of an entirely novel
algorithm. Customization and utilization of investigated
models can also lead to improved prediction results. Even
the preprocessing of information before implementing
the model is also part of the study innovation. In this
research, through using 10 basic features of the Tehran
Stock Exchange, 23 technical features for two active
companies in the stock exchange, are extracted, and the
new data with 10 basic features along with the mentioned
23 technical features are generated. Afterward, the
recession and prosperity of these companies are
separated, and the predictability of the stock return is
compared by utilizing singular, and ensemble tree-based
algorithms such as decision tree and random forest
ensemble algorithms and gradient boosted tree in big data
space. Furthermore, it has been intended to evaluate the
impact of adding 23 technical features to the initial data
and exploiting the PCA feature reduction technique on
the performance of these algorithms. In this regard, the
general process of the study can be observed in Figure 1.
3. 2. The Proposed Method
In huge markets
such as the stock market, which is daily encountered with
a massive amount of data and the prompt reaction of
shareholders is crucial, it is highly significant to be able
to select the right decisions as soon as possible.

Figure 1. The procedure of proposed method

Accordingly, in forecasting the huge financial series
with machine learning algorithms, achieving the
minimum error rate in the minimum amount of time is
critical. The initial data of this study is the stock
information of two active companies in the Tehran Stock
Exchange that each stock data contains ten basic features.
These features include the date, initial price, highest
price, lowest price, final price, volume, value, number of
trades, and yesterday's stock price each day. Through
technical analysis, 23 technical features were measured
from the collected information of 10 basic features from
companies' stocks over ten years. The new dataset is
generated by extracting 23 technical features and adding
to the original data along with ten basic characteristics.
Proposed features, which are based on the technical
analysis are total price index, industry index, equalweighted price index, industries index, total return,
industry return, beta coefficient of industry return, beta
coefficient of total index, moving average divergence
convergence, three-day moving average, five-day
moving average, moving average Ten-Day, 20-Day
Moving Average, 30-Day Moving Average, Seven-Day
Moving Average, Weighted Moving Average, Relative
Strength Index, Bollinger Bands (Upper and Lower
bands), First Days of Each Week, Latest Days of Stock
Market, First Months of Each Year and Exchange rate
index).
After collecting the suggested features, through the
assistance of the total price index feature, a new feature
was generated that was called the period. In this regard,
it represents the market boom and bust cycles. If the stock
return sign can be predicted during the recession as well
as the prosperity, the great achievement will be acquired
due to the particular importance that they possess
recently in the capital market.
According to the period feature, the collected data
have been converted into two categories of prosperity and
recession periods with positive and negative signs,
respectively. In addition to comparing the prosperity and
recession period for each share, the impact of adding 23
technical features to the basic characteristics have been
considered, as well. To achieve this aim, the performance
of the decision tree, random forests, and gradient boosted
tree algorithms in six created modes have been
compared.
The six created modes are:
 prosperity period for each share and 10 basic
features
 prosperity period for each share and new features
(10 basic features + 23 technical features)
 prosperity period and feature reduction utilizing
PCA feature extraction method
 recession period for each share and 10 base features
 recession period for each share and new features
 recession period and feature reduction utilizing the
PCA feature extraction method.
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After collecting the data and separating the boom
and bust cycle (recession and prosperity period) of both
companies stocks, with the assistance of the missingpy
library in Python programming language and random
forest technique, the missing or unassigned data values
have been filled. Afterward, for the process of
normalizing the data, through using the VectorAssembler
function in the pyspark library, which is a designated for
working with the big data, the available features were
converted into a vector. Furthermore, they have given as
inputs to the MimMaxScaler normalizer function; thus, a
normalized vector of the features was acquired through
the mentioned process.
The preprocessing step of data in the big data space
relatively differs from the corresponding step in common
data space. For the big data preprocessing task, after the
converting of properties into a single vector property by
VectorAssembler, the label property is also converted to
numeric data by the StringIndexer function if it is in the
string data form. Consequently, the mentioned two
features are placed in a data frame by the existing
Pipeline function in pyspark; moreover, they are
considered as the model input.
In the field of time series prediction, by applying the
machine learning algorithms after the data preprocessing
step, it is necessary to convert the data into two
categories: a training set and a test set. The training set is
exploited for making the model, and the test set is used
to validate the accuracy of the model. Of course, it is
worth mentioning that the mentioned test dataset is
divided into two categories of test and validation, which
are used for evaluating the amount of training that has
been obtained from the training data set. The evaluation
outcome is solely applied to select the best training part,
and after finding this part, it has been utilized for the final
evaluation, which is examined with the test data. To
determine the test and training set for each share, 20% of
the total data have been allocated to the test set, and 80%
of it has been assigned for the training set.
In financial time series, traditional cross-validation
procedures such as K-fold is not utilizable due to random
and unbiased selection of training data sets as well as the
time dependencies in time series. As a consequence, the
stages of the cross-validation method in time series are as
follows:
First stage: the whole training data set has been
divided into several sections. The default value of this
segmentation number in the conducted implementations
is three; however, after performing several experiments,
the value of 10 has been selected for the segmentation
number. As a result, the training samples have been
separated into 10 sections, and each time, one section has
been selected.
Second stage: The first two sections, which contain
two-tenths of the training data, have been divided into
two sections. 50% of the data (equivalent to 10% of the
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total training data) has been assigned for the training
purpose, and the other 50% for the validation purpose and
the test data.
Third stage: at this stage, one-tenth of the training
data has been added at each turn, and the newly added
section has been allocated to the test data, and further, the
previous sections have been considered for training
purposes. This process has been extended until all ten
sections are validated, as displayed in Figure 1.
The classification techniques have been utilized for
numerous applications in various fields of science. There
are several methods for the evaluation of classification
algorithms. Analysis of such criteria and their importance
should be appropriately interpreted to evaluate different
learning algorithms. In advance of introducing evaluation
methods, it’s preferable to express the fundamental and
significant concept of a confusion matrix for two-class or
binary classification purposes.
In the confusion matrix, four symbols are
encountered: TN, FN, TP, and FP. If the sample is
actually positive and is also classified as a positive
sample, it is regarded that the sample has been correctly
classified as positive; moreover, the "TP" symbol is
assigned for it. If the corresponding sample is actually
positive and is classified as negative, it is declared that
the sample is conversely classified as negative, and it is
displayed with the "FN" symbol. Accordingly, if the
negative sample is classified as a negative sample, the
sample is considered as a correctly classified negative
sample; furthermore, it is represented with the "TN"
symbol. Eventually, if the negative sample is classified
as a positive sample, it has been considered as a
misclassified positive sample and is exhibited with the
"FP" symbol. As can be observed in the following, the
confusion matrix is applied for the calculation of
numerous standard classification criteria.
Accuracy: It is one of the most common measures for
classification performance and is defined as the ratio of
correctly classified samples to the total number of
samples:
𝐴𝑐𝑐 =

𝑇𝑃+𝑇𝑁
𝑇𝑃+𝑇𝑁+𝐹𝑃+𝐹𝑁

(1)

Recall: It represents the ratio of correctly classified
positive samples to samples that have been actually
labeled positive. This evaluation criterion is expressed as
follows:
𝑅𝑒𝑐𝑎𝑙𝑙 =

𝑇𝑃
𝑇𝑃+𝐹𝑁

(2)

Precision: It indicates the ratio of correctly classified
positive samples to the total samples that are correctly or
incorrectly classified as positive ones. This evaluation
criterion is illustrated as follows:
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =

𝑇𝑃
𝑇𝑃+𝐹𝑃

(3)
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AUC-ROC: A perfect and superb model has an Area
Under the Curve (AUC) of Receiver Operating
Characteristic (ROC) close to one, which means it has
adequate separability. A deficient model has an AUC
close to 0, meaning it has the worst separability.
Furthermore, when the AUC is 0.5, it means that the
model is not able for any class separability measures.

results in comparison to the initial and the new data with
33 features. Additionally, among the three selected
algorithms, two ensemble algorithms (random forests
and gradient boosted tree) have mostly acquired better
results in comparison to the singular algorithm of the
decision tree. Moreover, the achieved results for the test
data sets in the gradient boosted tree algorithm have been
better than other algorithms that demonstrate the
additional generalizability of this algorithm.
In Table 2, the obtained results of the Pars Oil
Company evaluation during the recession have been
examined. As illustrated in this table, the PCA method
leads to better results in most cases compared to the 10
basic features and the new data, which includes 33
features. However, it is crystal clear that adding 23
technical features to the initial data had positively
influenced the acquired results in all three algorithms.

4. EXPERIMENTS
Afterwards, the above procedure was applied to the six
stated modes, and the results of three prediction
algorithms were compared. Table 1 shows, that
validation and testing of Pars Oil Company in the
prosperity period along with the PCA feature reduction
method for all three algorithms have obtained superior

TABLE 1. The evaluation results of Pars Oil Company during the prosperity period
The validation results of Pars Oil Company during the prosperity period
Models

33 features
Au-Roc

Precision Recall

10 basic features
Accuracy Au-Roc

Precision

Recall

PCA Feature reduction algorithm
Accuracy Auc Roc

Precision Recall

Accuracy

DT

0.864

0.802

0.830

0.872

0.511

0.505

0.627

0.601

0.931

0.888

0.865

0.941

RF

0.889

0.836

0.804

0.873

0.525

0.442

0.536

0.608

0.944

0.888

0.865

0.955

GBT

0.927

0.803

0.830

0.865

0.526

0.460

0.627

0.605

0.973

0.888

0.865

0.953

The test results of Pars Oil Company during the prosperity period
33 features

Models
Au-Roc

Precision Recall

10 basic features
Accuracy Au-Roc

Precision Recall

PCA Feature reduction algorithm
Accuracy Au-Roc

Recall

Accurac
y

1.0

1.0

1.0

Precision

DT

0.559

0.687

0.427

0.618

0.498

0.5

0349

0.502

1.0

RF

0.720

0.723

0.533

0.666

0.503

0.490

0.728

0.487

1.0

1.0

1.0

1.0

GBT

0.743

0.776

0.504

0.681

0.526

0.502

0.980

0.507

1.0

0.990

1.0

0.995

TABLE 2. The evaluation results of Pars Oil Company during the recession period
The validation results of Pars Oil Company during the recession period
Models

33 features
Au-Roc

Precision Recall

10 basic features
Accuracy Au-Roc

Precision

Recall

PCA Feature reduction algorithm
Accuracy Auc Roc

Precision Recall

Accuracy

DT

0.873

0.927

0.861

0.898

0.514

0.344

0.321

0.637

0.971

0.963

0.987

0.969

RF

0.915

0.933

0.788

0.899

0.532

0.421

0.231

0.643

1.0

1.0

1.0

0.996

GBT

0.914

0.923

0.866

0.908

0.535

0.479

0.440

0.611

1.0

1.0

1.0

0.996

The test results of Pars Oil Company during the recession period
Models

33 features
Au-Roc

Precision Recall

10 basic features
Accuracy Au-Roc

Precision Recall

PCA Feature reduction algorithm
Accuracy Au-Roc

Precision

Recall

Accuracy

DT

0.383

0.529

0.246

0.609

0.468

0.666

0.547

0.609

0.889

0.752

1.0

0.868

RF

0.857

0.931

0.561

0.807

0.505

0.0

0.0

0.598

1.0

0.858

1.0

0.934

GBT

0.759

0.921

0.479

0.774

0.539

0.666

0.027

0.604

1.0

0.752

1.0

0.868
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Furthermore, ensemble algorithms in this period, similar
to the boom period, have presented a more significant
performance with respect to the singular algorithm of the
decision tree, and all three algorithms have presented
appropriate predictability during the boom period. The
most generalizability to the new data has been observed
in the random forest algorithm along with the availability
of 23 technical features and the application of feature
reduction technique. On the other hand, for the case of 10
basic characteristics, the decision tree results in a better
performance in test data sets. Generally, both periods of
the prosperity and the recession, the PCA feature
reduction method has demonstrated a more significant
performance for the Pars Oil Company in comparison to
the two other cases. Moreover, the initial data have not
represented a suitable performance, and among the
applied algorithms, the ensemble algorithms had
achieved more excellent results in relation to the singular
algorithms.
In Table 3, the obtained results of the Shazand
Petrochemical Company during the boom period have
been investigated. As can be observed, in almost all of
the cases, the ensemble algorithms have performed better
than the singular algorithms. The performance of the
feature reduction algorithm on the company's data during
the prosperity period is also higher than the initial data
along with 10 basic features and the 23 technical features
utilization; thus, the mere initial data will not be an
appropriate representative for prediction of the
company's situation in the future. As the obtained values
in validation and testing reveal, adding 23 technical
features and subsequent feature extracting from them
positively affect the performance of all three selected
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algorithms. The class separability and generalizability of
these data in the absence of technical features and solely
considering the initial data are not appropriate; while in
these data, the use of technical features, as well as the
ensemble algorithms, are recommended in comparison to
the utilization of traditional singular algorithms.
In Table 4, the evaluation results of the Shazand
Petrochemical Company during the recession have been
reviews. As can be noticed, in both validation and testing,
the PCA feature reduction technique has demonstrated a
more significant performance compared to the other two
modes, and on the other hand, 10 basic features mode did
not present an appropriate performance. The stated fact
means that adding 23 technical features to the
corresponding data is also effective. Moreover, among
the chosen algorithms, in all three cases, ensemble
learning algorithms have performed better in the
validation process. Furthermore, these algorithms
represent proper generalizability in the test process.
The two ensemble algorithms of random forest and
the gradient boosted tree approximately have similar
results in all three modes, and for all four input data sets.
Additionally, they have exhibited higher performance in
comparison to the traditional and singular algorithm of
the decision tree in most cases. Generalizability and class
separability in ensemble algorithms, particularly in the
new data set, including 23 technical features in addition
to 10 basic features, as well as the application of the PCA
feature reduction method, are superior to the singular
learning methods. The predictability of algorithms during
the company's recession is as accurate as its prosperity
period.

TABLE 3. The evaluation results of Shazand Petrochemical Company during the prosperity period
The validation results of Pars Oil Company during the prosperity period
Models

33 features
Au-Roc

Precision Recall

10 basic features
Accuracy Au-Roc

Precision

Recall

PCA Feature reduction algorithm
Accuracy Auc Roc

DT

0.867

0.932

0.796

0.863

0.508

0.532

0.407

0.623

0.997

RF

0.936

0.939

0.782

0.898

0.573

0.463

0.364

0.627

GBT

0.920

0.894

0.862

0.890

0.544

0.558

0.573

0.629

Precision Recall

Accuracy

0.996

1.0

0.995

1.0

1.0

1.0

1.0

1.0

0.997

1.0

0.998

The test results of Pars Oil Company during the prosperity period
Models

33 features
Au-Roc

Precision Recall

10 basic features
Accuracy Au-Roc

Precision Recall

PCA Feature reduction algorithm
Accuracy Au-Roc

Precision

Recall

Accuracy

DT

0.628

0.829

0.323

0.626

0.5

0.0

0.0

0.497

1.0

1.0

1.0

1.0

RF

0.773

0.706

0.733

0.712

0.429

0.365

0.142

0.444

1.0

1.0

1.0

1.0

GBT

0.707

0.607

0.885

0.655

0.490

0.483

0.695

0.473

1.0

1.0

1.0

1.0
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TABLE 4. The evaluation results of Shazand Petrochemical Company during the recession period
The validation results of Shazand Petrochemical Company during the recession period
Models

33 features
Au-Roc

Precision Recall

10 basic features
Accuracy Au-Roc

PCA Feature reduction algorithm

Precision

Recall

DT

0.919

0.885

0.867

0.9

0.499

0.496

0.543

Accuracy Auc Roc
0.625

0.993

Precision Recall
1.0

0.993

Accuracy
0.995

RF

0.934

0.877

0.912

0.887

0.515

0.543

0.598

0.631

0.997

1.0

0.993

0.995

GBT

0.939

0.883

0.912

0.906

0.546

0.595

0.818

0.618

0.996

1.0

1.0

0.995

The test results of Shazand Petrochemical Company during the recession period
Models

33 features
Au-Roc

DT

0.674

RF
GBT

Precision Recall

10 basic features
Accuracy Au-Roc

Precision Recall

PCA Feature reduction algorithm
Accuracy Au-Roc

Recall

Accuracy

0.880

1.0

0.947
0.985
0.947

0.532

0.506

0.638

0.5

0.0

0.0

0.614

0.809

0.944

0.419

0.766

0.517

0.4

0.024

0.609

0.990

0.964

1.0

0.718

0.579

0.493

0.666

0.531

0.431

0.617

0.538

0.957

0.880

1.0

5. CONCLUSION
The results of stock evaluations of the two active
companies demonstrate that the ensemble algorithms of
random forest and gradient boosted tree have better
predictability in comparison to the decision tree, which is
a singular tree-based algorithm, during both of the boom
and bust cycles. Additionally, the AUC-ROC in these
algorithms represent the fact that the ensemble
algorithms create further class separability; therefore,
they can accurately predict the positive and negative sign
of stock return. Furthermore, adding 23 technical features
to 10 basic features and subsequent creation of the new
data and further feature extracting utilizing the PCA
method has a significant effect in improving the
performance of the algorithms. In this regard, the most
excellent result has been obtained from the application of
the PCA method. Moreover, the decision tree algorithm
possesses a higher performance speed than the ensemble
algorithms since it merely exploits one tree for the
prediction procedure, and among the ensemble
algorithms, the decision tree is faster in case of the
current study data.
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Persian Abstract
چکیده
این پژوهش در رابطه با پیشبینیپذیری الگوریتمهای یادگیری ماشین گروهی و منفرد مبتنی بر درخت در دوران رکود و رونق دو شرکت حاضر در بورس تهران در بستر
دادههای حجیم است .چالش موردتوجه در این حوزه ،این است که مدیران اقتصادی و جامعه علمی ،همچنان به دنبال مدلهای پیشبینی با دقت بیشتر و در زمان کمتر می
باشند و همچنین پیشبینی دوران رکود شرکتها در بازار بورس از اهمیت به سزایی برخوردار است .الگوریتمهای یادگیری ماشین باید بتوانند عالمت بازده سهام را در
روزهای رکود بازار بهخوبی روزهای رونق پیشبینی کنند .رفع چالش یادشده موجب ارتقاء کیفیت خرید سهام و به سبب آن موجب ارتقای سودآوری میشود .راهحل
پیشنهادی ،تکیهبر بهکارگیری الگوریتمهای یادگیری ماشین مبتنی بر درخت در بستر دادههای حجیم دارد .در راهحل پیشنهادی از الگوریتم درخت تصمیم که یک الگوریتم
سنتی و منفرد مبتنی بر درخت است و همچنین دو الگوریتم مدرن و گروهی مبتنی بر درخت یعنی جنگل تصادفی و درخت گرادیان تقویتی برای پیشبینی پذیری عالمت
بازده سهام در روزهای رکود و رونق ،استفادهشده است .موارد یادشده ،با بهکارگیری ابزارهای یادگیری ماشین به زبان پایتون و در کتابخانه  PYSPARKکه مخصوص دادههای
حجیم است ،پیادهسازی گردیدند .دادههای تحقیق که در این پژوهش به کار گرفته شدند ،اطالعات مربوط به سهام دو شرکت از بورس تهران میباشند .نتایج نشان میدهند
که الگوریتمهای گروهی استفادهشده عملکرد بهتری نسبت به الگوریتم منفرد داشتهاند .همچنین اضافه کردن  23ویژگی فنی به دادگان اولیه و سپس استفاده از روش کاهش
ویژگی  PCAبهترین عملکرد را در بین حالتهای دیگر داشته است .این مطلب موجب پیشبینی با دقت باالتری میگردد .دراینبین به این نتیجه میرسیم که دادگان اولیه چه
در دوران رونق و چه در دوران رکود از قابلیت تفکیکپذیری و تعمیمپذیری مناسبی برخوردار نیست.
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1. INTRODUCTION

1

In recent years, the noise issue has attracted the attention
of semiconductor industry. This phenomenon can
decrease the quality of the valuable data and negatively
impact the results of analysis and modeling. There are
some methods to improve the quality of measuring the
noise and data. However, if the noise and data are
combined together, their discrimination will be tough. In
addition, we have some limitations for our instruments
which cannot accurately capture the desired data.
Meanwhile, providing a solution by the software analysis
would be helpful to obtain the data accurately [1–3].
In the other side, as the scaling of transistor
geometries towards only a few tens of nanometers
continues, we find that small devices face new challenges
regarding their operation reliablity. Random Telegraph
Noise (RTN) is one of these challenges which happens
by trapping and detrapping of the carriers in the
transistor channel and it would make some variations on
the drain current. RTN is one of the most important time
variation sources having a prominent effect on the

reliability of memories, digital and analog circuits [4, 5].
Therefore, capturing the features of RTN and its
modeling is of great importance. If we can measure the
RTN accurately, we can obtain an appropriate model for
it. However, this measurement is usually affected by
some noise and error and it calls for a method to improve
the signal to noise ratio.
In this area, Karatsori et al. [6] have characterized and
measured the low frequency noise in InAs MOSFET.
Stampfer et al. [7] has characterized the noise produced
by individual defects for MoS2 field-effect transistors.
Waltl et al. [8] employed an advanced algorithm based
on cumulative summation to detect the step levels in
RTN. Jech et al. [9], Lai et al [10] and Ullmann et al. [11]
have extracted and measured the low frequency noises in
MOSFET and also they have introduced a model for the
noise features. Feng et al. [12] investigated the effect of
RTN on the drain current variations as a Model for the
introduced FETs. Matsumoto et al. [13, 14] have
evaluated the impact of RTN on the CMOS logic circuits
for low supply voltages. Compagnoni et al. [15, 16],
Veksler et al. [17], Ling et al. [18] have analyzed the
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reliability of RRAM and Flash memory under the impact
of RTN to estimate the accuracy of data loss.
Imamoto et al. [19], Forbes and Miller [20], Chen et
al. [21], Ioannidis et al. [22], Pirro et al. [23] have tried
to decrease the level of RTN noise by changing some
parameters in the structure of MOSFET devices.
Although these methods can be effective, they might be
so expensive. Thus, they require the nanometer
instrument technologies and they are difficult to
implement. Islam et al. [24], Seo et al. [25], Kushwaha et
al. [26], Tanaka et al. [27] have considered the circuit
noise as a deterministic process and have introduced a
model based on the oxide trap density and energy level.
Gokcen and Demir [28], Mohanty et al. [29] have
considered the noise as a non-stationary and stochastic
process. For de-noising the drain current from the RTN,
some studies have been conducted. Diaz-Fortuny et al.
[30, 31] have introduced a method to remove the RTN
based on the detection and comparison of trace levels
between the fast and slow defects. However, this method
is consuming and cannot be implemented for real-time
applications. Gao et al. [32], Vaseghi [33], Petrychuk et
al. [34], Higashi et al. [35], Tega et al. [32–36] have
analyzed and extracted RTN using the Fast Fourier
Transform (FFT) and the Short Time Fourier Transform
(STFT). However, Fourier analysis cannot determine the
short-time variations of signal because it can only
decompose the signal to same infinitive sinus and cosine
series wherein all of the time information will be
removed. Du et al. [37], Principato and Ferrante [38],
Hendrickson et al. [39] have employed Wavelet
decomposition to separate the data and 1/f noise. They
have compared the shape of mother waves and
introduced the Haar function as the best Wavelet to
decompose the RTN. Then they have employed the
universal threshold to de-noise the RTN by the Wavelet
thresholding method. However, the Wavelet transform
depends on the mother wave function and is not adaptive
for every type of signal. Hence, it is not considered as a
useful tool. In this paper, Empiricl Mode Decomposition
(EMD) method is introduced which is the basis of the
adaptive orthogonal functions and can be appropriate for
non-stationary signals. This method is applied to diverse
RTN signals and its capability is shown in decomposing
the desired and undesired data.
2. METHOD
In this section, the proposed method for RTN signal is
introduced.
2. 1. Empirical Mode Decomposition
In recent
years, Empirical Mode Decomposition has been
considered as one of the most practical and efficient
approaches in signal processing area. As opposed to the
Wavelet and FFT which use the specific orthogonal
parametric basis, this method decomposes the signal
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based on the signal harmonics and is completely
adaptive. Therefore, it has a strong capability to
decompose non-stationary signals. This method creates
some Intrinsic Mode Functions (IMFs) and a residual
signal. The procedure to produce the IMFs is based on
the subtraction of the baseline function from the main
signal. The process continues untill the residual signal
becomes constant. Baseline function is considered as the
average of local extremum of the signal. The IMFs must
satisfy the two following conditions:
1. The number of the extremums and zero-crossings must
be equal or differ by at most one.
2. In each point, the average value of the defined
envelope by the local extremums must be zero. In another
word, IMFs must be symmetric functions around zero.
The algorithm can be considered as follow:
1. Find the upper and lower envelops of the signal x(t).
2. Subtract the average of envelopes (m(t)) from the
signal (d(t)=x(t)-m(t)).
3. If d(t) can satisfy the two conditions of IMFs, d(t) can
be saved as the first mode, otherwise re-calculate the
algorithm from the 1st step for d(t).
Then, the residue signal r(t) obtained from the subtraction
of the signal x(t) and the IMF 1 is considered to calculate
the next modes.
To obtain the next residue, the current IMF must be
subtracted from the previous residue which will be
employed to obtain the mode. The summery of these
relations are
r1  IMF2  r2
r2  IMF3  r3
.
.
rn 1  IMFn  rn

(1)

whenever the reside rn does not have any extremum point
with almost the uniform behavior, the algorithm will be
finished.
Finally, the input signal x(t) can be expressed as the
summation of the IMFs and a residue
n

x(t)   IMF(i)  r(t) ,
i 1

(2)

where n is the number of decomposition levels and r(t) is
the residual signal at the end of the algorithm [40–43].
EMD method can be summarized in Figure 1.
This method is applied to show the decomposed
levels on an actual noisy RTN in Figure 2.
For the first stage, because of the adaptive
decomposition of EMD, we can propose the EMD
thresholding instead of the Wavelet thresholding.
Another approach is that we can employ some
weights for the decomposed modes since it is clear that
our desired data has not been distributed in all IMFs
uniformly.
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Input Signal

Extract the extrema
indexes

Build envelopes of
signal

Extract the mean value
m(t) of the envelopes

Extract the detail
d(t)=x(t)-m(t)

d(t)

No

If
mean(d(t))<eps

Yes

IMFs

Figure 2. Employing EMD to an actual RTN in six levels

x(t)-IMF

Figure 1. The EMD algorithm

3. RESULTS
We considered two types of signals for our evaluation.
Firstly, the actual signal which is extracted from an
nMOSFET with Width = 0.16 μm and Length = 2 μm,
which was biased by VGS=2.2 V, in temperature of 50 ᵒC
based on the Measure-Stress-Measure (MSM) method
and secondly, the artificial signal which is obtained from
a stochastic defect modeling based on the Markov chain
to simulate the RTN signal according to Grasser [44]. For
the validation of our proposed methods, we applied our
methods on the artificial and actual RTN signals.
For the EMD thresholding, six levels of IMFs were
extracted and then the method is applied by using the
Universal thresholding and soft removing. The Wavelet
transform using the Haar function with six levels is used
in accompany with the Universal thresholding in this
method. For the weighted EMD method, we analyzed the
different combinations of IMFs to see which IMF is more
similar to the pure data and has higher SNR. Table 1
shows these results.
It is clear that the last IMFs are more related to the
pure RTN. The results in Table 1 were obtained for noisy
RTN with zero SNR. By analyzing, we understand that
some IMFs have less similarity to the pure RTN and have
less SNR when considered alone. However, if we add it
to other IMFs, we obtain a higher SNR. Therefore,

removing an IMF would not be correct and we should
better consider a weight for each of the decomposed
levels as below.
S  a * IMF1  b * IMF2  c * IMF3  d * IMF4  e * IMF5  f * IMF6  g * r

(3)

For the next stage, we employed an optimization method
to reach a reasonable weights for 1000 RTN signals to
reach the highest level of SNR. The input data were
selected from diverse signal records with different levels
of noise. The data were collected in an excel file and
based on the genetic optimization algorithm with 0.8
mutation, the data were processed one by one in
MATLAB software. In Table 2 the weight results are
presented.
Finally, all of the mentioned methods are evaluated,
and samples of this analysis have been shown for
artificial and actual RTNs in Figure 3 and Figure 4
respectively.
For a better evaluation, three indicators, namely,
SNR, Mean Square Error (MSE) and Percent Root mean
square Difference (PRD) are calculated for the different
methods.
N

x 2 (t)


t 1
SNR  10log  N
2

   x(t)  x(t) 
 t 1

MSE 

1 N
2
  x(t)  x(t) 
N t 1








(4)

(5)

A. Moshrefi et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 90-96

93

TABLE 1. SNR for different combination of IMFs
IMFs

1

2

3

4

5

6

r

SNR

1.3347

0.2310

1.6905

1.4088

2.5321

2.9312

3.7918

 (1: 5)  (1: 6)  (2 : r )  (3: r )  (4 : r )  (5 : r )  (6 : r )
1.4381

1.9105

4.8923

4.2648

5.3968

5.2189

4.4283

TABLE 2. Weights for the different decomposed levels
Factor

a

b

c

d

e

f

g

Value

0.0291

0.0467

0.3277

0.2809

0.5297

0.7384

0.9271

N

PRD  100

  x(t)  x(t) 

2

t 1

x
N

t 1

2

(6)

(t) 

where x(t) is the clean signal and x(t) is the de-noised
signal.
The results of SNR, MSE and PRD have been
reported for the mentioned method for the various SNRs
in different RTNs in Tables 3, 4 and 5 respectively. The
results were obtained by averaging on 50 simulations. By
considering an indicator to evaluate the improvement rate
of the methods, we can define
N

Indicator % 

 SNR
i 1

EMD
N

N

  SNR
i 1

 SNR
i 1

DWT

*100

(7)

DWT

where tN is the number of the calculated SNRs. This
indicator can be utilized as well for the MSE and PRD to
evaluate the results.

Figure 4. The results of the mentioned methods for Actual
RTN signal a) Noisy RTN b)Wavelet thresholding c) EMD
thresholding d) Weighted EMD

Summary of the results is shown in Figure 5. The
results show 14%, 27% and 19% improvement in SNR,
MSE and PRD for the EMD Thresholding, respectively.
The results also show 54%, 61% and 39% improvement
in SNR, MSE and PRD for the Weighted EMD,
respectively.
In other side, we should consider the pros and cons of
the proposed method.
TABLE 3. SNR results for the mentioned methods
Input SNR (db)

-5

0

Method

Figure 3. The results of the mentioned methods for Artificial
RTN signal: a) Noisy RTN b)Wavelet thresholding c) EMD
thresholding d) Weighted EMD

-2.5

5

10

SNR

Wavelet
Thresholding
[39]

-2.141

2.3456

4.2704

6.8205

10.6842

EMD
Thresholding

-1.034

3.0356

4.8875

7.2971

11.0345

Weighted EMD

1.629

5.1352

6.1970

8.3557

12.5159
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TABLE 4. MSE results for the mentioned methods
Input SNR (db)

-5

0

Method

-2.5

5

10

MSE

Wavelet
Thresholding
[39]

0.0281

0.0145

0.0092

0.0064

0.0043

EMD
Thresholding

0.0188

0.0119

0.0073

0.0045

0.0032

Weighted EMD

0.0105

0.0061

0.0047

0.0026

0.0007

TABLE 5. PRD results for the mentioned methods
Input SNR (db)

-5

0

Method

-2.5

5

10

PRD

Wavelet
Thresholding
[39]

98.21

70.44

56.75

42.11

36.08

EMD
Thresholding

74.56

56.92

43.67

38.22

32.14

Weighted EMD

58.17

38.58

33.71

28.45

25.67

TABLE 6. Computation time of the mentioned methods
Method

Computation-Time (s)

Wavelet Thresholding [39]

0.023246599

EMD Thresholding

1.152699315

Weighted EMD

0.902714652

analyzed after recording the data as an off-line
processing. Furthermore, the cost of computation in the
range of around one second will not be a critical
challenge and the denoising performance would be more
significant than the computational time.
The bottle neck of the weighted EMD would be the
process of finding the weights using diverse signals with
different levels before denosing. It is noteworthy that the
only bottle neck of this approach is finding appropriate
weights.
3. 1. RTN Intensity Indicator
Having de-noised
the RTN signals, we can consider a criterion for finding
out the energy level of RTNs to show the intensity of this
phenomenon. In that regard, we can make use of the
following equation.
t1

I   s (t )dt

(8)

t0

where I is the intensity, s(t) is the de-noised RTN signal
and (t0,t1) is the desired interval. It is clear that de-noising
would be necessary as sometimes noise might have a
considerable intensity and it could potentially make an
error.
This way, we can find out the quality and rate of the
reliability for digital circuits. Therefore, one of the
indicators to make comparison among the different
circuits would be the intensity (I) of RTN and we can
measure the circuits in diverse situations and capture
RTNs to compare the reliability rate.
4. CONCLUSION

Figure 5. The results of SNR, MSE and PRD for three
methods and in terms of different input SNRs

The computation time of the methods are evaluated in
MATLAB by “tic toc” command and the average of the
50 runs of the algorithms is shown in Table 6. In order to
obtain the computation time, we have employed a laptop
with 2.2 GHz CPU clock frequency.
According to the results, Wavelet thresholding has
the least computational time among the other methods,
which is about 38 times faster than the weighted EMD
method. However, the denoising approach is usually

One of the most suitable analysis methods for RTNs as a
non-stationary signal is EMD. In this paper, this tool and
its application were introduced and a comparison among
the existing methods was made. Firstly, we proposed the
EMD thresholding method that could have a better result
compared to the previous methods. Then, we analyzed
the intrinsic modes for RTN and found the last modes are
more similar to our desired data compared to the earlier
modes. Therefore, we proposed to weight the modes in
order to extract the pure RTN. The results show 14%,
27% and 19% improvement in SNR, MSE and PRD for
the EMD Thresholding, respectively. Furthermore, the
results also show 54%, 61% and 39% improvement in
SNR, MSE and PRD for the weighted EMD,
respectively.
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Persian Abstract
چکیده
 یافتن و استخراج مشخصه.) یکی از پدیدههای تصادفی ناخواسته در قطعات الکترونیکی است که باعث نوسانات در مشخصههای مدار میگرددRTN( نویز تلگرافی تصادفی
 این اندازه گیری معموال همراه با مقادیری نویز و خطا همراه.های این سیگنال میتواند در بدست آوردن مدل مناسب به منظور جبران سازی و بهبود پارامترهای افزاره مؤثر باشد
)EMD(  تجزیه مدهای ذاتی. تمیز و دقیق از اهمیت زیادی برخوردار استRTN است و نیازمند روشی جهت بهبود نسبت سیگنال به نویز می باشد و بدست آوردن سیگنال
 روشهای ارائه شده، در این مقاله. میتواند در نظر گرفته شود، کامالً وفقی و وابسته به تغییرات سیگنال و بدون هیچگونه وابستگی به تابع خاص،به عنوان یک راهکار مناسب
 دقت و عملکرد باالتر روش وزن، یافتههای حاصل. ارزیابی کردهایم، را جهت اطمینان از نتایج حاصلRTN اخیر به همراه روش پیشنهادی برای سیگنال واقعی و مصنوعی
MSE ،SNR  به ترتیب بر اساس سه معیار%39  و%61 ،%54  تاRTN ( و برای سیگنالهای متنوعSNR) های بهینه شده را برای مقادیر نسبت سیگنال به نویزهای مختلف
. در پایان معیاری جهت بررسی و ارزیابی کیفیت و نرخ قابلیت اطمینان در مدارات دیجیتال معرفی گردیده است. نشان می دهدPRD و
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A B S T R A C T
Particle swarm optimization has been a popular and common met heuristic algorithm from its genesis
time. However, some problems such as premature convergence, weak exploration ability and great
number of iterations have been accompanied with the nature of this algorithm. Therefore, in this paper
we proposed a novel classification for particles to organize them in a different way. This new method
which is inspired from president election is called President Election Particle Swarm Optimization
(PEPSO). This algorithm is trying to choose useful particles and omit functionless ones at initial steps
of algorithm besides considering the effects of all generated particles to get a directed and fast
convergence. Some preparations are also done to escape from premature convergence. To validate the
applicability of our proposed PEPSO, it is compared with the other met heuristic algorithm including
GAPSO, Logistic PSO, Tent PSO, and PSO to estimate the parameters of the controller for a hybrid
power system. Results verify that PEPSO has a better reaction in worst conditions in finding parameters
of the controller.
doi: 10.5829/ije.2021.34.01a.12

1. INTRODUCTION1
Optimization makes an important role in many fields
such as social, economic and engineering. It could help
us to get more desirable results. These problems include
examples such as generating an optimal duty cycle which
varies with photovoltaic parameters in order to extract the
maximum power, estimating the parameter of a new
model of solar cells, returning the system voltages inside
the permitted range (for voltage regulation of MV
distribution systems), etc. As an inspiring, nature could
help us to design the optimization system for complex
computational problems [1-4]. Some evolutionary
algorithm (which are the most successfully ones and
inspired from the nature) are Genetic, Particle Swarm
Optimization, Ant Colony Optimization, etc. Among the
algorithms, PSO became one of the most popular
methods as a solution to solve the optimization problems,
due to its efficiency in complex optimization problems in

various fields [5]. It can be stated that, the main
advantages of the PSO algorithm are: simple concept,
easy implementation, relative robustness to control
parameters, and computational efficiency [6]. For the
first time, PSO algorithm was introduced. In this
algorithm, every particle has its own position and
velocity. The particles position and velocity are updated
according to each particle positions and velocity and the
best particles positions and velocity in the group, to find
the best solution [5]. However, besides its advantages,
the algorithm has problems like getting trapped in local
minima or weak convergence rate. Some efforts have
been done to overcome these problems includes
combining PSO with other algorithm like GA or using
modified discrete algorithm of PSO [7-9]. In a study, if
no achievement is resulted at the end of a certain number
of steps, PSO algorithm is stopped and the final point is
considered as the new beginning point. The process is
repeated through repositioning until the criterion is
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satisfied to decrease the locally capacity particles [10].
Particle Swarm Optimization – Grey Wolf Optimizer
(PSO–GWO) method has been also used to acquire the
optimal size of the different system components in order
to minimize the total cost of fresh water production [11].
A modified variant, named Repository and Mutation
based PSO (RMPSO) is proposed by Jana et al. [12]. In
RMPSO variant, two extra repositories have been
introduced and maintained. So, it is done for storing
personal and global best solutions which has the same
fitness values. When the dimension of the problem is
scaled up, the performance of the proposed algorithm
remains consistent in most of the cases in this method. In
the other study, the suitability of the No Speeds and
Coefficients Particle Swarm Optimization (NSC-PSO)
method is investigated to solve reliability optimization
problems [13]. It is done by approaching a set of test
problems which comprises two known Redundancy
Allocation Problem (RAP) case studies: Fault Tree
optimization (FTO) and Event Tree Optimization (ETO).
In another study it is suggested that the memory structure
of canonical PSO is modified by introducing a multileader mechanism to overcome weak exploration ability
and premature convergence of PSO [14]. Applying
chaotic function besides a Gaussian distribution to give
particles more opportunities to jump out of the local
optima is also done to overcome these problems. The best
advantage of chaotic sequence is their unpredictability,
i.e., by their spread-spectrum characteristic, nonperiodic, complex temporal behavior, and argotic
properties [15]. In fact, incorporating a chaotic map for
the random number generation instead of the random
number generators (RNG), increases the efficiency of the
Basic PSO algorithm besides introducing diversity in the
solutions and is used as a compared algorithm in our
paper. Therefore, using hybrid algorithm could help to
combine the better characteristics of each one to achieve
the best approach. For example, GAPSO has been used
in constraint optimization problems [8].
According to what has expressed up to now, there are
some problems with basic PSO and should be noticed to
solved. Therefore, in this paper we propose a new
classification for particles called president election to
achieve the best solution in less iteration besides escaping
from local minima. This work is done by a good and
novel filtration on original particles to select the better
ones for upper level of the algorithm. This new
classification is introduced to give optimized particles to
a kind of modified PSO algorithm to accelerate the
process of election of proper particles besides avoiding
weak convergence rate. In PEPSO, by an original
refining, a proposed filtration is done at first. Center of
gravity method is used to choose better particles at this
step. In addition, by increasing the number of parties
(final classifications), which is described in PEPSO
algorithm, the chance to get trapped in local minima

98

extremely reduces. So, a fast and directed convergence
rate is achieved. On the other hand, because of giving
best particles to the modified PSO, a better solution is
achieved in less time. A modified PSO is a PSO which
has been used particles from president election level and
consequently avoiding functionless particles. To have a
comprehensive comparison, we used a practical case i.e.
hybrid power system with Fractional Order PID (FOPID)
controller. The results are also shown better convergence
of PEPSO in comparison with the other algorithms
including GA-PSO, Logistic-PSO, Tent-PSO, and PSO.
The rest of the article is organized as follows: Section
2 describes the problem by explaining the basic PSO
algorithm. The proposed method is also introduced in this
section. The optimization description of the algorithm
and mathematical analysis explained in section 3.
Description of the hybrid power system, FOPID
controller, objective function and error signal are
represented in section 4. Results demonstrate and
validate the effectiveness and robustness of the proposed
method represented in Section 5. Sections 6 and 7 are
devoted discussion and conclusions, respectively.
2. PROBLEM DESCRIPTION
To overcome problems with inspired algorithms such as
Genetic or PSO, some efforts have been done in the
literature [8, 11,12]. However, such systems lead to high
complexity especially for multi-dimensional systems,
which in turn as challenging issue, will demand to
propose novel method to modify this methods. In
addition, fast convergence and increasing reliability are
important issues in improvement of PSO. To this respect,
a new classification is proposed in this paper. All of the
achievements are based on the application of hybrid
power system.
2. 1. Basic PSO Algorithm
PSO works with
particles contains the solutions of a problem. Each
particle has a position and a velocity. The evaluation is
achieved by the objective function of the optimization
problem. Particle position dimensions are the variables of
the optimization problem. Each particle has two
criterions. The criterions for updating are called Pbest
and Gbest which are the best position of each particle
position itself and the best position among all particles
achieved, up to last iteration implemented, respectively.
So, basic PSO method is based on moving the particle
position to a better position to find the best solution
according to the following equation:
vid  z max vid  b1  Rnd1  ( pid
j 1

j

best , j

 b2

 pid )

 Rnd 2  ( p

j

best , j
swarm , d

 pid ) ,
j

(1)
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where b1 and b2 are positive constants and represent the
acceleration coefficients, Rnd1 and Rnd 2 are two random
variables within [0, 1]. vid is the velocity of individual i
on dimension d . pid is ith current position on dimension

d, p

best , j

is the location of the best problem solution

id

vector found by i , p

best , j

is the location of the best

swarm , d

particle among all the particles in the population on
dimension d in iteration j , and zmax is the inertia
weight that warrants convergence of the PSO algorithm
[1].
A maximum velocity ( vmax ) for each modulus of the
velocity vector of the particles is also defined to control
excessive roaming of particles outside the user-defined
search space. Whenever a vid exceeds the defined limit,
its velocity is set to vmax .
There are some advantages with PSO algorithm and
also there exist some disadvantages to work on such as:
getting stuck in local optimum, population variety
reduction, increasing its convergence speed problem and
so on. Researchers have been trying to improve these
problems with basic PSO. As an example, applying
chaotic coefficient instead of random numbers is a
method to improve the chance of optimal solution
selection according to the following equation:
vi

j 1

pi

j 1

 z max vi  b1  n1 ( pi
j

 pi  vi
j

best , j

j 1

,

 pi )  b2 n2 ( pswarm  xi ) ,
j

best , j

j

(3)
(4)

PSO algorithm for giving it as a good direction for
update. By a new classification inspired from president
election, persons who are the agent of population of a
country, vote to two or more candidate of parties for
election to elect the best particle which denotes the
president. Each person means one particle. By this
novelty, a good refining is done on all particles. After
giving the best particles to a modified PSO, a better
solution in less time is achieved.
As shown in Figure 1, population of a country is
generated at first. More population means more
opportunity. Two left and right parties are marked with
gray and red colors. The color of the rectangles shows the
distinction between states or provinces. Finally, a person
is selected to give a more optimal number. In here, by
applying a filter to the whole population, about 50% of it
has been removed. In this step, a center of gravity method
doses the filtration. Each person´s value which has less
than 50% of center of gravity´s value of the population is
removed. A random distribution is applied to the
remaining population, which we called legal age
population in this paper, to distribute and locate at states.
The number of states must be more than 2 to have at least
two parties for a competition. A similar filtration like step
1 is done again for each state. Persons whose values are
in the left part of the center of gravity are called left party
and persons on the other side are right parties. The best
person of each party in every state is one whose value is
nearer to center of gravity. Parties are made by collecting
best left and right party member of every state. We have
2 parties here at least. A modified PSO is applied to both
parties. A modified PSO is used, because the initial
particles of basic PSO is different from what has been
researched in this paper. At last after finding the best
particles (They are best candidates) of each party, the

Applying a random
distribution of particles
to states
Calculating center of
gravity point for
every state

Right
Party

Left
Party

Applying PSO to both
party

Candidate
of Left
Party

Comparison between
achieved error

Candidate
of Right
Party

President

2. 2. President Election Algorithm
Each legal
age population has permission to vote their president in
every country. The president is a person elected among
the population. Every country consists of several
provinces or states. In other classification, it consists of
several parties (usually 2 parties in many countries).
Every party follows its goals in every province or states.
According to the fact that each candidate for president
election should qualify to introduce for election and each
party has at least a candidate for this vital election, an
optimization algorithm with a suitable convergence could
be introduced by using this model besides a modified

Legal age
classification

chaotic numbers n1 and n2 . As discussed, various
approaches need an improvement. By using the new
approach called PEPSO or President Election Particle
Swarm Optimization, which is inspired from president
election procedure, we are trying to make some
improvement in iterations number in convergence to give
better solution.

Initial particles generation

where the random numbers ( b1 and b2 ) is multiplied by

Figure 1. A graphic description of what has been done in
PEPSO algorithm. Red persons represent right party
members and the other color shows left party members
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particle which called president here is elected by a
comparison. Algorithm procedure is discussed in detail
as following.

Step 1. Initial particles generation:
A population is generated similar to PSO algorithm, as a
greater number like a country. At this step, variables by
its bounds and constants of the problem are determined.
This variables and constants could be as follows:
Number of population, positions of particles and best
particle, velocity of particles, number of provinces or
states, variable number of the problem and its bound,
maximum voted mans, inertia coefficient which has been
reduced when be running the program, constants b1 and

b2 which has been considered 1 here.
Step 2. Legal age classification from the whole
population by center of gravity method is done in this
step. About 50% of persons (particles) are rejected to
vote according to their distance from the center of gravity
point. Center of gravity point calculations are Equations
(5) and (6):
Let us consider particles pi ; i  1,..., n , each with
position mi (value of fitness function here) that are
located in space with coordinates ri ; i  1,..., n , the
coordinate R (the position of the center of gravity mass
point here) of the center of mass, which satisfy the
following equation.
n

i 1

i

i

(5)

Solving the equation for R yields the following formula:
R

1
M

n

m r ,
i 1

i i

(6)

where M is sum of the masses (fitness function values)
of all particles.
Step 3. Applying a random distribution of persons to
states:
A number of states are given to program as a constant.
More states give more accuracy. At first, 50% persons are
distributed to number of states and called maximum
voted mans ( MVM ). Then by a random distribution and
a bound which is considered in range of [1, MVM ] ,
E  1, 2,..., MVM  the number of legal age population in
each state is specified according to following equation:
N P  rand k  MVM  ; k  1,2,..., h ,

N
FN  N  R ,
NS

(9)

where FN L is final number of persons could vote in last
remaining state and FN 1 is FN except last remaining
state.
Step 4. Similar to step 2 center of gravity points for every
state is calculated.
Step 5. The state population is dividing into two parties.
The right party is located in the right position of the
center of gravity point and the left party in against
position. By this classification in each state, the nearest
persons of right and left position to the center of gravity
point are selected as the agent of that party at that state
according to Equations (10) and (11).
Pr  Cr  Cg ,

(10)

where Pr , Cr , and C g are fitness value of persons in
right position of gravity point, fitness value of candidate
of right party in each state and fitness value of center of
gravity point, respectively.
Cg  Cl  Pl ,

(11)

where C g , Cl , and Pl are fitness value of center of
gravity point , fitness value of candidate of left party in
each state and fitness value of persons in left position of
gravity point, respectively.
Step 6. At this step, in order to have better agents for
candidates in each party, we need to modify PSO
algorithm and then one is applied to each party agent to
find the best candidates. A modified PSO algorithm is
defined as follows:
The first and second step of using random number and
locating them in the fitness function in basic PSO
algorithm is omitted here. It is shown in Figure 2.
Step 7. Each candidate who has the minimum error and
proper solution between two parties is elected as the
president (best particle).
Step 8. End iteration criterion: If the minimum error is
close to zero (or a constant which could be defined in the
program) at first iteration the program will end and if not,
the next iteration starts again. The end condition for best
solution could be end iteration too.

(7)

where N Pk is number of persons that could be vote in one
state. The remaining persons are distributed to states in
equal ratio as follows:
k
p

where FN , N R , and N S are final number of persons that
could be vote, number of remaining persons and number
of states, respectively.
FN L  MVM   ( FN 1 )

Algorithm Procedure:

 m (r  R )  0

100

(8)

3. OPTIMIZATION
ALGORITHM

DESCRIPTION

OF

THE

3. 1. Explanations and Flowcharts of the
Algorithm
By using this algorithm, an original
refining on the whole population is done by considering
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Start

Each Particle Cost
Calculation
Iteration=1

Yes

Calculate The Particle
that Has Had The Least
Cost value

Getting elected
particlesfrom last step

Cost Calculation of Each
Particle

Iteration
=Maximum
Iteration

No

Calculation of The
Position of The Best
Particle in The Group

No

Yes

Select Particle as
Optimal One

the number of initial particles, the great number of
population of PEPSO, with respect to a country
population, is the other advantage of the approach that
increases the opportunity of an optimal particle selection.
In addition by the original refining, few number of best
particles elect for applying into modified PSO algorithm.
Due to kinds of properties of the new approach, less
iteration for every test is needed. Here just to have a
better comparison with the other models, the number of
iterations is selected 50.
3. 2. Analysis
In PSO algorithm, each particle has
two criterions for updating called Pbest and Gbest .
Pbest is the last best position of each particle position
itself and Gbest is the best position among all particles
achieved, up to last iteration implemented. All particles
are updated in each iteration. As clear from its name,
PEPSO are trying to choose the competent particle
among all population. So by an inspiring from what has
been done in president election procedure, it has been
trying to find the best and proper solution for the problem
(the best person as president for a country). A good

Iteration=Iteration+1
Setting The Optimal
Particle Parameters in
the Controller

New Particle Velocity And
Position Calculation
generated by using
random number

start

Particals
Generation

End

Legal Age
Classification

Figure 2. Diagram of modified PSO Algorithm. Yellow
color block show the differences between modified and basic
PSO algorithm. In PSO algorithm the particles are selected
randomly. In here an elected particles are given to the next
steps of basic PSO

Classification
particles to
states

Classification of
Best Agent
Parties

the whole population experiences to elect the best
particles for upper levels. In other word, all particles are
acting as a deciding particle and vote the best particles to
be candidates. The particles are called intelligent
particles. This process which is done by center of gravity
method in this new approach, create several search spaces
which its number is in accordance with parties. So by
locating the best particles to avoid functionless particles
and using several search spaces in order to avoiding
getting stuck in local minima or an early convergence, a
better optimal point and faster convergence is achieved.
Flowchart of modified PSO algorithm is shown in Figure
2 and PEPSO algorithm is shown in Figure 3. As
illustrated in this figure, a considerable difference
between basic PSO and this modified PSO is original
refining which is done to achieve the optimal solution.
This difference has been shown by yellow color box in
this diagram. Since the limitation of calculation time for
all particles position in basic PSO algorithm which limits

Right & Left
Parties Agents

No

Right

Left

Right Agent
Parties

Left Agent
Parties

Applying
Mdified PSO
algorithm

Applying
Mdified PSO
algorithm

Selection of The
Best Particle

It = Max

Yes
End

Figure 3. Diagram of President Election Particle Swarm
Optimization Algorithm
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4. 2. Fractional-order Fuzzy Logic PID Controller
Selecting a superior controller for this hybrid power
system is also a question. Among the controllers, FOPID
(Fractional Order PID) controller is getting more
interested between researchers due to the design
performance and flexibility of fractional calculus [17]. So
according to a research on the controller of hybrid power
system, a FOPID controller is selected [16]. The
schematic of the hybrid power system using fractionalorder fuzzy PID controller is illustrated in Figure 4.
A structure of Fractional-order fuzzy logic PID
controller is shown in Figure 5. The controller parameters
are  K E , K D  and  K PI , K PD  as an input and output
scaling factor, respectively. Parameters  ,  determine
the fractional order differential-integrals respectively.
The heart of system controller is formed of fuzzy
membership functions as shown in Figure 6.

Ultra Capacitor

+

Power of
Full Cell

Transfer
function of
Power
System

+ +
-

+

Pload

+

PSTPG

PWTG

Diesel Energy
Generator

Fractional
Order Fuzzy
Controller

OutPut

Pt

Figure 4. Schematic of hybrid power system with its
components. This figure consists of 4 parts: inputs which
includes power of the wind, sun and Diesel generator, saving
parts which consists of battery, fly wheel and ultra capacitor,
control system and output delivered to loads. Parts of input
energy are given to fuel cell to run it [16]

KP

Fuzzy
Logic
controller

IN(Δf)

Fractional
Block
dµ/dtµ

Fractional
Block
d-λ/dt-λ

KPI

IN1

Out (U(t))

+

4. 1. Hybrid Power System
Due to the increasing
use of fossil fuels and amount of required energy, a
hybrid power system which benefited renewable energies
will become a necessity. In a hybrid power system there
are several energy components. Among them wind and
solar renewable energy depends on weather conditions
and the consuming load may at times exceed the
production values. So the use of energy storage devices
such as batteries, Ultra capacitors and flywheel along
with other equipments at a power grid, seems to be
necessary [16]. The dependence of each of the energies
on seasonal weather and climate conditions and also
using solar and wind energy together which are
connected to a power grid, a decline in one generation
could be compensated by the other. For these reasons,
researchers have been interested in using the hybrid
power system.

Battery Energy
Storage System

+

Fuzzy Output(FO)

4. DESCRIPTION OF HYBRID POWER SYSTEM

Fly Wheel Energy
Storage System

IN 2

KPD

KD

Figure 5. Schematic of the fractional-order fuzzy PID
controller (The red line marks the use of a multiplexer which
acts as a fuzzy switch to select one of the fuzzy inputs. Δf is
input signal)

Degree of Membership

selection is the final result. In PEPSO, with respect to the
original refinery step which is done on primary particles
(intelligence particles) the number of functionless
particles has been decreasing effectively. Therefore the
upper steps in PEPSO algorithm is a kind of competition
and cooperation between better particles called candidate
here. As shown in Figure 3, in fact PSO is a step of
PEPSO algorithm which provides an iteration pass for
more proper particles. The number of search space could
also increased by an increase in number of parties. A
multi-party mechanism (two-party here) enhances
diversity of particles' search pattern to escape from local
minima and increase weak convergence rate of basic
PSO. So a greater chance space is created to find minima.
Fast convergence by escaping from local minima is also
achieved.
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NL

NM

NS

ZR

PS

PM

PL

1

0.5

0
-1

0

Univers of Discourse

1

Figure 6. Membership functions of the fuzzy PID controller

Fuzzy linguistic variables NL, NM, NS, ZR, PS, PM
and PL represent a negative large, negative medium,
negative small, zero, positive small, positive medium and
positive large respectively. The rule base considered for
the fuzzy controller is depicted in Table 1 and the
corresponding membership functions in Figure 6. The
method used to calculate the output of the fuzzy
controller has been chosen center of gravity
defuzzification. Fuzzy system consists of two input
variables and one output variable. In order to balance the
computational complexity and at the same time having a

103

M. Yahyazadeh et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 97-109

high degree of certainty, the number of membership
functions of fuzzy control was elected seven [18]. For a
simple analysis, Triangular membership functions have
been used. Figure 7 shows plot surface of fuzzy controller
for the control parameters.
4. 3. Objective Function and the Controller
Parameters
An integral performance index has
been considered as the objective function for
optimization in Equation (12). The simulation period is
also considered TMax  120 s . At this equation the
weighted sum of squared frequency deviation and the
deviation of controlled signal v from its expected steady
state value vss are used as follows:
J

  q (f )

Tmax

1

2

 q2 (v  vss )

2

 dt .

(12)

0

The first term represents the Integral of Squared Error
(ISE) of grid frequency deviation and the second one is
the Integral of Squared Deviation of Controller Output
for the disturbance rejection task of the controller. The
positive weight coefficients q1 and q2 determines the
relative importance of the first and second term and
considered q1  q2  1 here.
4. 4. Error Signal
For all the cases (generated and
demand powers independent of controller structure and
f , frequency deviation) there is a sudden jumps and

stochastic component superimposed on a base value at
arbitrary instants of time to show a sudden large change
in the power at different time instants (40s and 80s in this
case). So the steady state control signal vss changes after
each switching in the load and generation and shows a
proper performance of the control system. The ideal and
achieved output control signal has been depicted in
Figures 8 and 9, respectively [19]. Figure 8 shows the
ideal signal which expected to be achieved by some
controlled loads that have been given to the system. This
steady state output signal which varies after each
switching on generated power and consumption load is
based on the following equation:

vss (t )  0.81G(t )  0.17G(t  40)  1.12G(t  80)

(13)

G (t ) is a step function. Figure 9 shows the real signal
which has been resulted by the controller. Error has been
resulted by a subtraction between these two signals (ideal
and achieved output by the controller) according to
Equation (14). Figure 10 shows error signal after
minimization by the controller.
E  I o  Ao

(14)

which E , I o , and Ao are error signal, ideal output of the
controller, and achieved output of the controller,
respectively.

Figure 8. Desired output (reference signal). The ideal output
of the controller which should varies by controlled loads that
have been given to hybrid system

Figure 7. Fuzzy controller surface

TABLE 1. Rule base for error, fractional rate of error and FLC
output
u
e (d e

)

NL

NS

NM

ZR

PS

PM

PL

PL

ZR

PS

PM

PL

PL

PL

PL

PM

NS

ZR

PS

PM

PL

PL

PL

PS

NM

NS

ZR

PS

PM

PL

PL

ZR

NL

NM

NS

ZR

PS

PM

PL

NM

NL

NL

NM

NS

ZR

PS

PM

NS

NL

NL

NL

NM

NS

ZR

PS

NL

NL

NL

NL

NL

NM

NS

ZR

dt u

Figure 9. Real output of control signal produced by
controller after optimization
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5. RESULTS AND ALNALYSIS
In this section the application of PEPSO for parameter
estimation of FOPID controller will be evaluated and
corresponding results is presented. To validate the
superior performance of PEPSO, a comparison is done
with a couple of state of art algorithm including GAPSO
[19], Logistic [15], Tent [17] and Basic PSO [17].
Parameters estimation and optimization of a FOPID
controller of a hybrid power system have been used as
the case studies of this research. These parameters
estimation is done for all introduced above algorithm.
The number of parameters decision (dimension in an
optimization problem) is 6. For a fair comparison the
number of initial particles is set to 100 for all algorithm
all algorithm uses a same cost and fitness function. The
compared algorithm has been run for 50 times. For all
algorithm b1  b2  1 and z is linearly decreased from 0.9
to 0.1. Used ranges for FOPID parameter controller of a
hybrid power system have also been tabulated in Table 2.
Basic PSO was introduced by its equations. Logistic
and Tent PSO are as follows:
Logistic chaotic function: This function is described by
Equation (15).  and x0 are equal to 0.4 and 0.2027,
respectively.
xn 1  axn 1  xn  ,

(15)
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Tent chaotic function: This function is described by
Equation (16) and resulted in a chaotic sequence in the
interval  0,1 .
 1

 xn

1  xn

 0.3

xn  0.7

(16)

,
Otherwise

which are replaced in Equation (3). GAPSO algorithm is
similar to Zhang et al. [19]. The objective function is also
described in section (4).
Table 3 briefly compares the performance of different
algorithm in control parameters. As clear from the table,
the best optimum value is obtained by PEPSO. In
addition since the aim of optimization system design is
often to achieve an optimal value in an appropriate time,
PEPSO shows an acceptable and optimum value in less
iteration and time. The corresponding and desired error
of Table 2 is obtained in minimum time by the PEPSO
illustrated in Figure 11. As it is clear from the figure,
PEPSO was achieved to a best optimal solution in all
iterations. Also it was achieved the best solution in initial
iterations, with a large difference in resulted value, than
the others. Therefore, the result showed a better
performance of this algorithm to the optimal value.
From the tabulated results in Table 4, the performance
of PEPSO against the other algorithm could be observed.
As it is clear from the table, PEPSO has the best
performance in normal conditions of hybrid power
system. The next is Logistic, Tent, PSO, and GAPSO.
Equation (17) shows the calculation equation of
performance ratio. In this equation k represents the
algorithm. Performance  Ratiok is the performance
difference percentage of the other algorithms in
comparison with PEPSO.
Performance  Ratiok 

( ISE , ISDCO, J min ) PEPSO  ( ISE , ISDCO, J min ) k
,
( ISE , ISDCO, J min ) PEPSO

k  (GAPSO, LogisticPSO, TentPSO, PSO)

(17)

Figure 10. Output error signal after optimization

TABLE 2. Used ranges of FOPID parameters of the controller
in a hybrid power system
Parameters

Lower bound

Upper bound

KD

0

1

KE

0

1

K PI

0

40

K PD

0

40



0.01

0.99



0.01

0.99

Figure 11. Optimum value achievement for 5 algorithms.
This figure shows that PEPSO has been resulted to an
optimal solution with significant difference than the other
algorithms (GAPSO [19], Logistic [15], Tent [15], and PSO
[16]) in initial iterations and the best solution
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TABLE 3. Comparison of the results for 5 algorithms in the optimal solution and running time
Parameters Lower bound
KD

0

KE

0

Upper bound

Parameters Lower bound

1

K PI

0

1

K PD

0

Upper bound Parameters

Lower bound

Upper bound

40



0.01

0.99

40



0.01

0.99

KE

KD

KPI

KPD

λ

μ

Jmin

Iteration

Running Time

PSO

0.2312

0.0493

8.3117

3.3303

0.1372

-0.9900

3.2856

12

9016.898475

Chaotic PSO (Logistic map)

0.1906

0.1413

40.0000

14.2068

0.0100

-0.9900

3.1284

11

8935.013240

PEPSO

0.1993

0.0032

6.3430

3.2717

0.1762

-0.9713

3.0498

6

6987.518315

Chaotic PSO (Tent map)

0.2352

0.0959

12.0500

5.7828

0.0351

-0.9531

3.1895

11

7884.394049

GA-PSO

0.9023

0.0000

1.5141

0.8001

0.6528

-0.9900

3.3548

21

7018.75095

Algorithm Type

TABLE 4. Performance ratio of GAPSO, Logistic PSO, Tent PSO, PSO versus PEPSO
Algorithm

Performance decrease
of ISE

Performance decrease of
ISDCO

Performance
decrease % of J

ISE

ISDCO

J

PEPSO

1.0195

2.0303

3.0498

-

-

-

GAPSO

1.2390

2.1158

3.3548

-21.5

-4.21

-10.00

Logistic PSO

1.0828

2.0456

3.1284

-5.84

-0.75

-2.58

Tent PSO

1.1039

2.0856

3.1895

-8.28

-2.72

-4.58

PSO

1.0258

2.2598

3.2856

-0.61

-11.30

-7.73

5. 1. Robustness Analysis
In this section, we
studied the parameter estimation of PEPSO and the other
algorithms at the worst state of the hybrid power system.
This is done by disconnecting FESS, BESS, DEG and
check the controller operation. To test the robustness:
1. The corresponding performance error measures by
each algorithm from nominal values against
disconnecting different energy storage component of the
hybrid power system are investigated in Table 5. The
percentage change of ISE, ISDCO, J from its nominal
value is calculated by each algorithm according to
Equation (18). In this equation k represents the opened
i
element
and
represents
the
algorithm.
Performance  decreaseski shows the performance
decrease of each algorithm in opened element states of
the hybrid power system in comparison with normal
conditions.
Performance  Decreaseki 
( ISE , ISDCO, J min ) No min ali  ( ISE , ISDCO, J min ) ki
( ISE , ISDCO, J min ) No min ali

,

(18)

k  ( DEG, FESS , BESS ), i  (GAPSO, LogisticPSO, TentPSO, PSO)

Results represent the best performance with PEPSO.
This also shows a better robustness investigation by
PEPSO in comparison with the other algorithm. The next
rank belongs to Tent for ISE, GAPSO for ISDCO and J.
So from the viewpoint of the best achieved ISE, ISDCO

and J, PEPSO outperforms all other optimization
algorithm.
2. The parameter of the transfer function of the
maximum power storing/producing component should be
modified to consider the worst state. This component is
UC [16]. So a 30 and 50% increase and decrease of the
UC transfer function parameters are given to the system
to test the robustness. Deviation and control signal in
accordance with 30% and 50% variation in parameters of
the UC transfer function are shown in Figures 12 and 13,
respectively. The control signal representations which
have been achieved by using different algorithms in
Figures 12 and 13 show system behavior at the worst.
Comparable results can be seen in Table 6. This table
shows that by a 30% increase in gain and time constant,
PEPSO has the best performance to achieve the minimum
error. This algorithm also shows acceptable performance
by a 50% increase in achieving to ISDCO (Integral of
Squired Deviation of Controller Output) and total
(ISDCO+ISE) error. Optimal performance of the
algorithm by a 50% decrease in gain and time constant in
ISE (Integral of Squired Error) is investigated from the
table. In some cases, in which the other algorithm
including Logistic and Tent PSO has better performance,
the output error achieved by PEPSO is so close to the
other optimization algorithms. Then, it could be deducted
that the best total error reduction refers to PEPSO.
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TABLE 5. Performance of each algorithm in error calculation when a part of the hybrid system (DEG, FESS, BESS) is opened
Algorithm

Performance measure

Performance Decrease

REMOVED
Element

ISE

ISDCO

J

ISE

ISDCO

J

Nominal

1.0195

2.0303

3.0498

-

-

-

DEG

1.1528

2.1052

3.2580

13.07

3.69

6.83

FESS

1.2213

2.2451

3.4664

19.79

10.58

13.66

BESS

1.1498

2.1100

3.2598

12.78

3.92

6.89

Nominal

1.2390

2.1158

3.3548

-

-

-

DEG

1.4989

2.2211

3.7218

20.98

4.97

10.93

FESS

1.6089

2.3485

3.9574

29.85

11.00

17.96

BESS

1.5520

2.1992

3.7512

25.26

3.94

11.81

Nominal

1.0828

2.0456

3.1284

-

-

-

DEG

1.2550

2.2675

3.5225

15.90

10.84

12.59

FESS

1.3509

2.3715

3.6924

24.75

15.93

18.03

BESS

1.2565

2.2783

3.5348

16.01

11.37

12.99

Nominal

1.1039

2.0856

3.1895

-

-

-

DEG

1.2695

2.3589

3.6284

15.00

13.1

13.76

FESS

1.3307

2.4552

3.7859

20.54

17.72

18.70

BESS

1.2915

2.3931

3.6846

16.99

14.74

15.52

Nominal

1.0258

2.2598

3.2856

-

-

-

DEG

1.2633

2.4521

3.7154

23.15

8.51

13.08

FESS

1.3000

2.5112

3.8112

26.73

11.12

16.00

BESS

1.2397

2.4954

3.7351

20.85

10.42

13.68

PEPSO

GAPSO

Logistic PSO

Tent PSO

PSO

TABLE 6. Robustness test against 30 and 50% variations of the transfer function UC parameters for different algorithm -optimal
values is shown by green color
Algorithm

PEPSO

Chaotic PSO (Tent map)

Chaotic PSO (Logistic map)

GA-PSO

Parameter

30% decrease

50% decrease

30% increase

50% increase

ISE

1.5434

3.7594

1.0604

1.0237

ISDCO

50.8295

243.3733

11.2241

23.9957

Total

52.3729

247.1327

12.2845

25.0194

ISE

1.5396

3.7713

1.2024

1.0265

ISDCO

51.7938

243.365

11.3193

24.0153

Total

53.3334

247.1363

12.5217

25.0318

ISE

1.5654

3.8831

1.4056

1.0242

ISDCO

50.868

243.3124

11.6293

24.0210

Total

52.4334

247.1955

13.0349

25.0452

ISE

1.6989

3.7558

1.1153

1.2174

ISDCO

52.0777

246.5943

11.2824

24.1207

Total

53.7766

250.3501

12.3977

25.3381
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Figure 12. (a) Deviation signal generated by 30% increase
in UC transfer function parameters. (b) Control signal
generated by 30% increase in UC transfer function
parameters

6. DISCUSSION
We used PEPSO algorithm in comparison with the other
algorithm including GAPSO, Logistic PSO, Tent PSO,
PSO. This is done to estimate the parameter of a FOPID
controller to test the performance of PEPSO in a realistic
example. Control system output and error are shown in
Figures 8 and 9, respectively in section (4). PEPSO has
achieved the optimal value in less iteration according to
Figure 11. This is due to the refining step before applying
particles to modified PSO algorithm. Robustness analysis
has also been studied in section (5). This is done to show
the best algorithm in parameters estimation of the
controller in worst state. So, we are trying to improve
convergence time by omitting functionless particles. This
is done at a refinery step called President Election. But
there are some challenges for every algorithm to execute.
Giving intelligence to the particles for this algorithm is
one of them. After researches and tests, center of gravity
method had been chosen. But there may be existed
another method for refinery step to improve this
algorithm. Another challenge is President Election

Figure 13. (a) Deviation signal generated by 50% increase
in UC transfer function parameters. (b) Control signal
generated by 50% increase in UC transfer function
parameters

system which is different in every country. For this
problem, the main common principle which exists in
most countries has been selected. But every country
principle could be test as an individual.
7. CONCLUSION
A new algorithm called PEPSO was proposed in this
paper. It is inspired from president election procedure.
After an introduction of how this algorithm works,
performances of a variety of several heuristic algorithms
including PSO, GAPSO, LOGISTIC PSO and TENT
PSO on hybrid power systems, as a practical example,
was discussed and compared with PEPSO. At first basic
PSO was explained and then PEPSO introduced. After
that fractional order fuzzy logic PID controller which was
used as the heart of hybrid system was studied, objective
function is the next part. Results was discussed and
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studied at last. It has been observed that among the
algorithms, PEPSO algorithm had a better convergence
than the others. By using this proposed algorithm, the
iterations significantly reduced which is the main feature
of this algorithm. In this new approach, original refining
particles on the whole population was performed. So by
avoiding functionless particles and using several search
spaces in order not to getting stuck in local minima and a
faster convergence, a better optimal solution was
resulted. To test the robustness, the parameter of the
transfer
function
of
the
maximum
power
storing/producing component was studied. Results in this
part have also shown a better performance of PEPSO
among all used hybrid algorithms in this paper.
Some future works could be done to improve the
algorithm or implementation on controller like using
adaptive fuzzy optimal controller design by referring to
fuzzy adaptive decentralized optimal control for strict
feedback nonlinear large-scale systems, fuzzy adaptive
output feedback optimal control design for strictfeedback nonlinear systems, and the other similar
approaches. So, combining the other algorithms such as
genetic with this proposed approach in optimization
problem of the hybrid power systems is the testable that
can be conducive for further improvements.
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Persian Abstract
چکیده
بهینه سازی ازدحام ذرات از زمان پیدایش یک الگوریتم متداول محبوب و رایج بوده است .با این حال ،برخی از مشکالت مانند همگرایی زودرس ،توانایی کاوش ضعیف و
تعداد تکرار زیاد با ماهیت این الگوریتم همراه بوده است .بنابراین ،در این مقاله طبقهبندی جدیدی برای ذرات پیشنهاد میگردد تا با روشی بهتر بتوان آنها را سازماندهی نمود.
روش جدید که از انتخابات رئیس جمهوری الهام گرفته شده است ،بهینهسازی ازدحام ذرات انتخابات رئیس جمهور ( )PEPSOنامیده میشود .این الگوریتم سعی دارد ذرات
مفید را انتخاب کرده و در مراحل اولیه الگوریتم ،ذرات بدون عملکرد را حذف نماید و عالوه بر این ،اثرات تمام ذرات تولید شده را برای دستیابی به یک همگرایی سریع در
نظر میگیرد .برخی مقدمات نیز برای رهایی از همگرایی زودرس انجام میشود .بمنظور اعتبارسنجی کاربرد بهینهسازی ازدحام ذرات پیشنهادی ،برای یافتن پارامترهای کنترل
کننده برای یک سیستم قدرت ترکیبی ،نتایج با الگوریتمهای دیگر شامل  Tent PSO ،Logistic PSO ،GAPSOو  PSOمقایسه میشود .نتایج نشان میدهند که
 PEPSOحتی در بدترین شرایط در یافتن پارامترهای کنترلکننده واکنش و دقت بهتری دارد.
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1. INTRODUCTION1
Oscillators are one of the important blocks in many
applications such as RF electronics and digital systems.
Since the oscillators have a non-linear behavior, it is very
hard to model and analyze them. One of the most
important parameters in oscillators is phase noise. The
noise injected into the circuit by active and passive
elements can show itself as a phase (frequency)
perturbation in the desired signal which is called phase
noise (or Jitter). Phase noise is one of the key parameters
to determine the spectral purity of a signal generated by
an oscillator. Depicted in Figure 1(a), single sideband
(SSB) phase noise is defined as the ratio of the spectral
power density measured at an offset frequency from the
carrier (in 1Hz bandwidth) to the total power of the
carrier signal and is stated as dBc/Hz. New
communication circuits need low phase noise oscillators
to satisfy the strict requirement of the modern
communication standards. Among different type of
oscillators [1], LC-VCOs attract many attentions due to
*Corresponding Author
(H. Firouzkouhi)

Email:

their superior phase noise performance, reliable startup
and ability for integration above standard CMOS
technologies.
So far, several models for the prediction of phase
noise were presented. Among these models, the most
well-known phase noise model is Leeson’s equation [2]
in which the noise behavior of an oscillator is assumed
linear-time-invariant (LTI). As reported in [2, 3] the
verified Leeson’s phase noise equation at offset
frequency  from the oscillation frequency 0, is
expressed as Equation (1).
2
 2 FkT 
0    1/ f 3
L{}  10  log 
  1 
   1 

 2QL    
 Ps

 
 
 

(1)

in which k, T, Ps and QL are Boltzmann constant, absolute
temperature, signal power and quality factor of the
inductor respectively. 1/ f is also the corner frequency
3

and F denotes an experimental noise factor parameter.
According to Figure 1(b) and (1), the plot can be divided
into three regions. First region where    / 2Q has a
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Figure 1. (a) Output spectrum of a practical oscillator and
(b) different regions of phase noise vs frequency offset

flat profile and is dominated by the thermal noise. In
regions two and three (    / 2Q ) the white thermal
noise and flicker noise make the phase noise with the
slope of 1/  2 and 1/ 3 , respectively [4].
Alper Demir’s model is one of the complex and
accurate phase noise model (but almost without enough
circuit intuition) [5]. In addition, the Demir’s model can
predict cyclostationary noise and also can present a fast
simulation CADs [4].
As explained By Hajimiri et al. [3], in their phase
noise model introduces a general theory of the phase
noise for different kind of voltage-controlled oscillators
(VCO) [4]. This model has a lower complexity with
enough circuit intuition and can explain up and down
conversion of noise in the close frequencies to the carrier.
Another advantage of this model is that it introduces
impulse-sensitivity-function (ISF) concept to consider
the linear-time-variance (LTV) and cyclostationary
behavior of noise in oscillators. The ISF is calculated by
injecting an impulse current as the noise source of the
device and measuring the phase shift (zero crossing) at
the output voltage of the oscillator [6].
One of the oscillators which has the best performance
in terms of phase noise amongst all CMOS VCOs is
cross-connected LC-tank oscillator depicted in Figure 2
[3]. Figures 2(a) and 2(b) show two possible
configurations of a cross-connected oscillator, i.e.
without and with tail current source [7]. Using tail
transistor is one of the ideas in the design of the crosscoupled LC-tank VCOs which was ignored in past
decades. Later, it was considered more in [6, 8, 9] and
discovered that it plays a prominent role in phase noise
of the LC-tank VCO.

(b)
b)
Figure 2. LC-tank oscillator (a) without current source and
(b) with tail current source

VOUT  

4



 ( Rt I b )

(2)

While eliminating tail transistor in Figure 2(a) results in
higher voltage headroom, using tail transistor in Figure
2(b) is preferred due to several reasons: first it creates a
high impedance in series to the cross-connected
switching transistors, reduces the loading of LC resonator
and prohibits tank quality factor degradation [9]. Second,
it defines the bias current Ib of the cross-connected pair
and the output voltage of the oscillator as Equation (2)
that results in more controllable and robust design against
supply variations [6, 7, 10]. (Rt is loss of the LC-tank and
Ib is the tail bias current.)
On the other hand, tail transistor can impose extra
noise to the VCO and degrade the phase noise. Since the
tail node (x) is a common mode node, the even harmonics
especially second harmonic are usually dominant in that
node. The switching cross-coupled pair, which acts as a
single-balance mixer, up/down converts low frequency
noise into two correlated sidebands around the
fundamental frequency. It should be noted that the lowfrequency noise in tail current source does not affect the
phase noise directly. In fact, noise frequencies around the
second harmonic is down converted close to the
oscillation frequency [7, 10, 11]. It should be considered
that because the level of the third and higher order
harmonics is low and can be filtered by the LC-tank
resonator, so the effect of the second order harmonic is
dominant and significant in phase noise [6].
Filtering technique is one of the best options for
eliminating the unwanted (second) harmonics caused by

112

E. Ebrahimi et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 110-119

tail transistor and improving the phase noise of the
oscillators [7]. Therefore, several techniques for
attenuating the second harmonic in LC-tank oscillators
have been proposed [7–9, 12–14], but the preferred
technique is usually putting a capacitor in parallel to the
tail transistor to bypass the second harmonic noise to
ground. The tail capacitor acts as follows: (a) it attenuates
the high-frequency noise components at tail node x, (b)
prevents the up-conversion of the low-frequency noise of
tail transistor into phase noise [9], and (c) reduces voltage
variation at tail node and decreases the channel length
modulation [9].
While using tail in Figure 2(b) produces a high
impedance path, big shunt capacitor (CT) bypasses it and
results in loading the LC tank with lower impedance. In
other words, LC tank is loaded through switching
transistors by a low impedance and its quality factor is
degraded. So, although a shunt capacitor to the tail node
results in lower harmonic distortion in the output of the
oscillator, it may degrade the quality factor of the LCtank and accordingly the phase noise caused by switching
transistors [6, 9]. In next section, we will conclude that
the effect of harmonics filtering by CT is more dominant
than degradation of the quality factor on the phase
noise.
It is worth mentioning as reported in literature [6, 9]
the effect of capacitive noise filtering on phase noise is
only investigated by simulation but no analysis is
presented. Further, Andreani et al. [15] used a closedform symbolic formula for phase noise of crossconnected oscillators in the case of negligible CT is
obtained by using phase noise relation in (3) which was
introduced by Hajimiri [6] and others [15].
L{}  10  log10 (

capacitance on oscillator phase noise. It was explained
that the tail capacitance bypasses the second harmonics
of tail node, produces a doublet around each zerocrossing, results in up-conversion of flicker noise of
cross-connected transistors and also shunts the noise of
tail transistor (at 20 ) to ground.
On the other hand, along with different phase noise
analyses, several researches were also devoted to the
phase noise reduction of LC oscillators and different
techniques have been introduced in literature. Since zero
crossing points are strongly vulnerable to the noise, in
literature [17] a phase noise reduction technique is
presented by pushing high closed-loop gain to the nonzero-crossing points of the outputs. In order to reduce the
close-in phase noise caused by the flicker noise of tail
transistor, a resistive feedback is used in literature [18]
and the flicker noise of the tail transistor has been
suppressed. However, such a diode-connected tail
transistor reduces the output impedance of tail and may
degrade the quality factor of the tank. Current-switching
as well as capacitive-degeneration techniques are utilized
simultaneously to reduce the flicker and thermal noise of
tail and cross-connected transistors [19].
In this paper the effect of different values of tail
capacitor on total phase noise is analytically studied and
compared with simulation results. The rest of the paper is
organized as follows: the phase noise analysis in a crossconnected VCO for three scenarios of CT are described in
Section 2 and a closed-formula for each ISF is presented.
Section 3 compares simulation results with numerical
values obtained by derivations. Finally, conclusions are
given in Section 4.

2

 2 rms  in / f
)
2  q 2 max   2

(3)

2. PHASE NOISE ANALYSIS FOR SMALL, MEDIUM
AND LARGE VALUES OF TAIL CAPACITANCES

2

where in / f and rms represent the power spectral
density of the current noise source and the root-meansquare of the ISF respectively. The maximum charge at
output capacitor is denoted by qmax. By neglecting CT (i.e.
very small tail capacitances), a phase noise closedformula obtained from literature [6, 15] as follows:
L( )  10  log[

k BT
 [ ]
 (  1 
 g m Rt )]
N 2C 2 A2  2 Rt
N

(4)

in which KB, gm, A and C are, respectively, the Boltzmann
constant, the transconductance of each transistor, the
amplitude of output voltage and total capacitance of LC
tank. [] represents the tail current phase noise
coefficient [16], N=1 for single-ended and N=2 for
differential oscillators. Apparently, CT and its effect are
not presented in (4).
Recently, Razavi [16] has been presented an intuitive
but very instructive discussion for the effect of tail

In the LC-tank oscillator shown in Figure 3(a), the
differential cross-connected transistors make a negative
transconductance that can eliminate the loss of the LC
tank [6, 8, 9]. For an LC-tank oscillator with arbitrary
phase of sinusoidal output, the output voltage can be
described by Equation (5):
VOUT  ( )  ATANK  sin( )
VOUT  ( )   ATANK  sin( )

(5)

Denoting DC bias current of tail transistor by 2IB, the
current of M1 and M2, and the total current of them can
be written as Equations (6), (7) and (8), respectively.
I1 ( ) 
I 2 ( ) 


2



( ATANK  sin( )  VS ( )) 2

( ATANK  sin( )  VS ( )) 2
2
2 I B  I1 ( )  I 2 ( )

(6)
(7)
(8)
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The ISF of tank resistance Rt at nodes VOUT+ and VOUT(denoted by Rt,+, Rt,-) is independent of tail capacitance
and has been derived Andreani and Wang [20] as
Equation (13).
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Figure 3. (a) Cross-connected LC-tank oscillator with CT,
and (b) ideal current of transistor versus 𝜑

where   Cox w , and VS ( ) is given by Equation (9).
l

VS ( ) 

2I B



 A2 Tan k sin 2 ( )

IB
  A2TANK

,

 Rt ,  ( )  

cos( )
N

(13)



t


(14)

where  is the time constant of tail node x (=CT/gm1,2).
The charge variation (Qd) of node x can be calculated
by Equation (15).


t

Qd  Q  QCT  Q(1  e  )

(15)

So, the factor  is obtained as follows:
(9)

The current of each cross-connected transistor (i.e. I1 and
I2) is depicted in Figure 3(b) for one period in which 2
is the conduction angle. By substituting Equation (9) into
Equation (7) and setting the equation to zero, the half
conduction angle  is obtained as Equation (10).
  arcsin

cos( )
N

2.1. Derivation of ISF When CT Is Medium
In
prior works, the ISF of oscillator has been calculated with
the assumption of negligible CT. In the case of nonnegligible CT, the charge of CT cannot be discharged
completely during each period. In order to model it, we
define a factor  as the ratio of discharged Qd to the total
charge Q of CT. The amount of charge for CT during a
period (while discharging through transistors M1,2) is
obtained by Equation (14).

Tail

I1 , I2

113

(10)

Considering (6), (7) and (9), the transconductance of M1
and M2 can be given by Equations (11) and (12).
g m1 ( )   A(sin( )  2sin 2 ( )  sin 2 ( ))

(11)

g m 2 ( )   A(  sin( )  2sin 2 ()  sin 2 ( ))

(12)

According to Figure 3(b) the cross-connected
transistors operate in four different zones during each
period. Due to switching of M1 and M2 the current of each
transistor is usually supposed as a square waveform
shown in Figure 3(b) (though the LC tank operates as a
narrowband filter and generates sinusoidal output
voltages). As discussed earlier, in order to reduce the
noise of tail transistor, a capacitor CT is placed between
node x and ground. In this section, we will discuss about
the effect of tail capacitive filtering by derivation of the
ISF for three scenarios of CT, i.e. very small, medium and
big CT.



t

Qd
 (1  e  )
Q

(16)

2. 1. 1. Calculation of ids
2. 1. 1. 1. Zone 2 (        )
In this zone M1
is on and M2 is off. As shown in Figure 4(a), applying

ids2 1, n as an impulse current of area Q charges C1 and CT
by Q and Q , respectively. If we assume that CT is
not so small, the time constant of node x is comparable
with period of oscillation and as a result CT is not fully
discharged as shown in Figure 4(a). If only Qd   .Q
is transferred from CT to C1 in each period, the final
charge of C1 and voltage variation at output node are as
Equations (17) and (18), respectively.
Q1  Q   .Q  (1   )Q

(17)

V1  (1   )V

(18)

Also, the charge and voltage variation of CT (i.e. tail
node) can be express as Equations (19) and (20),
respectively.
QT  (1   )Q

(19)

VT  (  1)VT

(20)

whrere,
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C1
V1
CT

(21)

As seen in Equations (20) and (21), contrary to the case
with negligible CT, in this case the voltage of CT is nonzero and can affect tank voltage through M1 (as a
common-gate configuration with gain ACG). Since the
voltage at CT is amplified by ACG=gm1Rt, the total voltage
change at output node is obtained as Equation (22).
V1  V1  ACG ,1  VT

(22)

By substituting Equations (18), (20) and (21) into
Equation (22), we have:
V1  (1   )V  ACG ,1 (  1) 
 V1  (1  g m1 .RT

C1
V
CT

 Rt 

co s( )
N

and thus

according Equation (23) in this zone ids,1 can be
obtained as Equation (24).
ids1  (1  g m1 Rt

C1
)(1   ) Rt
CT

(24)

2. 1. 1. 2. Zones 1 and 3 (      ,          )
Since M1 and M2 are simultaneously on in this zones, the
charge of  .Q this time is passed from CT through
both of the transistors to capacitors C1 and C2, as depicted
in Figure 4(b). The final charge and voltage variation of
C1 are obtained by Equations (25) and (26), respectively.
Q1  Q 

V1 

g m1
g  (1   ) g m1
 Q  m 2
Q
g m1  g m 2
g m1  g m 2

g m 2  (1   ) g m1
V
g m1  g m 2



V2 

V1  [( g m1  g m 2 )(  1) RT

(26)

(31)

(1   )  g m 2  (1   )  g m1
]V
g m1  g m 2



Finally, one can obtain ids1 as Equation (32).
ids 1 ( )  [( g m1  g m 2 )(  1) RT

C1

CT

(32)

(1   )  g m 2  (1   )  g m1
]   Rt
g m1  g m 2



2. 1. 1. 3. Zone 4 (       2   )
Apparently,
in this zone M1 is off and does not contribute to the phase
noise of output voltage. So, we have: ids1()=0.
Accordingly, the impulse sensitivity function of M1
during a period is summarized as follows:
C1

[( g m1  g m 2 )(  1) RT C 
    
T

 (1   )  g m 2  (1   )  g m1
]   Rt ( )

g m1  g m 2


C

(1  g m1 Rt 1 )(1   ) Rt
CT
    

ids ( )  
[( g  g )(  1) R C1 
m2
T
 m1
CT
      

(1


)

g

(1
  )  g m1

m2
]


(

)
Rt

g m1  g m 2



0
      2  


(33)

It is worth mentioning that the channel current noise of
M1 and M2 is a cyclostationary noise and can be written
as Equation (34).

VDD

VDD

R1

(27)

  g m 2
V
g m1  g m 2
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Again, considering the effect of none-zero voltage of CT
on C1 and C2 and fully correlation of V1 with V2 [15],
total voltage change at C1 (i.e. V1) is expressed by
Equation (29).
 V2  ACG ,2 (1   )VT

C1

CT

(25)

  g m1
Q
g m1  g m 2

V1  V1  ACG ,1 (1   )  VT 

(30)

  gm2
C
V  ( g m 2 .RT 1 )(  1)V
g m1  g m 2
CT

Simplifying Equation (30), Equation (31) is obtained.

Also, the final charge and voltage variation of C2 are
given as follows:
Q2 

g m 2  (1   ) g m1
C
V  ( g m1.RT 1 )(  1)V 
g m1  g m 2
CT

(23)

C1
)  (1   )V
CT

As known from [16], V results in

V1 

VDD

VDD
L1

Rt

L1

C2

M2

M1

VT

(29)

Vb
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Rt
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 .Q1
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By replacing Equation (21), (26) and (28) in Equation
(29) we have Equation (30).

Figure 4. ISF derivation when CT is not small, (a) only M1 is
on and (b) both transistors are on
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in2 (t )  in2   (t ) ,

L1

Rt

where i is a stationary term and  (t ) is the noise
modulation factor (NMF) which can be derived easily
from noise characteristic relation [3]. According to
Andreani et al. [15] and using gm1() in Equation (11),
the channel thermal noise of M1 can be written as (35).
Comparing Equation (35) with Equation (34), the NMF
is easily obtained as Equation (36).
2
n

in 2 (t )  4 KT  g m1 ( ) 

(36)

Based on Hajimiri’s theorem, in the case of
cyclostationary noise, effective root mean square (RMS)
of ISF (i.e. ids,eff) should be calculated from Equation
(33). Since the integral equation of ids,eff has no algebraic
closed-form expression, the closed-form symbolic
formulas for RMS value of Equation (33) is not presented
here. Instead, using numerical methods the numerical
values of ids,eff for required  are presented in the next
section.
As depicted
2
n , tail

charges CT

with charge area of Q . It should be noted that impulse
current only passes through CT and does not charge C1,2.
2. 1. 2. 1. Zones 1 and 3
In these zones both of the
transistors are on and   Q from CT is discharged
through M1 and M2 to the output capacitors (C1, C2) that
results in charge variation of Q1 and Q2 respectively.
As similar to previous section one can calculate the
charge and voltage variation at outputs (C1,2) by Equation
(37) to Equation (40).
g m1
Q1 
 Q
g m1  g m 2

(37)

gm2
 Q
g m1  g m 2

(38)

Q2 

V1 

g m1
 V
g m1  g m 2

(39)

V2 

gm2
 V
g m1  g m 2

(40)

Once again, considering the correlation between outputs
and effect of residual charge of CT, the total voltage
variation due to in2,tail at capacitor C1 can be written as:
V1  V1  ACG ,1 (1   )VT  V2 
 ACG ,2 (1   )VT

L1

0V

C2

M2

M1
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Rt
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Figure 5. Circuit for calculating ISF of tail noise when CT is
not small in zones 1 and 3

Using Equations (39), (40) and (21), Equation(41) is
rewritten as follows:

 (t )  (sin( )  2sin 2 ()  sin 2 ( ))

in Figure 5, the impulse current noise of i

VDD

(35)

 4 KT  Atan k  (sin( )  2sin 2 ()  sin 2 ( ))

2. 1. 2. Derivation of Tail ISF ( Tail )

VDD

VDD

(34)
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(41)

V1 

g m1
C
 V  g m1 RT 1 (1   )V 
g m1  g m 2
CT


g m 2  V
C
 g m 2 RT 1 (1   )V
g m1  g m 2
CT

(42)

As a result, the impulse sensitivity function of tail can be
derived as follow:
Tail ( )  ( g m1  g m 2 )[



g m1  g m 2
 RT

C1
(1   )]   Rt ( )
CT

(43)

2. 1. 2. 2. Zone 2
In this zone M1 is on and M2 is
off and similar to previous section   Q from CT is
discharged to C1 and total voltage change of output
voltage can be express as bellow.
V1  V1  ACG ,1 (1   )VT
 [  g m1 Rt (1   )

C1
]V
CT

(44)

So, the ISF of tail in this zone is given by Equation (45).
Tail ( )  [  g m1 Rt (1   )

C1
]   Rt ( )
CT

(45)

2. 1. 2. 3. Zone 4
In this zone M2 is on and M1 is
off, charge   Q is transferred to C2 and results in
  V . Considering the residual charge on CT, total
voltage
variation
at
C2
is
given
by
C1
.
Again,
with
regard
to
the
fully
V2  [  g m 2 Rt (1   ) ]V
CT

correlation of differential outputs, V1  V2 and
accordingly ISF is obtained. So, the ISF of the tail in a
period is given by Equation (46):
C1
     


( g m1  g m 2 )[ g  g  RT C (1   )]   Rt ( )

m
1
m
2
T



C
    
[  g m1 Rt (1   ) 1 ]   Rt ( )


CT


Tail ( )  

C1
     
( g  g )[ 
R
(1   )]   Rt ( )
 m1 m 2 g m1  g m 2 T CT



C1
      2   

[  g m 2 Rt (1   ) ]   Rt ( )


CT



(46)
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2. 2. ISF Calculation When CT Is Big
In the case
of big CT, we can replace   0 in Equation (33) and
Equation (46). Thus, the impulse sensitivity functions of
cross-connected and tail transistors are simply derived as
Equations (47) and (48), respectively.
C1
    

[1  ( g m1  g m 2 ) Rt C ]   Rt ( )
T


C
   
(1  g m1 Rt 1 ) Rt

CT
ids ( )  

C
    
[1  ( g m1  g m 2 ) Rt 1 ]   Rt ( )

CT

0
      2  


C1
    

( g m1  g m 2 )[ Rt C ]   Rt ( )
T


C
   
[ g m1 Rt 1 ]   Rt ( )

CT

Tail ( )  
( g  g )[ R C1 ]   ( )         
m2
t
Rt
 m1
CT

C1
      2  

 [ g m1 Rt C ]   Rt ( )

T

(47)

3. 1. Case 1: Non-negligible (Medium) CT
As
mentioned before, the noise of cross-connected
transistors is cyclostationary and RMS value of each ISF
should be calculated by 2rms  1  2 ( )d . Since, for a
T

(48)

2. 3. ISF Calculation When CT Is Small
Although
the impulse sensitivity function of cross-connected and
tail transistors has been derived for very small values of
CT in prior works [6, 15], just for the purpose of double
checking the derivations obtained in this paper, one can
substitute   1 in Equations (33) and (46) and obtain
Equations (49) and (50); those are exactly identical to
equations obtained by Andreani et al. [15].
    
 2 gm2
 g  g   Rt ( )
m
1
m
2


0
    
ids ( )  
 2 g m 2   ( )         
Rt
 g m1  g m 2

0
      2  

    
 g m1  g m 2

 g  g   Rt ( )

m
1
m
2



 Rt ( )
       
Tail ( )  

 g m1  g m 2   ( )          
Rt
 g m1  g m 2



 Rt ( )
      2   


circuit parameters shown in Table 1 in a standard 0.18µm
CMOS technology. Simulation results show that this
oscillator has an oscillation frequency of 5.2 GHz and the
power consumption is 8.87 mW. The output voltages are
also depicted in Figure 6. In this circuit the switching
angle is obtained  = 50°.
In continue, the simulated and analytical phase noise
of the VCO for different values of tail capacitances are
presented and the effect of different values of CT on phase
noise is discussed.

(49)

(50)

Comparing ISF obtained for non-small and small CT from
literature [6, 15] reveals that the tail capacitance can
reduce phase noise contribution of tail transistor while it
adds some terms to ids and may increase phase noise
contribution of cross-connected transistors. However,
more investigation is presented by numerical values of
phase noise for different tail capacitance in Section 3.

given Φ, the integrals have no closed-form expression,
their numerical values for different Φ are illustrated. Figs
2
7(a) and (b) show  ids  eff  RMS and  2Tail  RMS for different
values of  in the case of CT=100 fF.
To calculate total phase noise of the circuit by (3), the
values of effective ISFs at desired Φ are obtained from
Figures 7(a) and (b). The calculated phase noise versus
offset frequency for three different tail capacitances and
 is shown in Figure 8.
According to Figure 8, in the case of non-negligible
tail capacitance, increasing CT results in phase noise
reduction. Also, it indicates that for a given tail
capacitance, lower time constant at node x (i.e. higher )
is led to better phase noise.
TABLE 1. Circuit parameters for VCO
Parameter

Value

Mtail

16 μm/0.18 μm

M1,2

26.8 μm/0.18 μm

L1=L2

1 nH

Rt

6

C1=C2

0.837 pf

VDD

1.8 V

Vb

1V

2.5

2

Voltage [V]

116

1.5

1

VSeries
OUT+
2

3. NUMERICAL AND SIMULATION RESULTS

VSeries
OUT-

0.5

1
0

For more investigation, an LC-tank cross-connected
oscillator has been designed and simulated with the

0

0.2

0.4

Time [ns]

0.6

0.8

1
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Figure 6. Output waveforms

(a)

(a)

(b)
Figure 7. (a) 

2

ids  eff  RMS

and (b) 

2
Tail  RMS

vs  (radians)

(b)
Figure 9. Effective ISF of (a) the cross-connected current
and (b) tail transistors vs  (radian) for CT=1pF

for CT=100 fF

Phase noise (dBc/Hz)

According to Figure 11, a bigger tail capacitance is
led to a lower phase noise, though for very large CT
increase of CT has a negligible effect on the phase noise.
Therefore, for each VCO, there is an optimum value of
CT in which the tail transistor has lowest contribution to
the total phase noise. For example, as shown in Figure 11
the optimum value for CT is 10 pF and by increasing CT
the phase noise cannot be decreased anymore.
Offset frequency (Hz)

for different values of  and CT=1pF are shown

in Figures 9(a) and 9(b), respectively. As expected, the
effective ISF of cross-connected transistors (i.e. their
noise contribution) in Figure 9 is increased (deteriorated)
by increasing . In contradict with Figure 7(b), effective
tail ISF for big tail capacitances is decreased by
increasing .
Using Equation (3), total phase noise of the VCO for
CT=1pF and   50 was calculated using MATLAB
software and shown in Figure 10. The simulated phase
noise of the oscillator (by ADS) is also depicted in Figure
10 that shows a good agreement with the numerical
results.
2
Tail  RMS

Offset frequency (Hz)

Figure 10. Simulated and calculated Phase noise for CT=1pF

Phase noise (dBc/Hz)

3. 2. Case 2: CT Is Big
In the case of big tail
capacitances, the time constant of the tail node is bigger
than the period of oscillation and =0. Using Equations
2
(39) and (40), numerical values of  ids  eff  RMS and

Phase noise (dBc/Hz)

Figure 8. Calculated phase noise for different values of CT
and  when CT is not negligible.

Offset frequency (Hz)

Figure 11. Calculated phase noise for different big tail
capacitances
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4. CONCLUSION
This paper presented an analytical study of the impact of
capacitive filtering on the phase noise in an LC-tank
oscillator. Considering the three scenarios for value of CT
the ISF of each transistor has been calculated and the
effect of tail capacitance has been discussed. According
to the analysis, tail transistor dramatically deteriorates
total phase noise and the use of a parallel capacitance can
effectively reduce the noise contribution of the tail. It is
worth mentioning; the analysis also shows that the time
constant of the tail node (x) has a very important role in
the amount of noise rejection. While bigger tail
capacitance is led to a more noise rejection of tail
transistor, it creates a low impedance path and
deteriorates the quality factor of LC tank. So, the phase
noise caused by cross-connected transistors may be
increased. Although the ISF of transistors is usually
degraded by increasing conduction angle, our analysis
reveals, in the case of large CT, tail ISF is improved by
increasing conduction angle.
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Persian Abstract
چکیده
این مقاله تأثیر خازن دنباله را روی نویز فاز اسیالتورهای کنترلشده با ولتاژ ( )LC-VCOتحلیل میکند .در ابتدا روابط عددی نویز فاز به ازای مقادیر مختلف خازن دنباله
( )CTاستنتاج شده است و سپس بهمنظور تائید آن ،شبیهسازی و نتایج عددی باهم مقایسه شدهاند .برای سادهسازی روابط سه حالت کوچک ،متوسط و بزرگ برای خازن دنباله
در نظر گرفته شده است .در یک مطالعه موردی یک اسیالتور کنترلشده با ولتاژ در فناوری  180نانومتر  CMOSطراحی و نتایج عددی برای مقادیر مختلف خازن دنباله
ارائهشده است .در این مقاله تحلیلهای عددی نشان میدهد که برای ( CT =200fFمقدار متوسط خازن دنباله) و ( CT =10pFمقدار بزرگ خازن دنباله) ،مقدار نویز فاز در
آفست فرکانسی  1مگاهرتز از فرکانس مرکزی  5/2گیگاهرتز به ترتیب برابر  -96 dBc/Hzو  -118 dBc/Hzاست .بر طبق نتایج شبیهسازی و تحلیلهای عددی ،مقدار تابع
حساسیت ضربه ( )ISFبا افزایش خازن دنباله بهبود مییابد .مقادیر عددی همچنین نشان میدهد که افزایش بیشازحد خازن دنباله هیچ تأثیری روی نویز فاز ندارد .درحالیکه
انتخاب خازن بزرگتر میتواند بهطور مؤثر ی نویز فاز کل را با حذف نویز ترانزیستور دنباله کاهش دهد اما تأثیر مسیر امپدانس پایین ایجادشده توسط خازن دنباله نیز میتواند
نویز فاز را با کاهش ضریب کیفیت تانک خروجی کاهش دهد.
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A B S T R A C T
Multi-area economic load dispatch (MAELD) decides the measure of power that can be fiscally
generated in one area and transfered to another area. The goal of MAELD is to determine the most
prudent production arrangement that could deliver the nearby power requirement without violating tieline limits. This study presents a new swarm algorithm called as squirrel search optimization (SSO) to
solve the MAELD problems. The impacts of transmission losses, prohibited operating zones, valve point
loading and multi-fuel alternatives are additionally contemplated. SSO impersonates the searching
conduct of flying squirrels which depends on the dynamic bouncing and skimming procedures. To
demonstrate the potency of the suggested approach, it is examined on three different test systems for
solving the MAELD problems. Comparative examinations are performed to analyze the adequacy of the
suggested SSO approach with exchange market algorithm and different strategies revealed in the
literature. The experimental results show that the proposed SSO approach is equipped for acquiring
preferred quality solutions over the other existing strategies.
doi: 10.5829/ije.2021.34.01a.14

NOMENCLATURE
a ij , bij , cij

Cost coefficients of generator j in area i

nz, ng

eij, fij
Fij(Pij)
nf
Mi
m

Cost coefficients of the VPL effect of generator j in area i
Fuel cost of the generator j in area i
Number of fuel alternatives
Number of participated generators in area i
Index of prohibited zone

PDi
Pdp
Pij
Pi j,min, P ij,max
T iz

1. INTRODUCTION1
Multi-area economic load dispatch (MAELD) is a
portion of economic load dispatch (ELD) which
concentrates on critical issues about energy management
of the modern power systems. In reality, MAELD
characterizes the amount of power which can be
monetarily delivered in one area and transferred to
another. The principle objective of MAELD is to
determine the most conservative power generation
strategy which could stream the nearby power demands
with no abusing tie-line limit limitations. As of late,
MAELD is considered as a new part of ELD issues which

Total number of POZs and generating units
respectively
Power demand in area i
predator presence probability
Real power generation of generator j in area i
Minimum and maximum generation j in area i
Tie line power stream from area i to area z

are profoundly encouraging for utilizing in the power
grids.
In recent years, swarm intelligence algorithms have
been broadly used to solve the MAELD problem.
Jayabarathi et al. [1] proposed a proficient technique for
multi-area economic dispatch problems using
evolutionary programming (EP) approach. The
performance of the various evolutionary algorithms, for
example as real-coded genetic algorithm (RCGA),
particle swarm optimization (PSO), differential evolution
(DE) and covariance matrix adapted evolution strategy
(CMAES) on MAELD problems with Karush–Kuhn–
Tucker optimality confirmations were examined by
Manoharan et al. [2]. The simulation results revealed that
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the CMAES algorithm offers preferred outcomes over
different algorithms considered. Sharma et al. [3]
investigated and analyzed the performance of different
DE strategies enhanced with time-varying mutation to
solve the reserve constrained MAELD problem.
Somasundaram and Jothi Swaroopan [4] introduced
another computationally efficient fuzzified particle
swarm optimization algorithm for solving the securityconstrained MAELD of an interconnected power system.
Basu proposed artificial bee colony (ABC) optimization
[5], teaching learning-based optimization (TLBO) [6]
and fast convergence evolutionary programming [7] for
solving MAELD problem with tie-line constraints,
transmission losses, multiple fuels and valve point
effects. Nguyen et al. [8] developed hybrid cuckoo search
algorithm to solve the MAELD problem. Ghasemi et al.
[9] presented hybrid DE-PSO technique for addressing
the MAELD, reserve constrained MAELD and reserve
constrained multi area ecological/economic dispatch
issues. Zhang et al. [10] introduced an improved
grasshopper optimization algorithm to take care of the
MAELD issue. The suggested approach considered the
tie-line constraints including transmission losses, POZ,
MFO and VPL impacts, and validated with different
meta-heuristics.
A new model was proposed to examine impacts of
uncertainties associated to component failures, load
demand and wind power on the generation scheduling
[11]. A dynamic optimization approach for optimal
choice of energy carriers in thermal power plants was
developed to analyse the substitution of energy carriers
in short-term planning of a power plant [12]. A hybrid
PSO and genetic operators was used for Pareto based
optimization of solar systems [13].
Recently, a new nature-inspired algorithm named red
deer algorithm (RDA) which mimicked the behaviour of
Scottish red deer was developed [14]. Furthermore, the
parameters and operators of RDA were made adaptive to
improve the performance of this optimizer [15]. The
effectiveness of improved RDA was proved on some
benchmarked functions and design optimization of
brushless motor. Fathollahi-Fard et al. developed a new
single-solution algorithm called social engineering
optimizer (SEO) which inspired the social engineering
phenomena [16]. An improved SEO was developed to
solve a truck scheduling problem in a cross-docking
system [17]. A multi-objective SEO was applied to solve
the HHC routing and scheduling problem [18] and an
integrated water supply and wastewater collection
network design problem [19].
From the review of the literature, many studies have
neglected MFO, VPL and the intertemporal constraints.
The MAELD problem with MFO and VPL effects
becomes highly non-convex and challenging. It is vital to
apply more effective heuristic approach to overcome the
curse of dimension and improve the solution accuracy.

121

To fill the research gap, a new approach, squirrel search
optimization is employed for solving the highly nonconvex MAELD problems with several operating
constraints. The SSO algorithm proposed by Mohit Jain
et al. [20] models the foraging activities of squirrel
individuals.
The primary contributions of this paper can be
summarized hereunder:
1. This paper models a more realistic formulation of the
MAELD problem by considering all actual
constraints and nonlinear characteristic of
generating units including ramp rate limits, POZ,
MFO and VPL impacts.
2. The envisaged research work considers different
kinds of MAELD problems.
3. To demonstrate the supremacy of the suggested SSO
approach, it has been examined on 2-area, 3-area and
4-area power systems, and compared with the stateof-the-art approaches surfaced in the literature.
2. PROBLEM FORMULATION OF MAELD PROBLEM
The goal of MAELD is to endeavor the optimal set of
generation values in every zone just as shifting power
between various zones so as to minimize the objective
function subject to various imperatives.
The quadratic cost function of submitted generation
units in all zones can be detailed as follows:
𝑛

𝑀

𝑔
𝑖
∑𝑗=1
𝐹𝑡 = ∑𝑖=1
𝐹𝑖𝑗 (𝑃𝑖𝑗 )

𝑛

𝑔
2
𝑖
∑𝑖=1
∑𝑀
𝑗=1(𝑎𝑖𝑗 + 𝑏𝑖𝑗 𝑃𝑖𝑗 + 𝑐𝑖𝑗 𝑃𝑖𝑗 )

(1)
(2)

To display the impact of valve-points, a common
amended sinusoid commitment is added to the quadratic
function which is defined as:
𝑛

𝑀

𝑔
𝑖
∑𝑗=1
𝐹𝑡 = ∑𝑖=1
𝑎𝑖𝑗 + 𝑏𝑖𝑗 𝑃𝑖𝑗 + 𝑐𝑖𝑗 𝑃𝑖𝑗2 + |𝑒𝑖𝑗 ×

sin(𝑓𝑖𝑗 × (𝑃𝑖𝑗,𝑚𝑖𝑛 − 𝑃𝑖𝑗 ))|

(3)

Since generators are provided with multi-fuel sources,
every generator ought to be defined with a few piecewise
quadratic capacities superimposed sine terms mirroring
the impact of fuel type changes and the generator must
distinguish the most conservative fuel to consume. The
MAELD problem with VPL and MFO can be modeled
as:
𝑛

𝑔
2
𝑖
∑𝑀
𝐹𝑡 = ∑𝑖=1
𝑗=1 𝑎𝑖𝑗𝑘 + 𝑏𝑖𝑗𝑘 𝑃𝑖𝑗𝑘 + 𝑐𝑖𝑗𝑘 𝑃𝑖𝑗𝑘 + |𝑒𝑖𝑗𝑘 ×
sin(𝑓𝑖𝑗𝑘 × (𝑃𝑖𝑗𝑘,𝑚𝑖𝑛 − 𝑃𝑖𝑗𝑘 ))|

(4)

where k= 1, . . ., nf
The following equality and inequality constraints are
addressed to solve the MAELD problem.
The total power generated from a set of committed
units must fulfil the total load demand, tie line power
flow and transmission losses, and is given by:
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𝑖
∑𝑀
∑
𝑗=1 𝑃𝑖𝑗 = 𝑃𝐷𝑖 + 𝑃𝐿𝑖 + 𝑧,𝑧≠𝑖 𝑇𝑖𝑧

(5)

The real output power of thermal units ought to be in
their range between minimum and maximum limits:
𝑃𝑖𝑗,𝑚𝑖𝑛 ≤ 𝑃𝑖𝑗 ≤ 𝑃𝑖𝑗,𝑚𝑎𝑥

(6)

Because of security basis, power shifted between
various lines must not surpass their cutoff points. The
power transfer requirement between two unique regions
is characterized by
−𝑇𝑖𝑧,𝑚𝑖𝑛 ≤ 𝑇𝑖𝑧 ≤ 𝑇𝑖𝑧,𝑚𝑎𝑥

(7)

The POZs are owing to the function of steam valve or
vibrations in the shaft bearings. The viable operating
sectors of unit is defined by
𝐿
𝑃𝑖𝑗,𝑚𝑖𝑛 ≤ 𝑃𝑖𝑗 ≤ 𝑃𝑖𝑗,1
𝑈
𝐿
𝑃𝑖𝑗,𝑘−1
≤ 𝑃𝑖𝑗 ≤ 𝑃𝑖𝑗,𝑘
𝑃𝑖𝑗 ≤ 𝑃𝑖𝑗,𝑚𝑎𝑥

𝑈
k = 2, . . .. nz 𝑃𝑖𝑗,𝑛𝑧
≤

(8)

3. SYNOPSIS OF SSO
The hunt procedure starts when flying squirrels begin
scavenging. During fall, the squirrels look for
nourishment assets by skimming from one tree to the
next. At the same time, they change their area and
investigate various regions of trees. As the climatic
conditions are sufficiently hot, they can meet their every
day vitality needs more rapidly on the eating routine of
oak seeds accessible in bounty and thus they devour oak
seeds quickly after discovering them. The capacity of
hickory nuts will help them in keeping up their vitality
prerequisites in amazingly brutal climate and decrease
the expensive searching excursions and in this way
increment the likelihood of endurance.
Toward the finish of winter season, flying squirrels
again become dynamic. This is a monotonous procedure
and proceeds till the life expectancy of a flying squirrel
and structures the establishment of SSO. The SSO
refreshes the places of squirrels as indicated by the ebb
and flow season, the sort of squirrels and if chasers show
up.
Expecting that the quantity of the populace is N, the
upper and lower limits of the pursuit space are XU and XL.
N squirrels are arbitrarily created as follows:
𝑋𝑖 = 𝑋𝐿 + 𝑟𝑎𝑛𝑑(1, 𝐷) × (𝑋𝑈 − 𝑋𝐿 )

others are typical trees that have no nourishment. The
hickory tree is the best nourishment asset for the squirrels
and the oak seed tree comes in just short of the win. The
squirrels are separated into three kinds: squirrels situated
at hickory trees (Wh), squirrels situated at oak seed trees
(Wa) and squirrels situated at ordinary trees (Wn).
The squirrels refresh their situations by skimming to
the hickory trees or oak seed trees as follows:
𝑡
𝑋 𝑡 + 𝑑𝑔 𝐺𝑐 (𝑋𝑎𝑖
− 𝑋𝑖𝑡 ) 𝑖𝑓 𝑟1 ≥ 𝑃𝑑𝑝
𝑋𝑖𝑡+1 = { 𝑖
𝑅𝑎𝑛𝑑𝑜𝑚 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(10)

𝑋 𝑡 + 𝑑𝑔 𝐺𝑐 (𝑋ℎ𝑡 − 𝑋𝑖𝑡 )
𝑋𝑖𝑡+1 = { 𝑖
𝑅𝑎𝑛𝑑𝑜𝑚 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛

(11)

𝑖𝑓 𝑟2 ≥ 𝑃𝑑𝑝
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

where, r1 and r2 are random numbers in the range of [0,
1], Pdp is predator presence probability, Xh is the location
of squirrel individual which reached the hickory tree and
t indicates the current iteration. Gc and dg are gliding
constant and distance respectively.
Toward the start of every generation, the SSO
necessitates that the entire populace is in winter, which
implies all the squirrels are refreshed by Equations (10)
and (11). The squirrels are refreshed, regardless of
whether the season change is decided by the following
formulae.
𝑡
𝑡
𝑆𝑐𝑡 = √∑𝑑𝑘=1(𝑋𝑎𝑖,𝑘
− 𝑋ℎ,𝑘
)

2

10𝑒 −6

𝑆𝑚𝑖𝑛 = (365)𝑡⁄(𝑡𝑚𝑎𝑥⁄2.5)

(12)

(13)

If Stc < Smin, winter is finished and the season goes to
summer, or else, the season is unaltered. When the season
goes to summer, all the squirrels who float to Wh remain
at the refreshed area, and all the squirrels who skim to Wa
and do not meet with chasers, move their locations as
follows:
𝑡+1
𝑋𝑖𝑛𝑒𝑤
= 𝑋𝐿 + 𝐿𝑒 ′ 𝑣𝑦(𝑥) × (𝑋𝑈 − 𝑋𝐿 )

(14)

Le′vy is the arbitrary walk model whose progression
complies with the Le′vy appropriation and can be
determined by
𝐿𝑒 ′ 𝑣𝑦(𝑥) = 0.01 ×

𝛼×𝑟𝑎
1

|𝑟𝑏 |𝛽

(15)

where, ra and rb are two randomly distributed numbers in
[0, 1], α and β are constants.

(9)

where, Xi indicates the ith squirrel, (i = 1 : N); rand is an
random number somewhere in the range of 0 and 1; D is
the dimension of the problem.
SSO requires that there is just a single squirrel at each
tree, accepting the absolute number of the squirrels is N,
subsequently, there are N trees in the forests. All the N
trees contain one hickory tree and Na oak seed trees; the

4. SUCCESSIVE PROGRESSION OF SSO FOR MAELD
PROBLEM
In this section, strategy to implement the SSO approach
for solving the MAELD problems has been depicted as
flow diagram in Figure 1.
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Start
Read the input parameters of SSO and system data
Set i = 0
Randomly generate the real power within the
limits of all units to satisfy the constraints
Calculate the MAELD objective
value of each squirrel using Equation
1
Disseminate the locations of
squirrels
Refresh the location of each
squirrel using Equations 10 and 11
Estimate the seasonal constraints and update the
location of each squirrel using Equations 12 and
14
Yes
No
i= i + 1
iter =
itermax?
Output the global location of squirrel as the optimal
generation scheduling for MAELD problem

Stop

Figure 1. Flow chart of SSO approach applied in MAELD
problems

5. NUMERICAL RESULTS
To assess the efficaciousness of the envisaged SSO
approach in solving the MAELD, computational
simulations are applied on three diverse test systems such
as two-area system with 6 generating units, three-area
system with 10-units and four-area system with 40 units.
Furthermore, to check the adequacy of the envisaged
SSO approach, the EMA approach is utilized for solving
the MAELD and compared with those of recently
published state-of-the-art approaches. The SSO and
EMA approaches are executed using MATLAB 7.1 on an
Intel core i3 processor with 4 GB RAM, and is executed
for 50 free runs for all the test systems. The
accompanying three case studies are contemplated.
Case study 1.
MAELD with transmission line losses
and POZ impacts
Case study 2.
MAELD with transmission losses,
VPL and MFO
Case study 3.
MAELD with VPL impacts
5. 1. Parameter Tuning
Taguchi method is used
to tune the parameters of the suggested SSO algorithm.
The parameters such as number of iterations, population
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size, Pdp and Gc are chosen as independent design
variables. Each variable has three set values (level
values) as given in Table 1. Then, L9 orthogonal array is
used to determine the optimal SSO parameters. Table 2
presents the tuned SSO parameters. The parameters are
tuned at Run # 4 (a, b, c, d: 2, 1, 2, 3) for Case study 1,
and Run # 5 (a, b, c, d: 2, 2, 3, 1) for Case studies 2 and
3 in the Taguchi array.
5. 2. Case Study 1
This case study considers a
two-area test system having six generating units. The
total power load is 1263 MW. The power balance,
generating unit limits, tie line limitations, transmission
losses and POZ are considered. In Ref. [5], the data of
cost coefficients, emission coefficients and POZ are
given. The power demand shared by area 1 and area 2 are
60 and 40 % of absolute load demand separately. The
power stream from area 1 to area 2 is limited to 100 MW.
The generation plan and the fuel cost procured by the
proposed SSO approach are tabulated in Table 3.
Besides, the area 1 imports power from area 2. Figure 2
shows a comparison between the fuel costs procured by
the SSO and EMA approaches, and other techniques
surfaced in the literature.
In Figure 2, it is obvious that the SSO approach has
obtained the minimum generation cost than the fuel costs
procured by the other aforementioned approaches.
5. 3. Case Study 2
In this case, 3 areas, 10-unit
test system with transmission losses, VPL and MFO is
taken into consideration. Area 1, area 2 and area 3
comprise 4, 3 and 3 generating units respectively which
are displayed in Figure 4. The power demand of this
system is 2700 MW. The power demand shared by area1,
area 2 and area 3 are 50 %, 25% and 25 % of total load

TABLE 1. Calibration of SSO
Parameters

Level 1

Level 2

Level 3

a: Number of iterations

100

200

500

b: Population size

10

20

40

c: Pdp

0.05

0.1

0.15

d: Gc

1.8

1.9

2

TABLE 2. Tuned parameters of SSO
Parameters

Case study 1 Case study 2 Case study 3

Number of iterations

200

200

200

Population size

10

20

20

Pdp

0.1

0.15

0.15

Gc

2

1.8

1.8
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TABLE 3. Best dispatch solution acquired by the envisaged
SSO approach for case study 1
Unit

Power generation (MW)

P1,1

500

P1,2

200

P1,3

149.9909

P2,1

204.3295

P2,2

154.6983

P2,3

67.5957

T21

82.7642

PL1

9.4267

PL2

4.1891

Generation cost ($/h)

12255.3789

Figure 2. Comparison of generation costs procured by
various approaches for Case study 1
TABLE 4. Best dispatch solution acquired by the envisaged
SSO approach for case study 2
Unit

Fuel types

Power generation (MW)

P1,1

2

225.7694

P1,2

1

211.5842

P1,3

2

491.3265

P1,4

3

238.5371

P2,1

1

252.6869

P2,2

3

235.7538

P2,3

1

264.7952

P3,1

3

236.4286

P3,2

1

330.8961

P3,3

1

247.9518

T21

17.2813

T31

9.8161

T32
Generation cost ($/h)

the least among the compared approaches. The Area 1
imports power from areas 2 and 3, and area 3 exports
power to area 2. The comparison between the results of
SSO approach with those of EMA, RCGA, EP, DE and
ABC approaches are illustrated in Figure 3. The results
show that the proposed strategy obtains the best
generation scheduling in comparison with different
strategies.
5. 4. Case Study 3
A four-area with forty units’
system is utilized in this case study. All the units have
VPL impacts, and thus the cost functions are non-arched.
The cost coefficients of this system are accessible in Ref.
[5]. The system has a total load equivalent to 10500 MW.
The schematic diagram of this four area test system is
shown in Figure 6. Each area consists of 10 generation
units. The distribution of power demand for area 1, area
2, area 3 and area 4 are 15, 40, 30 and 15 % of total load
demand respectively.
The power flow from area 1 to area 3, area 2 to area
3 and area 2 to area 4 are restricted to 200 MW. The tieline limits for area 1 to area 4, area 2 to area 4 and area 3
to area 4 is 100 MW. The optimal generation dispatch
acquired by the envisaged approach is given in Table 5.
The area 2 imports power from areas 1, 3 and 4; the area
1 imports power from areas 3 and 4, and area 4 exports
power to area 3. In this case study, the effectiveness of
the SSO approach has been compared with that of the
EMA, RCGA, EP, DE and ABC approaches.
Figure 4 outlines the results of this examination. Once
more, the SSO gave prevalent results than the previously
mentioned approaches.
5. 5. Sensitivity Analysis
The sensitivity analysis
is performed for the number of food sources (Nfs), and the
results are tabulated in Table 6. It is seen from the
investigation that the expansion in number of food
sources brings about upgraded precision and stability of
the approach. The expanded level of Nfs prompts more
focuses in search space around which search is engaged.
Consequently, new solutions are discovered and better
investigation of search space is accomplished.
5. 6. Managerial Insights
The application of SSO
to the MAELD problem demonstrates new managerial

8.6328
654.4665

demand respectively. The power stream from one area to
another area is restricted to 100 MW. Table 4 presents the
simulation results acquired by the proposed SSO
approach. It can be seen that the optimal generation cost
acquired by the SSO approach is 654.4665 $/h which is

Figure 3. Comparison of generation costs procured by
various approaches for Case study 2
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TABLE 5. Best dispatch solution acquired by the envisaged
SSO approach for case study 3
Unit

Power generation
(MW)

Unit

Power generation
(MW)

P1,1

110.8909

P3,1

523.8627

P1,2

110.5472

P3,2

523.558

P1,3

97.9593

P3,3

523.7572

P1,4

178.5386

P3,4

523.7537

P1,5

88.2575

P3,5

523.3404

P1,6

140

P3,6

523.5308

P1,7

258.8407

P3,7

10

P1,8

284.2543

P3,8

10

P1,9

284.5497

P3,9

10

P1,10

130

P3,10

86.4694

P2,1

164.7045

P4,1

190

P2,2

168.9706

P4,2

153.5285

P2,3

141.9572

P4,3

189.7943

P2,4

393.5854

P4,4

164.1622

P2,5

393.8418

P4,5

164.6892

P2,6

470.9157

P4,6

164.3112

P2,7

489.7922

P4,7

87.6541

P2,8

489.9491

P4,8

87.2630

P2 9

510.9340

P4,9

108.1656

P2,10

510.7577

P4,10

512.9133

T12

195.1514

T41

60.5383

T31

35.7749

T42

90.9470

T32

178.4934

T43

95.9961

Generation cost ($/h)

122268.82

Figure 4. Comparison of generation costs procured by
various approaches for Case study 3

TABLE 6. Sensitivity analysis with different the number of
food sources
Fuel cost ($/h)
Number of food
sources (Nfs), (%) Case study 1 Case study 2 Case study 3
20

12256.1364

655.2347

122292.6732

40

12255.3789

654.8431

122284.3763

60

12255.3789

654.4665

122268.8214

80

12255.3789

654.4665

122268.8214

$/h for case studies 1, 2, and 3 respectively. Those fuel
costs are less when compared with the revealed results in
recent literature as shown in Figures 2-4. This fact
demonstrates that the SSO algorithm is capable to obtain
solutions of a better quality and more stable than the other
algorithms.
The quality of the solutions is evaluated based on a
sequence of runs. In this paper, 50 independent runs are
performed for EMA and SSO approaches. For this
sequence, the values of the best, average, worst and
standard deviation of the generation costs are recorded.
The statistical values obtained from the EMA and SSO
approaches are tabulated in Table 7.
The low value of the standard deviation indicates that
the SSO algorithm have the ability to reach stable
solutions, when more runs are performed (50 runs).
Furthermore, the SSO has a better one than the EMA
strategy.
The convergence comparison of SSO and EMA
approaches is shown in Figure 5. It can be observed that
the SSO approach takes lesser number of cycles to unite
into the global optimal solution. Figure 6 shows the
average CPU time adopted by the SSO, EMA and other
strategies for the case study 3. It is significant that time
prerequisite is less and better than other referenced
techniques. Consequently, it tends to be noted that the
SSO technique is computationally productive when
compared with the recently referenced strategies.
Finally, Wilcoxon rank-sum test is performed for all
the case studies. the A p-value beneath 0.05
accomplished utilizing this test is estimated as plentiful
proof over the null hypothesis. Figure 7 shows the pvalues acquired by SSO versus EMA using Wilcoxon

TABLE 7. Comparison of results between EMA and SSO
Case study 2

insights. This method provides a better performance in
comparison with other heuristic approaches. Examining
the results obtained by the SSO and other approaches, the
following points can be noticed.
Tables 1-3 provide that the minimum fuel costs
accomplished by SSO approach. The fuel cost obtained
are 12255.3789 $/h, 654.4665 $/h, and 122268.8214

125

Case study 3

Fuel cost
EMA

SSO

EMA

SSO

Best cost

654.6

654.46

122525.75

122268.82

Average cost

656.86

655.53

122854.83

122352.95

Worst cost

657.99

656.96

123148.32

122653.37

Standard deviation

0.954

0.74

35.78

20.36
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Figure 5. Convergence comparison of SSO and EMA
approaches

Figure 6. Comparison of average CPU time adopted by
various approaches for Case study 3

abilities of the algorithm significantly. The global
search ability of the algorithm is further enhanced by
Levy distribution. Accordingly, the convergence
behaviour and the global optimization capability of
the suggested SSO approach are better than those of
the other heuristic approaches in solving different
MAELD problems.
 Simulation results prove that the suggested SSO
approach is of prominent dominance in both solution
quality and computational efficiency.
As a scope of further research, the SSO algorithm can be
applied for solving more complex large-scale static and
dynamic ELD problems, large-scale multi-area economic
environmental dispatch, and unit commitment problems.
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Persian Abstract
چکیده
.( اندازه گیری توانی را تعیین می کند که می تواند در یک منطقه به صورت مالی تولید شود و به منطقه دیگری منتقل شودMAELD( اعزام بار اقتصادی چند ناحیه ای
 این مطالعه یک الگوریتم. تعیین محتاطانه ترین ترتیب تولید است که می تواند نیاز برق تقریباً را نقض کند و محدودیت های خط اتصال را نقض کندMAELD هدف
 بارگذاری نقطه،  مناطق عملیاتی ممنوع،  تأثیرات تلفات انتقال. ارائه می دهدMAELD ( برای حل مشکالتSSO( ازدحام جدید به نام بهینه سازی جستجوی سنجاب
 جعل هویت سنجاب های پرنده را انجام می دهد که بستگی به روشهای پرش و پرشSSO .سوپاپ و گزینه های چندگانه سوز عالوه بر این نیز مورد بررسی قرار می گیرد
 معاینات مقایسه ای برای تجزیه. بررسی شده استMAELD  آن را در سه سیستم آزمون مختلف برای حل مشکالت،  برای نشان دادن قدرت روش پیشنهادی.پوستی دارد
SSO  نتایج تجربی نشان می دهد که روش. پیشنهادی با الگوریتم بازار ارز و استراتژی ها ی مختلف نشان داده شده در ادبیات انجام می شودSSO و تحلیل کفایت روش
.پیشنهادی برای دستیابی به راه حل های با کیفیت ترجیحی نسبت به سایر استراتژی های موجود مجهز است
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A B S T R A C T

In some countries, regional authorities may attempt to rebalance the allocation of national facilities in
benefit of their own region which, in turn, may cause disturbances in the central government’s decisionmaking proces. Regarding the hierarchical nature of these types of decisions, classical optimization
models are not effective in decision-making and the use of multi-level programming can increase the
efficiency of planning. Our paper aims to address the issue of a bi-level programming model to conduct
the location analysis of emergency warehouses. A three-echelon relief supply chain is considered in
which the relief network involves national and regional warehouses and demand cities. The upper-level
model decides on the location of national warehouses, allocating them to regional warehouses. The
lower-level model determines the location of regional warehouses and allocates them to demand points.
The structure of both levels is based on the median location-allocation problem. Three solution
approaches are presented based on the full enumeration and two types of nested evolutionary methods
(genetic and heuristic local search algorithms). For the model to be used in Iran, the efficiency of
algorithms is analyzed for two sizes of problems. The obtained results show the proper functioning of
the solution approaches.
doi: 10.5829/ije.2021.34.01a.15

1. INTRODUCTION1
Although many advances in science and technology have
contributed to the increased immunity of human beings
against natural disasters, numerous crises have caused
various socioeconomic damages annually. As evidenced
in 2015, natural disasters affected more than 90 million
people with 23000 people losing their lives in 113
countries. Added to this, the damage caused by these
disasters is estimated to be $ 66.5 billion [1]. Owing to
both human and financial losses, interests and efforts are
devoted to the development of disaster management
strategies. It consists of four sequential stages:
mitigation, preparedness, response, and recovery. At the
preparedness stage, the aim is to decrease the operation
time in the response phase [2]. Pre-positioning of
emergency warehouses is one of the main tasks
concerning the preparedness stage. Positioning relief
supplies near the expected location of disaster is called

pre-positioning [3]. These relief supplies include food,
potable water, medicine, vaccines, medical equipment,
tents and generators [4]. Pre-positioning is one of the
appropriate strategies employed to reduce human
casualties and damages to the logistics infrastructure.
This strategy may develop several benefits, including an
improved response time and better purchase price of
supplies for relief organizations [5].
Management of the emergency warehouses network
is considered the responsibility of the central government
in most countries, and the design of this network is
usually centralized at the upper-level of governance.
Facility positioning is one of the key issues in designing
a network of emergency warehouses for pre-positioning
relief items. In some countries, the central government’s
decisions on the positioning of national resources have
been ignored by regional decision-makers. Accordingly,
provincial managers and parliamentarians use national
facilities for their representative area regardless of

*Corresponding Author Institutional Email: memariani@khu.ac.ir (A.
Memariani)
Please cite this article as: E. Saghehei, A. Memariani, A. Bozorgi-Amiri, A Bi-level Programming Approach for Pre-positioning Emergency
Warehouses, International Journal of Engineering, Transactions A: Basics Vol. 34, No. 01, (2021) 128-139

E. Saghehei et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 128-139

planning prospects, influencing the central government’s
optimal decisions. Clearly, in field studies of facility
positioning for managing logistics at times of disaster,
the modeling approach of most previous studies was
based on classical optimization techniques. The use of
single-level programming to model the problem of
positioning emergency warehouses in these countries is
not highly efficient. Therefore, to encourage the greater
participation of lower-level decision-makers in the
planning process, the bi-level programming approach can
be used to model the problem of pre-positioning
emergency warehouses. In this paper, a bi-level
optimization model is designed to apply locationallocation to national and regional warehouses. Owing to
the bi-level optimization model complexity, in this paper,
three innovative solution approaches are presented by
full enumeration and the nested evolutionary sequential
approach. The main contributions of this research can be
summarized as follows:
 Introduction of a bi-level programming structure for
the use of national and regional decision-makers in the
field of emergency warehouse positioning
 Development of a bi-level model to locate and allocate
national and regional warehouses for relief supply prepositioning
 Design of nested evolutionary approaches and an exact
method based on full enumeration to solve binary bilevel location-allocation models
 Comparison of nested genetic and heuristic algorithms
with different allocation modes to solve a model with
a large number of variables
The remaining of this article is organized as follows.
Section 2 and 3 are dedicated to review of the literature
on pre-positioning problems and the application of
single-level and bi-level programming in disaster
logistics. Section 4 presents the bi-level model for
location-allocation. Section 5 is related to the approaches
to solve the model. Section 6 is devoted to the results of
solving the optimization model. The final section
presents conclusions and suggestions.
2. LITERATURE REVIEW
2. 1. Single-level Emergency Warehouses Location
Many review articles are found on the application of
optimization in disaster management, of which [6-8]
have especially addressed the pre-positioning problem.
Balcik, Bozkir and Kundakcioglu [9] reviewed and
categorized the pre-positioning based on problem
characteristics and the structure of optimization models.
Rawls and Turnquist [10] modeled the pre-positioning
problem to determine the location of the distribution
center, level of relief items and assignment of distribution
centers to demand points, using the stochastic mixinteger model and the Lagrangian L-shaped method
(LLSM). In their next study, they developed the previous
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model considering the service quality constraint [11].
Bozorgi-Amiri, Jabalameli, Alinaghian and Heydari [12]
presented a multi-objective optimization model for the
pre-positioning problem. They used a robust
optimization approach to model uncertainty. Verma and
Gaukler [4] designed two models for facility positioning
in the United States’ Strategic National Stockpile, one
being deterministic and the other stochastic. The amount
of damage inflicted upon response facilities and
population centers was considered a probabilistic
function of distance-damage. The results indicated that
the costs of facility locationing in the stochastic model
were less than those in the deterministic model. RezaeiMalek, Tavakkoli-Moghaddam, Zahiri and BozorgiAmiri [13] developed a stochastic model to analyze the
location of warehouses and design a distribution plan.
The objective functions were considered to be the
response time post-disaster and operation costs at the predisaster phase. Mohammadi, Ghomi and Jolai [14]
presented a stochastic multi-objective model for the relief
supply pre-positioning problem in which the demand
covering and total cost and satisfaction ratio were
considered objectives. Javadian, Modares and BozorgiAmiri [15] formulated the relief supply chain to locate
local distribution centers and central warehouses. They
proposed two multi-objective evolutionary algorithms
and compared them with e-constraint method based real
data in Iran case study. Aslan and Çelik [16] proposed
two-stage stochastic programming in which the first
stage includes the emergency warehouse location and
relief supply transportation planning in the second stage.
Their optimization model’s innovation was taking into
account the probabilistic cost of repairing damaged
roads.
2. 2. Bi-level Location in Disaster Logistic
Decentralized decision-making problems are typically
modeled under the Stackelberg game [17]. These
problems can be modeled in the form of bi-level
programming. In other words, an optimization problem
as the leader (upper-level) is limited by another
optimization problem as the follower (lower-level) [18].
In bi-level programming, the leader sets his/her decision
first, and then the follower decides to optimize his/her
goals while being aware of the decision taken by the
follower. Not until does it reach the equilibrium point,
this process continues [19]. The general form of the bilevel programming model is formulated as follows:
min F  x, y 

xX , yY

s .t
𝑦 ∈ 𝑎𝑟𝑔𝑚𝑖𝑛{𝑓(𝑥, 𝑦): 𝑔(𝑥, 𝑦) ≤ 0, 𝑦 ≥ 0}
𝑦∈𝑌
𝐺(𝑥, 𝑦) ≤ 0
𝑥≥0

(1)
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where 𝐺(𝑥, 𝑦) and 𝑔(𝑥, 𝑦) denote the upper and lower
level constraints, respectively.
The application of bi-level location in disaster
logistics is concerned with evacuation, relief distribution,
facility location, and pre-positioning. Each of these
problems can be divided into two phases (pre and postdisaster). As Table 1 shows, most studies have focused
on evacuation, and fewer researches have investigated
the effect of pre-positioning emergency warehouses.
Kongsomsaksakul, Yang and Chen [20] provided a bilevel optimization model for an evacuation plan, based
on a problem presented by the Stackelberg game.
Planning authority and evacuees were considered to be
the leader and the follower, respectively. The leader
determined the number and locations of shelters, and the
follower selected the target shelter and route. Hua-li,
Xun-qing and Yao-feng [21] developed a locationrouting problem in the urban emergency system as bilevel programming in which the objective of the upperlevel was to maximize the total time satisfaction served

and the lower-level was to minimize the total cost. Li,
Nozick, Xu and Davidson [22] in their study developed a
scenario-based bi-level model for evacuation planning.
The facility planner and network user were considered as
upper and lower decision-makers, respectively. The
upper-level was a two-stage stochastic programming
model for location and allocation. The lower-level model
was concerned with the network decision-maker
regarding route selection. Camacho-Vallejo, GonzálezRodríguez, Almaguer and González-Ramírez [23]
proposed a bi-level programming model to optimize the
location of distribution centers in humanitarian logistics.
The government of the affected country and non-profit
international organizations were considered to be the
upper-level and the lower-level, respectively. The
objective functions of the upper and lower level model
were known to be the minimization response time and the
minimization cost of sending relief items to the storage
center. Gutjahr and Dzubur [24] developed a multi-

TABLE 1. A review of recent researches on bi-level location in disaster logistic
Upper-level
Author’s

Problem

Disaster

Lower-level

Objective
function

Uncerainty

Decision

Objective
function

Solving

Decision
Kongsomsaksakul,
Yang and Chen [20]

Evacuation

General

Shelter
location

Evacuation
time(↓)

Route
choice

Travel
Time(↓)

Nested
evolutionary

-

Ng, Park and Waller
[27]

Evacuation

Manmade

Shelter
location

Evacuation
time(↓)

Route
choice

Travel
Time(↓)

Nested
evolutionary

-

Apivatanagul,
Davidson and
Nozick [28]

Evacuation

Hurricane

locationAllocation

Risk, travel
time(↓)

Route
choice

Travel
Time(↓)

Heuristic
algorithm

+

Li, Nozick, Xu and
Davidson [22]

Evacuation

Hurricane

locationAllocation

Cost(↓)

Route
choice

Travel
Time(↓)

Heuristic
algorithm

+

Hua-li, Xun-qing
and Yao-feng [21]

Facility
location

General

Location

Cost(↓)

Route
choice

Time
satisfaction(↑)

Genetic
algorithm

-

Camacho-Vallejo,
GonzálezRodríguez,
Almaguer and
González-Ramírez
[23]

Distribution

Earthquake

Allocation

Response
time(↓)

Allocation

Shipping
cost(↓)

Heuristic
algorithm

-

Gutjahr and Dzubur
[24]

Distribution

General

Location

Costs(↓),
Uncovered
demand(↓)

Allocation

Wardrop
equilibrium(↓)

Exact method

-

Xu, Wang, Zhang
and Tu [25]

Distribution

Earthquake

Location

Weighted
distance(↓)

Route
choice

Transportation
times(↓)

Genetic
algorithm

+

Chen, Tadikamalla,
Shang and Song
[29]

Prepositioning

Earthquake

locationAllocation

Response
time(↓)

Allocation

Allocation
fairness(↓)

Nested
differential
evolution

-

Safaei, Farsad and
Paydar [26]

Prepositioning

Flood

LocationAllocation

Cost(↓)

Allocation

Supply risk(↓)

Exact method

+

Haeri, Motlagh,
Samani and Rezaei
[30]

Prepositioning

Earthquake

LocationInventory

Unsatisfied
demand(↓)
Cost(↓)

Allocation

Transportation
costs(↓)

Fuzzy goal
programming

+
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objective bi-level optimization model to locate
distribution centers in a relief supply chain. The aidproviding organization was regarded as the leader and the
beneficiaries as followers. The objectives of the leader
were to minimize the total opening cost for distribution
centers and total uncovered demand, and the followers’
objective was to provide user equilibrium related to the
leader. Xu, Wang, Zhang and Tu [25] proposed a multiobjective bi-level programming for the location-routing
problem in the post-earthquake phase. The leader
(Rescue Control Center) decided on the location of
distribution centers, and the follower (Logistics
Company) selected an optimal route to collect relief
supplies from distribution centers. Road conditions were
considered a source of uncertainty in this optimization
model. Safaei, Farsad and Paydar [26] utilized a bi-level
programming model to locate distribution centers and
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select suppliers. The leader’s objective function was to
minimize operational costs and uncoated demands, and
the lower-level aimed to minimize the risk of the
supplier’s choice.
3. PROBLEM DESCRIPTION
In this paper, the disaster emergency network was
assumed to comprise three stages (see, Figure 1). The
first stage includes a set of national warehouses, the
second contains regional warehouses, and the last is
comprised of demand cities. Regional warehouses
receive their relief supplies from national warehouses.
Demand cities are serviced only from regional
warehouses, and the direct shipment of goods from
national warehouses to demand cities is prohibited.

Figure 1. Bi-Level Emergency Warehouse Location-Allocation Problem (BL-EW-LAP)

Figure 2. Framework of model for bi-level location-allocation problem
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According to Figure 2. the problem has a bi-level
structure for which the national top-level decision-maker
is regarded as the leader and regional decision-maker as
the follower. The aim of both decision-makers is to locate
warehouses that completely cover all demands. The
leader makes the decision on the location of national
warehouses, and their assignment to regional
warehouses. The case holds the same for the follower
deciding on the location of regional warehouses and their
assignment to demand cities. The following assumptions
are considered for modeling:
 This model considers a single relief item
 The capacity of each emergency warehouse at both
levels is based on the proportion of demand covered
by candidate cities.
 Each demand city cannot be served by more than one
regional warehouse.
 Each regional warehouse cannot be served by more
than one national warehouse.
 The total capacity of all located regional warehouses
must be more than the total weight of demand cities.
 The total capacity of all located national warehouses
must be greater than the capacity of all regional
warehouses.
There is no shipping between the same warehouses in
each stage.
Indices
𝐼 set of candidate cities for national warehouses
𝐽 set of candidate cities for regional warehouses
𝐾 set of demand cities
Parameters:
𝑢𝑟𝑑𝑖𝑗
Road distance of national warehouse 𝑖
from regional warehouse 𝑗
𝑙𝑟𝑑𝑗𝑘
Road distance of regional warehouse 𝑗 from
demand cities 𝑘
𝑙𝑑𝑤𝑘 Demand weight associated to demand cities 𝑘
𝑢𝑐𝑎𝑝𝑖 Capacity of national warehouse 𝑖
𝑙𝑐𝑎𝑝𝑗 Capacity of regional warehouse 𝑗
𝑢𝑚𝑎𝑥 Number of national warehouses to establish
𝑙𝑚𝑎𝑥 Number of regional warehouses to establish
Decision variable:
𝑍𝑖 = 1
if a national warehouse is established at
candidate city 𝑖, and 0 otherwise.
𝑋𝑖𝑗 = 1 if regional warehouse 𝑗 is allocated to national
warehouse 𝑖, and 0 otherwise.
𝑍𝑗̅ = 1
if a regional warehouse is established at
candidate city 𝑗, and 0 otherwise.
𝑌𝑗𝑘 = 1
if demand point 𝑘 is allocated to regional
warehouse 𝑗 and 0 otherwise.
𝑢𝑑𝑤𝑗
Demand weight associated to each regional
warehouse 𝑗
(𝑢𝑑𝑤𝑗 = ∑𝑘𝑘=1 𝑙𝑑𝑤𝑘 ∗ 𝑌𝑗𝑘 )
BL-EW-LAP Model:
Upper-level model (ULM)

𝑚𝑖𝑛

∑𝑛𝑖=1 ∑𝑚
𝑗=1 𝑢𝑑𝑤𝑗 𝑢𝑟𝑑𝑖𝑗 𝑋𝑖𝑗

(2)

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: ∑𝑛𝑖=1 𝑍𝑖 = 𝑢𝑚𝑎𝑥

(3)

∑𝑛𝑖=1 𝑋𝑖𝑗 = 1

(4)

∀𝑗

∑𝑚
𝑗=1 𝑢𝑑𝑤𝑗 𝑋𝑖𝑗 ≤ 𝑢𝑐𝑎𝑝𝑖 𝑍𝑖

∀𝑖

∑𝑘𝑘=1 𝑙𝑑𝑤𝑘 𝑌𝑗𝑘 = ∑𝑛𝑖=1 𝑢𝑑𝑤𝑗 𝑋𝑖𝑗

(5)
∀𝑗

(6)

𝑍𝑖 , 𝑋𝑖𝑗 ∈ {0,1}

(7)

Lower-level model (LLM)
𝑘
𝑀𝑖𝑛 ∑𝑚
𝑗=1 ∑𝑘=1 𝑙𝑑𝑤𝑘 𝑙𝑟𝑑𝑗𝑘 𝑌𝑗𝑘

(8)

̅
𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: ∑𝑚
𝑗=1 𝑍𝑗 = 𝑙𝑚𝑎𝑥

(9)

∑𝑚
𝑗=1 𝑌𝑗𝑘 = 1

∀𝑘

∑𝑘𝑘=1 𝑙𝑑𝑤𝑘 𝑌𝑗𝑘 ≤ 𝑙𝑐𝑎𝑝𝑖 𝑍𝑗̅

(10)
∀𝑗

∑𝑘𝑘=1 𝑙𝑑𝑤𝑘 𝑌𝑗𝑘 = (∑𝑛𝑖=1 𝑢𝑑𝑤𝑗 𝑋𝑖𝑗 )𝑍𝑗̅

(11)
∀𝑗

(12)

𝑍𝑗̅ , 𝑌𝑗𝑘 ∈ {0,1}

(13)

Equations (2)-(7) refer to the upper-level model
(ULM), whereas Equations (8)-(13) represent the lowerlevel model (LLM). Equations (7) and (13) set binary
conditions for the decision variables of both levels. The
objective function of the upper-level is to minimize the
total weighed distance between national and regional
warehouses. Equation (3) ensures that the maximum
number of national warehouses that can be established on
the candidate sites is equal to (𝑢𝑚𝑎𝑥). From equation
(4), it is guaranteed that each regional warehouse 𝑗 is
likely to be allocated to national warehouse 𝑖. Equation
(5) is to ensure that the regional warehouse allocated to
the national warehouse will not exceed the capacity.
Equation (6) is a balance constraint for each regional
warehouse. In other words, the amount of demand
weights of cities allocated to a regional warehouse should
be equal to the value allocated from the national
warehouse. Similar to that of the upper-level, the
objective function of the lower-level model minimizes
the total weighed distance between regional warehouses
and demand cities (Equation (8)). The interpretation of
Equations (9)-(12) is similar to that of Equations (3)-(6).
In fact, in Equation (12), 𝑢𝑑𝑤𝑗 is equal to ∑𝑘 𝑙𝑑𝑤𝑘 ∗ 𝑌𝑗𝑘 ;
therefore, 𝑢𝑑𝑤𝑗 becomes a decision variable.
Consequently, the equation will be non-linear. To
linearize Equation (12), we utilize 𝐴𝑗𝑘 as an auxiliary
variable and introduce the following sub-situations:
∑𝑘𝑘=1 𝑙𝑑𝑤𝑘 𝑌𝑗𝑘 = ∑𝑛𝑖=1 ∑𝑘𝑘=1 𝑙𝑑𝑤𝑘 𝐴𝑗𝑘 𝑋𝑖𝑗
𝐴𝑗𝑘 ≤ 𝑌𝑗𝑘

∀𝑗, 𝑘

∀𝑗

(14)
(15)
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𝐴𝑗𝑘 ≤ 𝑍𝑗̅

∀𝑗, 𝑘

(16)

𝐴𝑗𝑘 ≥ 𝑌𝑗𝑘 + 𝑍𝑗̅ − 1 ∀𝑗, 𝑘

(17)

𝐴𝑗𝑘 ∈ {0,1}

(18)

4. SOLUTION ALGORITHMS
Several approaches have been proposed to classify
algorithms for bi-level optimization problems that can be
generally divided into two groups; classical and
evolutionary approaches [31]. For bi-level programming
to be a strong NP-hard problem [32], utilization of
evolutionary algorithms for this type of problems is wellsuited. Applications of evolutionary algorithms for bilevel programming can be divided into four groups: i)
Single level transformation, ii) Nested, iii) Multiobjective, iv) Co-evolutionary [33]. Genetic algorithm is
one of the most effective evolutionary algorithms
frequently used for bi-level optimization problems. In
[34-37], the genetic algorithm is utilized in the nested
evolutionary sequential approach. Different types of
evolutionary algorithms have also been used to solve
facility location bi-level programming models. Huang
and Liu [38] developed an interactive evolutionary
framework for mixed integer bi-level programming in the
location-allocation problem. They employed genetic
algorithm for the lower-level model and enumeration
vertex method for the upper-level model. Chen,
Tadikamalla, Shang and Song [29] developed an
improved differential evolution algorithm (IDE) to solve
a binary bi-level model for the emergency warehouse
location-allocation problem. The computational results
of IDE were compared with the results of conventional
differential evolution algorithms.
As Table 2 shows, there have been three approaches
developed to tackle the BL-EW-LAP. The first approach,
named Full Enumeration and Exact Algorithm (FE-EA),
is based on explicit complete enumeration methods. The
general structure of the second and third approaches is
based on the Nested Evolutionary Approach (NEA).
These approaches have been named Nested Genetic and
Exact Solution (NG-ES) and Nested Heuristic Local
Search and Exact Solution (NHLS-ES), for which the
genetic algorithm and the heuristic local search algorithm
have been proposed to solve ULM. In both approaches,
the LLM has been solved by the exact algorithm. In this
TABLE 2.The solution approaches for BL-EW-LAP
Name of
Algorithm

Type of
approach

Upper-level
solution

Lower-level
solution

FE-EA

Full
enumeration

Exact
algorithm

Exact
algorithm

NG-ES

Nested
evolutionary

Genetic
algorithm

Exact
algorithm

NHLS-ES

nested
evolutionary

Heuristic
local search

Exact
algorithm
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study, GAMS was used with branch-bound algorithm as
an exact algorithm in the proposed approaches.
4. 1. Full Enumeration and Exact Algorithm (FEEA)
According to Figure 3, in the first step, the
FE-EA algorithm identifies all the allocation modes of
national warehouses to regional warehouses (𝑋𝑖𝑗 ). In the
second and third steps, (𝑋𝑖𝑗 ) are sent to the LLM and the
∗
optimal solutions of the LLM (𝑍𝑗̅ , 𝑌𝑗𝑘 ∗ ) are calculated by
the exact algorithm. In steps 4 and 5, (𝑌𝑗𝑘 ∗ ) as a parameter
are sent to the ULM and the optimal solutions of the
ULM (𝑍𝑖 ∗ , 𝑋𝑖𝑗 ∗ ) are calculated for all cases through the
exact algorithm. Finally, the best solution of the ULM is
determined to be the optimal solution for the bi-level
problem.
4. 2. NEA for the BL-EW-LAP Model
In this
approach, in the first step, an initial solution
(𝑍𝑖 , 𝑋𝑖𝑗 , 𝑍𝑗̅ , 𝑌𝑗𝑘 ) is generated for the bi-level model. In the
next step, 𝑋𝑖𝑗 is sent as a parameter for LLM. In the
sequel, through the exact algorithm, optimal solutions of
the LLM (𝑍𝑗̅ ∗ , 𝑌𝑗𝑘∗ ) are calculated. In the next step, the
values (𝑍𝑗̅ ∗ , 𝑌𝑗𝑘∗ ) are transferred to ULM and replaced with
the previous solutions. Then, the evaluation phase is
performed. In this framework, the genetic algorithm and
the heuristic local search algorithm are proposed
separately. In the initial solution phase, (𝑍𝑖 , 𝑍𝑗̅ ) are
generated randomly, and (𝑋𝑖𝑗 , 𝑌𝑗𝑘 ) are calculated through
the two heuristic allocation algorithms (Demand
algorithm or Average distance algorithm), presented in
[39]. In both heuristic allocation algorithms, assignment
of facilities is based on the nearest distances. The
difference between heuristic methods is the sorting
criteria of nodes and their priority determination in the
assignment. In the demand algorithm (DE), regional
warehouses and demand cities with higher demand
weights (𝑢𝑑𝑤𝑗 , 𝑙𝑑𝑤𝑘 ) are of higher priorities. In Average
distance algorithm (AD), regional warehouses with the
highest average distance to national warehouses and
demand cities with the highest average distance to the
regional warehouses are of higher priorities. Since
allocation processes at upper and lower levels are
performed through two allocation methods, in the NEA
framework, four algorithms can be separately used to
solve the model for each approach.
4. 3. Nested Genetic-Exact Solution (NG-ES)
Generally, this algorithm consists of two phases; the
initial solution generation and the evaluation phase.

Figure 3. Pseudo-code of FE-EA algorithm
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Figure 13 presents the Pseudo code of NG-ES. In the
initial solution phase, an initial population (𝑃𝑂𝑃0 ) is
generated. As Figure 4 shows, the structure of the
chromosome is composed of two parts, the first one
assigned to locating the national warehouse and the
second dedicated to locating the regional warehouse. The
length of the array for both parts is equal to the maximum
number of warehouses, which can be placed at national
and regional levels(𝑢𝑚𝑎𝑥, 𝑙𝑚𝑎𝑥). A solution is made by
unique integers between 1 and 𝑚 for part 1 and unique
integers between 1 and 𝑛 for part 2. In this phase, demand
cities are allocated to regional warehouses, and (𝑌𝑗𝑘 ) is
calculated by one of the heuristic allocation algorithms.
In the next step, the weight associated to each regional
warehouse (𝑢𝑑𝑤𝑗 ) is calculated using equation
(∑𝑘 𝑙𝑑𝑤𝑌𝑗𝑘 ). Again, through the heuristic allocation
algorithm, regional warehouses are allocated to the
national warehouse, and (𝑋𝑖𝑗 ) is calculated. Next, (𝑋𝑖𝑗 )
is sent to LLM as the parameter. In the next step, LLM is
solved using the exact algorithm. Afterward, the optimal
solution of LLM (𝑌𝑗𝑘∗ ) is sent for ULM.
Regarding (𝑌𝑗𝑘∗ ), (𝑋𝑖𝑗 ) is modified and replaced with the
previous solution.
In the evaluation phase of the algorithm, crossover
and mutation operators were applied to the existing
solutions. A two-point crossover operator was designed
according to Figure 4. In the crossover operation, one of
the two parts of the chromosome is randomly selected
with the same chance (probability of selection = 0.5), and
the two-point crossover operator is applied to that part. If
each chromosome part contains a duplicate index
indicating an infeasible solution, it will be modified as
observed in Figure 5. Similar to the crossover operator,
the mutation operation selects one part of the
chromosome randomly with the same chance. Afterward,
one cell is randomly selected and replaced with an index
not existing in the parent. Therefore, the mutation
operator produces an offspring from one parent
chromosome.

Figure 4. Two-point crossover operator

Figure 5. Mutation operator

4. 4. Nested Heuristic Local Search-Exact Solution
(NHLS-ES)
The general structure of NHLS-ES
is similar to that of NG-ES. Figure 12 presents the Pseudo
code of the NHLS-ES algorithm. The initial solution
generation is the same as the NG-ES algorithm. The
evaluation phase uses the mutation operator to generate a
neighborhood solution. Mutation operator selects one
part of the chromosome randomly. The probability of the
selection for the first and second parts of the chromosome
is calculated based on formulas (19) and (20),
respectively. Figure shows the neighbor search operator.
p first  u max  u max  l max 

(19)

psec ond  l max  u max  l max 

(20)

The mutation operator is sequentially three-point,
two-point, and one-point. In each iteration of the
mutation process, if it is better than the best solution, the
objective value of a new solution is considered the best
solution. At each stage of mutation, the Sub-Iter is
specified as the number of internal repetitions. If in that
number of repetitions, the objective value is not
improved, the type of mutation is changed from threepoint to two-point and eventually from two-point to onepoint. Generally, unless the best answer improves the
number of iterations (𝑀𝑎𝑥𝐶𝑜𝑛), the algorithm stops.
5. RESULTS
5. 1. Case Study
The model parameters were
adjusted based on the Iran case study. Nine large cities
and all centers of provinces in Iran (31 provinces) were
selected as national and regional warehouses candidates,
respectively. Furthermore, 118 cities with more than
150000 people were considered demand cities.
According to formula (21), (𝑢𝑑𝑤𝑘 ) is calculated based
on the earthquake risk (𝐸𝑅) and the population of the city
(𝑃𝑂). Population statistic was extracted from the

Figure 6. Neighbor search operator
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Statistical Center of Iran website based on the Population
and Housing Census (2016). The Iranian Code of
Practice for Seismic Resistant Resign of Building,
Standard No.2800 was used to calculate the earthquake
risk of the cities (𝐸𝑅).
udwk  ERk  POk

TABLE 3. Results of all algorithm for the upper-level in the
small size problem
NG-ES

Algorithm code

912589320.2

912589320.2

DE-DE

946221123

912589320.2

DE-AD

946221123

946221123

AD-DE

946221123

1101597134

AD-AD

Objective value for ULM

2.4E+09

NHLS-ES

2.2E+09

NG-ES

2E+09
1.8E+09
1.6E+09
1.4E+09
1.2E+09
1E+09
DE-DE

DE-AD

AD-DE

AD-AD

Objective Value Avarage for
ULM

Figure 7. Best solution (NG-ES,NHLS-ES)

2.9E+09

NHLS-ES

2.7E+09

NG-ES

2.5E+09
2.3E+09
2.1E+09
1.9E+09
1.7E+09
1.5E+09
DE-DE

DE-AD

AD-DE

AD-AD

Standard deviation
objective value for ULM

Figure 8. Average of solutions (NG-ES,NHLS-ES)

1E+09
900000000
800000000
700000000
600000000
500000000
400000000
300000000
200000000

NHLS-ES
NG-ES

DE-DE

DE-AD

AD-DE

AD-AD

Figure 9. Standard deviation of solutions (NG-ES,NHLSES)

Time (s)

5. 2. Computational Results
The small size
problem was solved by FE-EA, and the optimal location
and allocation were reported. When the lower-level
problem was solved to optimality, the performance
assessment of the bi-level problem was conducted using
the upper-level objective [33]. Table 3 reports the
numerical results obtained by NG-ES and NLS-ES
algorithms for the upper-level. As Table 3 show, two
algorithms from NG-ES and one from NLS-ES were
obtained as the optimal solution.
Owing to the inefficiency of FE-EA in large-size
problems, it is only solved by NHLS-S and NG-ES.
Tables 4 and 5 report the best and the average values for
all algorithms. The minimum value of the leader’s
objective function is related to NG-ES with the DE-AD
code. This algorithm uses the DE and AD algorithm to
allocate facilities at upper and lower levels, respectively.
As Figures 7 and 8 show, based on the best and average
value, NG-ES (DE-AD) outperforms other algorithms
and is selected as the appropriate algorithm for BL-EWLAP. According to Figure 9, all types of NG-ES
algorithm have better performance than NHLS-ES for
standard deviation. In addition, NHLS-ES is converged
much faster than NG-ES is (Figure 10). Since BL-EWLAP is a strategic and long-term problem, CPU time is
not considered the important criterion to select an
appropriate algorithm.
Figure 11 illustrates the behavior of the objective
functions and the effect of the leader’s response on the
follower for different solutions. The leader is
monotonically decreasing, while the follower has some
fluctuation. Table 6 depicts the effect of parameters
(𝑢𝑚𝑎𝑥, 𝑙𝑚𝑎𝑥) change on the value of the objective
function. With the increasing number of national
warehouses, the objective function of both levels is

NHLS-ES

reduced, but the increase in the number of regional
warehouses does not affect the objective function of the
leader and follower models.

(21)

In this paper, to calculate the distances matrix
between nodes (𝑢𝑟𝑑𝑖𝑗 , 𝑙𝑟𝑑𝑗𝑘 ), road distance was
obtained from the Google Maps Platform and Distance
Matrix API service. A code was written in Python
programming language to determine the distance matrix
of nodes (𝑢𝑟𝑑𝑖𝑗 , 𝑙𝑟𝑑𝑗𝑘 ).
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Figure 10. CPU time of Algorithms (NG-ES,NHLS-ES)
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TABLE 4. Results of NHLS-ES algorithm for the large size problem
Algorithm code

Average of leader solutions

Best solution Leader

Best solution follower

Standard deviation

CPU time

DE-DE

1929385300

1356849145

19240511260

708256048.8

797.2

DE-AD

2062886677

1548416948

12505727872

529921735

943.8

AD-DE

2287684536

1610141001

16760613398

920550513

736.8

AD-AD

2810441087

2293225935

15642906833

602752285.6

560.3

TABLE 5. Results of NG-ES algorithm for the large size problem
Algorithm code

Average of leader solutions

Best solution Leader

Best solution follower

Standard deviation

CPU time

DE-DE

2161814222

1186002289

15220205195

377314775

2448

DE-AD

1665766868

2135123991

12515807758

449096980

2821

AD-DE

1904908088

1610141001

13067224449

330637134

4015

AD-AD

2033692902

1725735466

16780294548

329650646

3307

Figure 11. The variations of objective functions

TABLE 6. Impact of change (𝑢𝑚𝑎𝑥, 𝑙𝑚𝑎𝑥) on objective
functions
𝒍𝒎𝒂𝒙

Leader objective
function

Follower objective
function

2

3

912589320.2

2913096362

2

4

912589320.2

2913096362

2

5

912589320.2

2913096362

3

4

768888241.7

2709942156

3

5

768888241.7

2709942156

𝒖𝒎𝒂𝒙

6. CONCLUSION
In this paper, a new bi-level programming model was
designed for location-allocation emergency warehouses
in the pre-positioning relief supply problem. In this
model, the leader makes a decision on the location and
allocation of national warehouses by predicting the
location of regional warehouses and allocating them to
demand cities. The application of this type of modeling
suits countries where the design of the relief network is
decentralized. The contribution of our problem in the pre-

positioning literature is to model the location-allocation
emergency warehouses problem in the framework of bilevel optimization. This model can also be used in the
decentralized business supply chain. One requirement of
logistic planning in disaster management is a limitation
in the dispatch time of relief items from national
warehouses to regional warehouses and the regional
warehouse to service demand points. Accordingly, as a
future suggestion, some constraints can be considered on
the response time or coverage radius for national and
regional warehouses. This helps the optimization model
to become more realistic. Furthermore, there is more than
one decision-maker at national and regional levels,
leading to the design of multi-leader and multi-follower
bi-level models. This kind of problem has more
complexity than single leader/follower bi-level
programming, especially for discrete problems. Another
modeling suggestions is to consider various objective
functions for upper-level and lower-level models.
Furthermore, this problem can be modeled in the context
of critical facility location.
Based on the comparison of NG-ES and NHLS-ES, it
can be concluded that the developed algorithms compute
the solution of the acceptable accuracy with a reasonable
amount of time for a real problem. The NG-ES approach
exhibited better results in this paper in terms of the
standard deviation of solutions. The genetic algorithm
exploits the well observed solutions, and it increases the
intensification of the algorithm. NG-ES (DE-AD)
outperformed all the sub-groups of NG-ES and NHLSES with the best, average and standard deviation of
solutions for models with many variables. The main
reasons behind the superiority of NG-ES (DE-AD) over
three other nested genetic algorithms are concerned with
the allocation method. The solution generation of all
modes of NG-ES and NHLS-ES is a bottom-up approach
(lower-level model to upper-level model), meaning that
to calculate (𝑋𝑖𝑗 ), (𝑌𝑗𝑘 ) must be calculated first. In certain
cases, the generation of good solutions for the follower
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may exclude the generation of good solutions for the
leader. This mechanism reduced the exploration of the
search space (diversification), influencing its
performance considerably. The development of nested
evolutionary with different initial solution mechanisms
and an exact method to solve these large size problems
precisely can be a suggestion for further research.
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Figure 12. Pseudo-code of NHLS-ES
1.

Input

2.

Let

3.
4.

p
Let m be the percentage of Mutation population
npop
Let
be the size of population

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

18.

8. Appendix: Pseudo Code of Solution Algorithms
1:
2:
3:
4:
5:

Input
Let 𝑆𝑢𝑏 − 𝑖𝑡𝑒𝑟 be internal loop iteration
Let 𝐿𝑚𝑎𝑥 be number of local search method
Let 𝐶𝑂𝑁 be a counter that initially set to 0
Let 𝑀𝑎𝑥𝐶𝑂𝑁 be the maximum number of trials that the
algorithm is not improved improve the solution*/
6: Generate an initial solution/*integer string* /
7: For all chromosomes
8: Calculate Yjk by the allocation heuristic algorithm
9: Calculate 𝑢𝑑𝑤𝑗 = ∑𝑘 𝑙𝑑𝑤𝑗 𝑌𝑗𝑘
10: Calculate 𝑋𝑖𝑗 by the allocation heuristic algorithm
11: Let 𝑋𝑖𝑗 be as a parameters into the LLM
12: Calculate,

Y

*
jk

Y jk*

by an exact algorithm

13: Let
be as a parameters into the ULM
14: Update udwj and calculate 𝑋𝑖𝑗 by the allocation heuristic
algorithm based on chromosome
15: L=1
16: Best Solution = Current Solution
17: While 𝑪𝒐𝒏 < 𝑴𝒂𝒙𝑪𝒐𝒏

iter =1
Repeat
Create new neighborhood by mutation method
Calculate new neighborhood objective function
If 𝐹𝑁𝑒𝑤 ≤ 𝐹𝐵𝑒𝑠𝑡
Current solution = new neighborhood
Iter=iter+1
Until (iter ≤ Sub-iter )
If current solution < Best Solution
Best Solution = current solution
L=L
Con=0
Else
L=L+1
If L>Imax
L=1
Con=Con+1
End
Output best solution found

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

pc be the percentage of Crossovers population

spr

Let
be the percentage of Selection pressure rate
Let 𝐶𝑂𝑁 be a counter that initially set to 0
Let 𝑀𝑎𝑥𝐶𝑂𝑁 the maximum number of trials that the
algorithm is not improved
Selection method of parent
/*Roulette wheel selection*/
Initial Solution generation
Generate an initial population of chromosomes ( pop0 )
/*integer string*/
For all chromosomes
Calculate Yjk by the allocation heuristic algorithm
Calculate 𝑢𝑑𝑤𝑗 = ∑𝑘 𝑙𝑑𝑤𝑗 𝑌𝑗𝑘
Calculate 𝑋𝑖𝑗 by the allocation heuristic algorithm
Let 𝑋𝑖𝑗 be as a parameters into the LLM
Calculate 𝑌𝑗𝑘∗ by an exact algorithm
Let Yjk be as a parameters into the ULM
Update udwj and calculate 𝑋𝑖𝑗 by the allocation heuristic
algorithm
Evaluation phase:
While 𝐶𝑂𝑁 < 𝑀𝑎𝑥𝐶𝑂𝑁
nc = npop * pc
/ * number of chromosomes that will be
generated by crossover*/
𝑖 = 1;
While 𝑖 ≤ 𝑛𝑐 /2
Select two chromosomes as parents based on Roulette wheel
selection
Generate two offspring chromosomes by crossover operator
𝑛𝑚 = 𝑛𝑝𝑜𝑝 ∗ 𝑝𝑚 ; / * number of chromosome that will be
mutated*/
𝑗 = 1;
While 𝑗 ≤ 𝑛𝑚
Select a random chromosome
Mutate chromosome
For each new chromosome
Repeat 10 to 17 steps
Calculate 𝑂𝐹𝑈𝐿𝑀 of each new chromosome
Merge and sort population
Update stop condition
If the best solution not improve
𝐶𝑂𝑁 = 𝐶𝑂𝑁 + 1
Else
𝐶𝑂𝑁 = 0
End
Output best solution

Figure 13. Pseudo-code of NG-ES
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Persian Abstract
چکیده
در برخ کشورها مدیران منطقه ای تالش می کنند تسهیالت ملی را به نفع مناطق خود تخصیص دهند که این موضوع باعث اختالل در نظام تصمیم گیری دولت مرکزی می
شود .با توجه به ساختار سلسله مراتبی این نوع تصمیم گیری ها ،استفاده از مدلهای بهینه سازی کالسیک از کارایی مناسبی در تصمیم گیری برخوردار نمی باشد و استفاده از
رویکردهای بهینه سازی چند س طحی می تواند باعث افزایش اثربخشی برنامه ها شود .مقاله ما با هدف بکارگیری رویکرد برنامه ریزی دوسطحی در مساله مکانیابی انبارهای
اضطراری بحران انجام شده است .یک زنجیره تامین امدادی سه الیه ای شامل انبارهای ملی ،منطقه ای و نقاط تقاضا به عنوان شبکه امداد رسانی در نظر گرفته شده است .مدل
سطح باال در خصوص مکان یابی انبارهای ملی و تخصیص آنها به انبارهای منطقه ای تصمیم گیری میکند .مدل سطح پایین نیز مکان انبارهای منطقه ای و تخصیص آنها به نقاط
تقاضا را مشخص میکند .ساختار هر دو مدل براساس مساله مکان یابی-تخصیص میانه تنظیم شده است .سه روش براساس رویکرد حل براساس شمارش کامل و دو الگوریتم
تکاملی تودرتو ( الگوریتم ژنتیک و جستجو همسایگی) ارائه شده است .مدل در ایران استفاده شده است و اثربخشی الگوریتمها برای دو سایز مساله تحلیل شده است .نتایج
بدست آمده نشان دهنده عملکرد مناسب رویکردهای حل می باشد.
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This paper discusses the problems of short-term forecasting of cryptocurrency time series using a
supervised machine learning (ML) approach. For this goal, we applied two of the most powerful
ensemble methods including Random Forests (RF) and Stochastic Gradient Boosting Machine
(SGBM). As the dataset was collected from daily close prices of three of the most capitalized coins:
Bitcoin (BTC), Ethereum (ETH) and Ripple (XRP), and as features we used past price information
and technical indicators (moving average). To check the effectiveness of these models we made an outof-sample forecast for selected time series by using the one step ahead technique. The accuracy rate of
the forecasted prices by using RF and GBM were calculated. The results verify the applicability of the
ML ensembles approach for the forecasting of cryptocurrency prices. The out of sample accuracy of
short-term prediction daily close prices obtained by the SGBM and RF in terms of Mean Absolut
Percentage Error (MAPE) for the three most capitalized cryptocurrencies (BTC, ETH, and XRP) were
within 0.92-2.61 %.
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1. INTRODUCTION1
Cryptocurrencies are one of the popular modern
financial assets. Despite the fact that in the last decade,
since the appearance of the first cryptocurrency namely
Bitcoin, their exchange rates and market capitalization
have undergone several dramatic ups and downs. The
total market capitalization of cryptocurrencies amounted
to $ 15.6 billion at the beginning of 2017; at the
beginning of 2020 it was about $ 230 billion, and the
maximum market cap had reached almost a trillion
dollars ($ 860 billion) in the middle of 2018 [1].
The role and position of cryptocurrencies in the
global financial market is a controversial and debatable
*Corresponding
Author
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vitalinababenko@karazin.ua (V. Babenko)

Email:

topic [2-4]. Significant fluctuations in their prices and
legal uncertainty of the transactions performed with
them in most countries causes significant uncertainty
and, as a result, high investment risk of these assets.
A vast majority of economists and researchers
inclined to believe that cryptocurrencies are speculative
financial assets, intended primarily for short-term
investments horizon (see, for example [2-6]). That’s
why for decision-making in the cryptocurrency market
it would be necessary to develop adequate forecasting
tools.
It should be noted, that cryptocurrency time series
are characterized by high volatility, non-Gaussian
distributions, heavy tails and the presence of abnormal
and extreme events [7-8]. At the same time, the key
drivers which determine the price of cryptocoins are still
poorly understood and identified [4-6].
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Therefore classical approaches based on statistical
frameworks, time-series and econometric models, which
were efficiently used for modeling and forecasting
traditional assets (fiat currencies, commodity prices,
securities value, etc.), in the case of cryptocurrencies
have proven to be ineffective.
Thus, the main purpose of our research is exploring
and comparing the efficiency of Machine Learning
(ML) ensembles-based approaches, such as Random
Forest (RF) and Gradient Boosting Machine (GBM) on
the problem of short-term forecasting of cryptocurrency
prices.
2. LITERATURE REVIEW
Recently, ML methods and algorithms, which have
shown significant effectiveness in many areas of
complex systems research (biomedicine, neurorobotics,
image and voice analysis, pattern recognition, machine
translation, etc.) [9-12], have been applied to financial
time series analysis [13-16].
The most common ML algorithms in financial
forecasting are Artificial Neural Networks (ANNs) of
various architectures [16-20], and Support Vector
Machines (SVM) [20-23].
These approaches have proven to be effective for the
forecasting of financial assets [19-24] and
cryptocurrencies [18, 23, 25-28].
Several studies [18, 26, 28] presented the results of
predicting cryptocurrency exchange rates by using
ARIMA (as baseline) and different ML approaches.
Summarizing their results allows us to conclude that
ML algorithms outperform time series models in
predicting both cryptocurrency prices (or returns) and
their volatility.
There is a number of research papers (see, for
example, Makridakis et al., [13]; Bontempi et al., [14];
Persio and Honchar, [15]), which presented results
stating that ANN outperformed other ML methods at
forecasting cryptocurrencies prices.
However, Hitam and Ismail [27] compared
forecasting performance of different ML algorithms by
using cryptocurrency time series (prices). They tested
ANNs, SVM and Boosted NN for top-six cryptocoins
and conducted that SVM has better predictive accuracy
(in terms of Mean Absolut Percentage Error, MAPE)
than others.
Mallqui and Fernandes [28] examined Bitcoin price
direction and daily exchange rate predictions using
ANN and SVM. Regarding obtained results, the SVM
presented the best performance for both price trend
change (classification problem, accuracy 59.45%) and
exchange rate predictions (regression problem, MAPE
within 1.52-1.58%).
During the last few years the main attention of
researchers has been focused on the application of Deep
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Learning (DL) approaches in the field of financial
forecasting, including cryptocurrencies [18, 29-33].
Sezer et al. [29] recently prepared a detailed
overview devoted to applying DL techniques for
forecasting financial time series.
McNally [18] focused on predicting Bitcoin trends
(classification problem) by using Recurrent Neural
Network (RNN) and Long Short Term Memory
(LSTM). He used only past prices and several technical
indicators such as the simple moving average for
prediction. The accuracy that he obtained for predicting
changes in the direction of the Bitcoin trend was within
51-52% for both of the methods.
Kumar and Rath [22] compared the forecasting
ability of LSTM and Multi-Layer perceptron (MLP) for
predicting the direction of price changes in Etherium.
They used daily, hourly, and minute data and concluded
that LSTM requires significantly more training time;
despite this it did not significantly outperform MLP.
In the study of Yao et al. [31], devoted DL
forecasting cryptocurrency prices, was used extended
dataset, which included lagged prices value, market cap,
trading volume, circulating and maximum supply.
According to their results the prediction accuracy has
been significantly increased when a wider dataset is
used.
Chen et al. [32] developed two stage forecasting
strategy. On the first stage they used ANN and RF for
feature selection of several economic and technological
factors, and on the second stage they made predictions
on the Bitcoin exchange rate by using LSTM. As to
their results, LSTM had better forecasting performance
than ARIMA and SVM. Moreover, incorporating
economic and technological factors as additional
predictors increases prediction accuracy.
It should be noted that if we are solving the complex
problem of regression (forecasting) or classification, it
often happens that none of the models provides the
desired quality and accuracy. In this cases, we can build
an ensemble of individual models (algorithms) in which
the errors of each other are mutually compensated.
This idea is based on another powerful class of ML
approaches of designing ensembles C&RT: Random
Forest (RF) [34-35] and Gradient Boosting Machine
(GBM) [36-37], which used bagging (RF) and boosting
(GBM) technique. Both RF and GBM are powerful
methods that can efficiently capture complex nonlinear
patterns in data.
But much less attention has been paid to these
algorithms in the field of financial time series analysis.
Thus, Varghade and Patel [21] tested RF and SVM to
forecast stock market index S&P CNX NIFTY. They
noted that the Decision Trees model outperforms the
SVR, although RF at times is found to overfit the data.
Kumar and Thenmozh [22] explored set of
classification models for predicting direction of index
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S&P CNX NIFTY. Their empirical results suggest that
both the SVM and RF outperforms the other
classification methods (NN, Linear Discriminant
Analysis, Logit), in terms of predicting the direction of
the stock market movement, but at the same time SVM
it turned out to be more accurate.
Recently appeared several papers devoted to
applying ensembles approaches for forecasting
cryptocurrency prices [38-40]. Borges and Neves [38]
tested four ML algorithms for price trend predicting:
LR, RF, SVM and GBM. All learning algorithms
outperform the Buy and Hold investment strategy in
cryptomarket. The best result was obtained by
ensembles voting (accuracy 59.3%).
Chenet et al. [39] applied a set of learning models
including RF, XGBoost, Quadratic Discriminant
Analysis, SVM and LSTM for Bitcoin 5-minute interval
and daily prices. The authors used a large dataset
including technological, market and trading, sociomedia and fundamental factors. A somewhat
unexpected result was that for daily prices, better results
were obtained by using statistical methods (average
accuracy 65%) as compared to ML methods (average
accuracy 55.3%). Among ML models the SVM was the
best performing, with an accuracy of 65.3%.
Sun et al. [40] developed a novel method of the price
prediction trend of cryptocurrency market (42 coins) by
using modification of GBM (LightGBM). The authors,
besides
past
prices,
also
included
several
macroeconomic factors: Dow Jones index, S&P 500
index, WTI crude oil price index and others which
affect the price fluctuation of cryptocurrency market.
They tested different time period (2-days, 2-weeks, 2month) and the best performance has been received for
two week forecasting time horizon: accuracy whiting
0.52 (RF) to 0.61 (SVM, LightGBM).
For instance of rewired papers [38-40], which
examined the prediction of price trend changes
(classification problem), we focused on forecasting
exchange rates (prices) by using RF and GBM
(regression problem). Moreover, we used the stochastic
GBM (SGBM), which has some advantages such as less
learning time, less used memory and higher accuracy.
3. METHODOLOGY
3. 1. Supervised Machine Learning Approach
In our study we will apply supervised machine learning
technique to forecast cryptocurrency time series.
Consider
a
sample
of
pairs
of
features
(lagged
daily
prices
x  x1, x2 ,..., x p ,..., xM



yi 1 , yi  2 ,..., yi  p ,



i p

and

several

technical

indicators x p 1 ,..., xM ), and the target variable (price on
the next day) y : x i , yi i 1, 2,..., n length n.

We believe that between the target and features there
is an unknown functional dependence f , which can be
parameterized by an approximation function:
y  fˆ x  f x, .

(1)

Let L y, f  be the loss function, which characterizes
the deviations between the actual and predicted values
of target variable. Thus, our task is to minimize the loss
function in the sense of mathematical expectation on the
available dataset:





fˆ x   arg min L y, fˆ x  
f x 

 arg min  xy L y, f x,   f x, 

(2)

f x 

For solving (2) we have to optimize L using
parameters 

ˆ  arg min  xy L y, f x,  






  x  y L y, f x,  x  .

(3)

In this context we can approximate the empirical
loss function for N steps using:



N

  

L ˆ   L yi , f x i ,ˆ ,
i 1

(4)

N

ˆ   ˆi .
i 1

(5)

There are a lot of numerical technics to minimize
loss function L ˆ . The efficient approach is the
gradient descent method, according to which we need to
calculate gradient of loss function on each step
t  1,2,..., N :
 L y, f x,  
L    
 ˆ.


 

(6)

It should be mentioned that when we employ an ML
method it is necessary to solve the problem of BiasVariance trade-off.
This is the problem of simultaneously minimizing
two sources of error that prevent supervised learning
algorithms from generalizing beyond their training set
[9]:
 The bias is an error from erroneous assumptions in
the learning algorithm, high bias can cause an
algorithm to miss the relevant relations between
features and target outputs (underfitting);
 The variance is an error from sensitivity to small
fluctuations in the training set, high variance can
cause overfitting, i.e., modeling the random noise
in the training data, rather than the intended
outputs.
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Therefore, when adjusting the model parameters, we
have to find a compromise between the forecast error
caused by its bias and the unstable parameter values
(high variance).
Consider the quadratic loss function:
L y, f x,  

1 l
2
  yi  f x i ,  .
2 i 1

(7)

Then the mean square forecast error PE can be
represented in the form of sum of three terms:









2
PE   xy  yi  f xi ,   Bias 2 fˆ  Var fˆ   2

(8)

The first component characterizes the bias of the
training method, that is, the deviation of the average
response of the trained algorithm from the response of
the ideal algorithm. The second component
characterizes variance, i.e., the scatter of the responses
of trained algorithms compared to the average response.
The third component characterizes the noise in the
data and is equal to the error of the ideal algorithm;
therefore, it is impossible to construct an algorithm
having a lower standard error.
Our main goal is to make a one-step-ahead forecast
cryptocurrencies price based on available data set, their
past values and compare predictive ability of different
ML algorithms for solving this task. Thereby we
investigat the ML methods including Random Forest
(RF) and Gradient Boosting Machine (GBM). These
ensemble ar methods based on using a set of “weak
learning” algorithms, in general Decision Trees
(C&RT). Despite the fact that each of them has low
accuracy (both for classification and regression), we can
get enough strength by combining the base week
learners into ensembles model, which allows to achieve
a better forecasting performance. This is because an
ensemble technique helps reduce bias and / or variance
described above (8).
3. 2. Random Forest
RF proposed by Leo
Breiman and colleagues [34, 35] is one of the most
powerful ML approach. It is based on bagging
technique that uses compositions of basic algorithms.
Training data set is divided into many random subsets
with replacement (bootstrap samples) and each of base
classifier is trained on its own sub-set. The final
classifier aN x,  is built as the average of the basic
algorithms hi x  (for regression):
a N x,  

1
N

 hi x, ,
N

i 1

(9)

where N represents the number observations (samples)
in training set xi , yi i 1, 2,..., N .
Unlike boosting, which will be described in the next
section, all elementary classifiers used in bagging are

143

trained independently. The idea is that the classifiers do
not correct each other's mistakes, but compensate them
by voting. Basic classifiers must be independent
(uncorrelated), so they can be classifiers based on
different groups of methods (for example, linear
regression, decision trees, neural networks and so on) or
trained on independent data sets. In the second case, we
can use the same basis algorithm.
Thus bagging efficiency is achieved by training the
basic algorithms in different sub-sets obtained by
bootstrap. Also in RF the feature used for branching in
the certain node is not selected from all possible
features set, but only from their random subset of size
m. Moreover they are selected randomly, typically with
replacement, that’s why the same feature can appear
several times, even in one branch. The number of
features for training each tree is recommended to choose
M
as m 
(for regression task), where M is the total
3
number of features.
The base models alone are not very accurate, but
their ensemble allows significantly improves the quality
of the prediction.
RF uses fully grown decision trees. It tackles the
error reduction task by reducing variance. The trees are
made uncorrelated to maximize the reduction in
variance, but the algorithm cannot reduce bias (which is
slightly higher than the bias of an individual tree in the
forest).
It should be noted that RF are used in deep trees
because basic algorithms require low bias; the spread is
eliminated by averaging the responses of various trees.
3. 3. Gradient Boosting Machine
Over the past
two decades boosting has remained one of the most
popular ML methods along with NN and SVM.
Boosting, in contrast to bagging, does not use simple
voting but a weighted one. The major attractions of
boosting are that it is easy to design computationally
efficient weak learners. A very popular type of weak
learner is a shallow decision tree: a decision tree with a
small depth limit.
In following, Friedman [36, 37] will cover the basic
steps of GBM. By analogy with RF (see expression (9))
we will build a weighted sum of N basic algorithms
a N x  

N
1
 N  hi x, 
N i 0

(10)

and the initial algorithm h0 x,  can be defined, for
example, in the following form:
1 l
h0 x,    yi ,
l i 1

(11)

where l is the number of samples in training set ( l  n,
as a rule l  0.7  0.8n ).
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Assume we have already built ensemble aN 1 x,  of
N  1 classifiers on the N  1 step. Then we select the
next basic algorithm hN x  in such a way that the error
given by (13) can be reduced as much as possible:

 L yi , aN 1 xi ,    N hN xi ,   min .
l

 N , hN

i 1

(12)

If we choose hN xi .  in the following form
hN x,   arg min  hxi ,   si  ,
l

h x , 

2

i 1

4. DATASET
(13)

and put the deviation si equal to the anti-gradient of the
loss function L
si  

L
z z  a  x 
N 1

(14)

i

we will take one step of the gradient descent, which is
being implemented by moving towards the fastest
reduction of the loss function. Thus, we perform
gradient descent in the l-dimensional space of algorithm
predictions on the objects of the training set.
As soon as a new basic algorithm is found, it is
possible to select its coefficient  N by analogy with the
gradient descent:
l

 N  arg min  L yi , a N 1 xi ,    N hN xi , 


i 1

To limit our analysis to the most popular
crypticurrencies, we use the daily close prices and
trading volumes of the three most capitalized coins:
Bitcoin (BTC), Ethereum (ETH) and Ripple (XRP). Our
initial dataset covers the period from 01/01/2015 to
31/12/2019 for BTC and XRP (1826 observations), and
from 07/08/2015 to 31/12/2019 for ETH (1608
observations) according to the Yahoo Finance [41].
Figure 1 shows the daily closing prices for the selected
coins.
For training the models, fitting and tuning their
parameters, the dataset was divided into training and
test subsets in ratio of 80 and 20%. Moreover, the last
92 observations (from 01/10/2019 to 31/12/2019) were
reserved for validation which was performed by out-ofsample one-step ahead forecast BTC, ETH, and XRP
prices.

(15)

Note that unlike the RF, GBM is prone to retraining,
which leads to increase errors on the test sample and on
out of sample data. Because of this, as a rule, shallow
decision trees are used in boosting. These trees have a
large bias, but are not inclined to overfitting.
One more of the effective ways to solve this problem
is to reduce the step: instead of moving to the optimal
point in the direction of the anti-gradient, a shortened
step is taken by

a N x,   a N 1 x,     N hN x,

reduction of the forecast error is still carried out mainly
due to the reduction in bias. That’s why the bias
correction leads to a greater risk of overfitting. It can be
argued that in financial applications, RF based on
bagging is usually preferable to boosting. Bagging
solves the overfitting problem, while boosting solves the
underfitting one.

5. EMPIRICAL RESULTS
5. 1. Feature Selection
Since we focus on ML
approach of forecasting cryptocurrencies data, the main
purpose of our paper is to get the most accurate one-step
ahead forecast of daily prices, based on their past values
and several other factors.
According to some empirical studies devoted
forecasting cryptocurrencies prices [9, 42, 43], there is a

(16)

where   0,1 is the learning rate.
It should be noted that both of the above described
ensembles approaches (RF and GBM) have their own
advantages and disadvantages. Boosting works better on
large training samples. It can properly reproduce the
boundaries of classes with complex shape. Bagging is
preferable for short training sets, it also allows efficient
parallelization of calculations, while boosting is
performed strictly sequentially.
GBM is based on weak learners (high bias, low
variance). In terms of decision trees, weak learners are
shallow trees, sometimes even as small as decision
stumps (trees with two leaves).
The main advantage of boosting is that it reduces
both variance and bias in forecasting, nonetheless the
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Figure 1. Daily closing prices for BTH, ETH, and XRP ($
USD ) from 07/08/15 to 31/12/19 (log-scale)
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seasonal lag which is a multiple of 7 if we use daily
observations. In our opinion, this is due to the fact that
cryptocurrencies (unlike traditional financial assets, for
which a lag of 5 is often observed) are traded 24/7. The
results of our correlation analysis also showed the
existence of statistically significant lags, multiples of 7,
for selected coins.
Therefore, we used the previous values of daily
prices for the last four weeks as predictors (lagged daily
prices yi 1 , yi 2 ,..., yi 28 ). To take into account the
changing trends, we used moving average prices of
different orders: “fast” – 3,5,7 days, and “slow” – 21, 28
and 35 days.
In addition, we also included in the dataset two
exogenous variables: daily trading volumes and the
growth rates of daily trading volume with a lag of one
day. Thus, the final dataset contains 36 features.
5. 2. Hyper-parameters Tuning
It should be
noted that hyper-parameters tuning is an important and
sophisticated step of the model design. First of all, it is
necessary to choose the functional form of the loss
function given by Equation (5). To cover the main
purpose of our study, the quadratic loss (8) was
selected, which generally used for solving the regression
problem,.
For both of the methods (RF, and GBM), the data is
randomly partinioned into training and testing sets. A
GBM modification that uses such a partition is called
Stochastic GBM (SGBM) [37], which we applied in this
study. The training sample is used to fit the models by
adding simple trees to ensembles. Testing set is used to
validate their performance. For regression tasks,
validation is usually measured as the average error. We
selected 30% of the dataset as test cases for both the
approaches.
Since the RF is not inclined to overfitting, one can
choose a large number of trees for the ensemble. We
designed RF model with 500 trees. At the same time, in
order for the model to be able to describe complex
nonlinear patterns in data, it is necessary to use complex
trees. So we have chosen a maximum of 15 levels.
Other important parameter for RF is the number of
features to consider at each split. As noted in Section
3.2 for regression task it is recommended to choose this
value as m  M , where M is the total number of
3

features. We tested different RF models with value m
between 8 and 12.
As a stop condition for the number of trees in
SGBM (boosting steps) we took the number of trees at
which the error on the test stops decreasing. This is
necessary in order to avoid the overfitting. For boosting,
unlike the RF, the simple trees are usually used. That’s
why we fitted maximum number of levels in trees and
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number of terminal nodes by the criteria of lowest
average squared error on both training and test samples.
The final values of hyper-parameters setting are
reported in Table 1.
An important parameter for GBM is the learning rate
(shrinkage). Regularization by shrinkage consists of
modifying the update rule (16) by tuning  . We
selected this value on the grid search according to
minimum prediction error on the test set.
The natural logarithm is derived from all features for
stabilizing the variance. This is special case of BoxCox transform.
5. 3. Forecasting Performance
The shortterm forecasts were made for the selected coins using
the absolute values of prices. The target variable is the
prediction value of close prices for each
cryptocurrencies in the next time period (day) although
we used daily observation. Both SGBM and RF models
were trained with the same set of features.
For testing efficiency of both approaches, we carried
out prediction prices of the selected coins on the hold
out last 91 observations by using one-step ahead
forecasting technique. The final results are shown in
Figures 2-4.
Analysis of the graphs allows us to conclude that
both of the ensemble approaches generlally well
approximate cryptocurrencies time series dynamics, but
one can see a certain delay in the model graphs in
comparison to the real data.
For comparing prediction performance of different
ensembles (SGBM, and RF) we applied Mean Absolute
Percentage Error (MAPE) and Root Mean Square Error
(RMSE). Table 2 shows summary of the estimation
accuracy for our models using these metrics.
Thus, we can conclude that both methods have the
same order of accuracy for the out-of-sample dataset
prediction, although boosting is somewhat more

TABLE 1. Final hyper-parameters setting
Parameters

RF

GBM

quadratic

quadratic

70/30

70/30

Random subsample rate

0.7

0.7

Number of trees in ensemble

500

250

Maximum number of levels in trees

15

4

Maximum number of features to consider at
each split

12

-

Maximum number of terminal nodes in trees

150

15

5

-

Loss-function
Training / test subsamples proportion, %

Minimum samples in child nodes
Learning rate (shrinkage)

0.1
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10500

BTC
SGBM
RF

10000

TABLE 2. Out-of-sample accuracy forecasting performance
results
SGBM

9500

RF

MAPE, %

RMSE

MAPE, %

RMSE

9000

BTC

2.31

263.34

2.61

305.95

8500

ETH

3.02

5.02

2.26

6.72

XRP

0.92

0.0029

1.84

0.0057
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Figure 2. Out of sample prediction of BTC prices
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Figure 3. Out of sample prediction of ETH prices
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Our research has shown the efficiency of using ML
ensemble-based
approaches
for
predicting
cryptocurrency time series. According to our results, the
out of sample accuracy of short-term forecasting daily
prices obtained by SGBM and RF in terms of MAPE for
three of the most capitalized cryptocurrencies (BTC,
ETH, and XRP) was within 0.92-2.61 %.
By designing models, we explored different sets of
features. Our base dataset contained only past values of
the target variable with 14, 21 and 28 lag depth. In this
case a larger dataset provided better training of the
SGBM and RF, and gave more efficient results. The
inclusion of additional features into the model , in
particular technical indicators (moving averages), and
trading volumes, led to an increased accuracy (MAPE)
both on in- and out of samples on average from 1 to 3%.
In our opinion, forecasting accuracy can be
improved by including additional features, for example,
open, max, min and average prices, fundamental
variables, different indicators and oscillators, such as
Price rate-of-change, Relative strength index, and so on.
Future research should extend by investigating the
predictive power of both features described above and
others additional features. In the conclusion, we note
that the proposed methodology by the development of
combined ensemble of C&RT with other powerful ML
models, such as NN and SVM is a promising approach
to forecasting not only time series of cryptocurrencies,
but also other financial time series. Moreover, it seems
promising to us to use DL approaches for feature
selection.
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چکیده
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Given the complexities of the electricity market, various factors, such as uncertainties, the ways upon
which the markets are set, how the debts are settled, the market structure and regulations, production
prices, constraints governing the units and networks, etc. are influential in determining the optimal
pricing strategies. Various methods and models have been presented to resolve the pricing issue in the
competitive electricity industry. The most prominent of which include pricing methods are based on the
prediction of competitors’ behavior; also pricing methods based on the forecasts of market price,
methods based on the game theory and lastly, pricing methods based on the intelligent algorithms.
T herefore, this study was conducted to provide an optimal strategy in order to forecast the electricity
market price set in the competitive Iranian electricity market (based on the data collected). In this paper,
the proposed method uses a compound network based on the neural networks. The analyzed data include
the amount of the consumed energy as well as temperature (if applicable) and the price set for the past
days and weeks. T he self-organizing map (SOM) network was used for the input clustering based on the
similar days. A number of multilayer perceptron (MLP) neural networks wer e used to combine the
extracted data consisting of the energy levels, the price set, and temperature (if possible). The results
showed improvements in the performance of the smart systems based on the neural networks in
predicting the electricity prices.
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1. INTRODUCTION1
Since the industrial revolution, energy has become a key
factor in everyday life. Fossil fuels have become the most
primary energy production in the world [1]. However,
with the population growth and technological
development, the current world is facing two vital
problems, environmental pollution, and energy resource
shortages [2]. One way to overcome problems is to
improve efficiency and reduce emission [3]. The other
way is to develop alternate energy resources [2]. Most
recent research paid attention to renewable resources for
their properties of environmental-friendly and sustainability. The most competitive renewables include water,
wind, photovoltaic energy, and biofuel. Many of them
have been proved to be advanced in addressing energy

and environmental issues [4, 5]. Today, electrical energy
became an essential element of human life as one of the
most favorable types of energy. In order to supply this
energy, vast and extensive power systems have emerged
in various countries. The management and control of
such systems was initially the responsibility of
governments or quasi-public institutions, and if assigned
to the private sector, would have a vertically integrated
management structure. Most of the previous theories
presented about power systems were based on the idea
that electricity is a public s ervice sector with intrinsic
monopolistic properties. Many renewable sources have
been applied to the electricity market. In the last few
years, electricity market prices decreased a lot due to the
close-to-zero marginal costs from renewable energies
[6]. Therefore, the electricity market participants are
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seeking ways to be more competitive in the market. Many
companies have adopted new electricity price plans [7],
for example, time-of-use electricity price plans. These
plans charge higher rates when demand is high, and lower
rates when demand is low. This encourages customers to
wisely decide their electricity usages and reduce on-peak
energy usages [8]. This situation makes not only the
producers but also the customers pursue more precise
forecasts of the electricity market prices than ever.
However, electricity price usually has complex features,
such as highly volatile behavior and non-linearity, which
makes it rather difficult to build a precise forecasting
model [9, 10].
Accurate electricity price forecasting may help
electricity market participants to formulate reasonable
competition strategies. Speciﬁcally, power producer scan
use the forecasting results to optimize unit output, while
power consumers can use the results to optimize purchase
portfolio [11]. However, the complex features of
electricity prices such as periodicity and high volatility
make the forecasting pretty diﬃcult [12].
In recent years, a lot of models have been proposed for
electricity price forecasting [13, 14]. In general, the
commonly used models can be classiﬁed into two primary
categories: soft computing models [15, 16] and time-series
models [17, 18].
The amount of information available to participants in
the market is a fundamental issue in selecting the type of
method used to resolve the pricing issue. Since the
competitors in the electricity market do not adopt a
specific predictable procedure because of the market’s
competitive nature; thus, producers’ behavior in pricing
strategy regulation is not logical and the assumption of
profit maximization is not rational to predict competitors’
behavior. Thus, the application of the game theory and
smart algorithms is not appropriate due to the restrictive
hypothesis in problem modelling, such as predicting
competitor power plant costs and the rationality of their
behavior in setting pricing strategies.
Recently, interests regarding algorithms used to
control forecasting issues are referred to as artificial neural
networks (ANNs). The interesting feature of neural
networks is their ability to utilize price properties which in
general, either cannot be determined or entail arduous
computations for their synthesis. The development of
computer technology has enabled vast competencies to
combine methods in one place and at one time. A number
of papers published in the forecasting field often
implement the neural networks method.
In spite of the achievements reported in the field of
forecasting, the price forecast issue remains problematic.
As an example, there is no general forecaster that can be

employed to forecast prices in any geographic region, the
reason being that factors that affect prices differ in terms
of area and region e.g. if load is considered as one of the
influential factors on pricing, it is clear that the system
load varies in each geographic region, and the
consumption level in one area cannot be considered as the
system load for other areas.
The development of statistical methods necessitates
significant time and costs to achieve normal operation
while the use of a neural network requires a short time
period to configure. Herein, the Genetic Algorithm,
another section of artificial intelligence, plays an integral
role in optimizing game engineering functions. One of the
issues of using neural networks is the lack of a solution
and specific relationship to determine the number of layers
or neurons of the hidden layers, since the determination of
the aforementioned parameters depends on experience and
cannot be determined definitively. However, the use of the
Genetic Algorithm to determine neurons is an efficient ,
expeditious, and reliable method that may be achieved by
integrating it with the neural network to a hybrid network,
which significantly enhances forecast accuracy [19].
With the emergence of competitive electricity markets
around the world, the issue of optimal pricing strategy has
been raised. Electricity vendors in the world’s prominent
electricity market often have various options for
generating revenue at any given time, with various
technical and non-technical constraints. Thus, vendors in
the electricity market are continuously faced with an
optimization issue to make optimal decisions. Since 2003,
Iran’s electricity market was incepted amidst the
reconstruction of Iran’s infrastructure. Currently, the
market is active only on the production section. Amidst the
strengthening of Article 44 of the Iranian Constitution and
the transfer of power plants to the private sector, the
pricing strategy issue in the electricity market has become
more prominent. In Iran, the fear of losing out has always
led to pricing being set with high caution. Also, the study
of pricing history pertaining to power plants across the
country indicates that most vendors have difficulties in
selecting the optimal strategies in fuel constraint
conditions [20].
The purpose of this research is to answer the following
question:
What is the optimal strategy for predicting the price of
electricity in a competitive electrical energy market within
the framework of the laws and regulations of the Iranian
electricity market?
In this regard, in the present research, the followin g
hypotheses will be used to explain the utilized approaches:
Among the types of power plants, only the thermal
power plant is examined. In determining the optimal
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pricing strategy, the prediction of the next day load is
considered definitive.
However, to demonstrate load variances in the results,
sensitivity analysis is conducted for load variations. The
electricity market, as with all other markets, will be a
demand-driven market. As with the real electricity market ,
the supply suggestion function in this market will be linear
and ascending relative to the production level, and the
demand function will also be linear but descending
relative to the demand level.
To determine the optimal price strategy, the DC load
distribution is used in the market pricing model. For
instance, Panapakidis and Dagoumas [21] used artificial
neural networks (ANNs) model for electricity price
forecasting in Southern Italy. Sandhu et al. [22] employed
the neural networks to forecast Ontario electricity prices.
To better capture the characteristics of electricity prices, a
combination of ANN models and other models is often
presented. For instance, Ortiz et al. [23] proposed a
combined model based on artificial neural networks. Keles
et al. [24] develop a model based on ANNs and optimal
parameter model. Singh et al. [25] presented a combined
model with generalized neuron model and wavelet
transform. Itaba and Mori [26] utilized the general radial
basis function network and fuzzy clustering. Wang et al.
[10] develop a hybrid model combined with ANNs and
decomposition technique. It should be noted that although
the ANNs model can describe the nonlinear characteristics
of electricity price series, it cannot well deal with the linear
fitting problem [27]. To describe the linear features of
electricity prices, the time series model is often applied,
which is considered as one of the most effective
techniques [28]. Traditional time series models, such as
autoregressive integrated moving average (ARIMA),
autoregressive and moving average (ARMA) and
generalized autoregressive conditional heteroscedasticity
(GARCH), have been frequently applied to forecast
electricity prices. Besides, Diongue et al. [29] and Giris h
[30] proposed some new time series models such as
GIGARCH and autoregressive-GARCH. To better capture
the features of electricity prices, some other models have
been combined with time series models [9, 31]. Since
electricity price series is composed by linear and nonlinear
components, the integrated models that have linear and
nonlinear fitting capabilities can improve the forecasting
accuracy [32, 33]. For this reason, the empirical mode
decomposition (EMD) approach has been used for
electricity price decomposition by some researchers [34,
35].
A study conducted entitled “assessing the methods of
forecasting the price of electricity in the energy market ”
where they stated that: today, decision making for market
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participants to increase profitability is highly complicated
[36].
Another study conducted entitled “Simultaneous
forecasting of price and demand in a smart electricit y
distribution network”. In this paper, a forecast framewo rk
is proposed that provides dynamic forecasts for electricity
price and demand [37].
A conducted study titled “Short-term forecast of
electricity prices using time-fuzzy neural networks” where
it was stated: in the restructured environment, one of the
most vital issues in the planning of independent operators
and vendors is the forecasting of electricity prices [38].
Other study conducted by Shayeghi and Ghasemi on
daily electricity price forecast using an enhanced neural
network based on wavelet transform and the chaotic
gravitational search algorithm [39].
Meng et al. predicted a model for energy
consumption in residential building in rural areas of
Chongqing [40]. Recently, a new hybrid artificial neural
networks and fuzzy regression model for time series
forecasting has been proposed [41]. Artificial neural
network (ANN), as the main approach in the field of
Artificial Intelligence (AI), has attracted much interest
over the past decade for its ability to forecast financial
performance [42]. A system dynamics approach is used to
capture the long-run behavior of electricity markets and to
characterize the evolution of the electricity prices and the
demand [43]. Khedmati et al. [44] proposed time series
forecasting of bitcoin price based on autoregressive
integrated moving average and machine learning
approaches.
2. RESEARCH METHODOLOGY
Since the forecast in this study takes place in Iran, which
has specific climate conditions, thus it was attempted to
utilize a new combination of the parameters and to
categorize the data into various classes with higher
accuracy. Parameters, such as the past load price,
temperature and humidity were considered in each
category with a novel combination of these traits. Data
categorization methods and precise selection of the
parameters are discussed further.
In this project, information on the consumed electricity
load price for time duration 2014-2017 in Mazandaran
province was used, as well as considering the temperature
during this period. Upon the data collection stage, data
were analyzed and dynamically identified in order to
categorize the data into smaller groups based on their
common characteristics and to create a separate model for
each group. Numerous studies have emphasized that
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various pricing activities cannot be presented by one
model.
In this vein, initially, the consumed loads during the
defined period were forecasted with no favorable results
without considering the specific data categorization.
Given the substantial changes in the electricit y
consumption amidst season changes, categorization
should first be conducted based on the seasons. Hence,
they were are categorized into four groups, i.e., spring,
summer, fall ,and winter. Although, it should be noted that
the forecasts in all the seasons with the exception of
summer were accurately conducted by the current systems
and human expertise.
Various days of the week have their own curves, even
though it has been claimed that the curves of mid-week
consumed loads (for Iran, from sunday to wednesday)
were similar. For the holidays, different consumed load
curves were used. Moreover, the consumed load curves on
days before and after the holidays differ from the normal
days of the week. However, in the real world, it is not
possible to manually conduct such categorization.
Therefore, in this paper, a categorization method is
presented to schedule these cases.
The holidays are among the other factors influencing
the consumption price curve. Since, there are two types of
holidays in Iran, i.e., religious and national holidays, both
should be taken into consideration. In this project,
forecasts of the religious and national holidays were
conducted separately. Although, it should be noted that
according to the comparisons of the consumed load price
from 2009 to 2012, the consumed load in Iran and experts҆
opinions indicated no need for the forecasts for some o f
the holidays since, the consumed loads on these days were
similar to that of the previous years. For example, the
consumed loads on 2nd April and day of Ashura were the
same as the previous year.
2. 1. Hybrid Neural Network
Artificial neural
networks (ANNs) are suitable tools for modeling and
forecasting the data. Various types of neural networks
have been introduced, each with a specific application.
One of the main and beneficial capabilities of the neural
networks is their function on the vast quantities of
variables as well as on the complex systems. Despite the
simplicity of utilizing the neural networks, there are also
drawbacks, such as setting the parameters of the network
architecture and placing the network in local optimization s
and extension of the learning process time period. In this
regard, various solutions have been proposed to resolve
each issue; one of the most favorable of which is the
combination of these networks. The combination of the
neural networks varies in different applications. The use

of a non-monitored neural network to cluster the similar
data, and in the next stage, to train the supervised networks
using the similar samples in one cluster is one of the most
valuable functions of this type of network . Another us e of
the hybrid networks is that the inputs are of different
ranges entailing the lack of appropriate network training
and the negligence of a number of traits. In this regard, the
traits that are of different nature are trained with different
networks, and ultimately these types of networks are
combined.
The hybrid networks are used to forecast the price of
the consumed load due to the existence of several effective
factors. Due to the lack of access to all of these factors,
two of the most valuable features i.e., temperature and cost
of the previously consumed loads are used. These two
parameters are highly influential on one another but at the
same time, are extremely different in nature. The most
important reasons for this include:
1) Temperature difference of a few degrees may multip ly
the consumed load price by a few hundred. Therefore,
the slightest temperature changes in the network
should be accurately modelled.
2) The range of temperature changes is within 5-30˚Cif
the consumption load is between 200-1500 MW in the
province under assessment.
3) The effect of temperature variation in different hours
of the day exhibits a different trend. As an example, a
temperature change of two degrees between 13-15
hours shows a significantly greater effect on the
consumption compared to a two -degree change in the
early hours of the day.
4) Temperature changes in various seasons do not exhibit
the same effect. For example, a one -degree
temperature change in the summer exhibits a different
change compared to the same change in winter.
5) Temperature changes within temperature ranges are
also significant. For example, a temperature variation
of two degrees within a temperature range of less than
20 degrees may not exhibit much effect on the load
consumption but a temperature variation of one degree
at temperatures over 24 degrees will exhibit a
significant effect on the consumption load.
As previously mentioned, these parameters are of
completely different nature in terms of the size but are
highly influential on one another. For this reason, two
different networks were used in this project for these two
parameters.
2. 2. Clustering
It should be determined that to
which cluster the data belong, and this process is repeated
as long as the representatives of the clusters no further
change. Clustering is different from the classification. In
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the classification, the input samples are labeled; however,
they are not labeled in the clustering. In fact, clustering
methods make the identical data to be identified and
implicitly labeled. Actually, prior to the data classification
operation, a sample clustering process can be performed
and then, the centers of the resulting clusters can be
specified. Afterwards, a label can be assigned to the cluster
centers, and the classification operation can then be
performed for the new input samples.
In the recent years, many methods including k-means ,
fuzzy k-means, neural network-based clustering, such as
self-organizing map (SOM)-based clustering, and
othershave been proposed for the clustering.
2. 3. Self-organizing Map Neural Network
The
SOM neural network is an unsupervised network used for
clustering the data. On each application to an input, this
algorithm maps its self-organizing Kohonen feature with
respect to the neurons from a one or two -dimensional net
type neuron. This net type network of the neurons is
organized by the input samples ultimately approximatin g
the distribution of the network inputs in a discrete
environment. This network is consisted of two layers; the
first layer is the input layer where the input samples are
inserted and through which they are applied to the network
neurons. The second layer includes the output neurons. In
a normal state, each neuron has only one binary output
possessing a value of one or zero. If the neuron in ques tion
wins the competition over the resources, its output will
acquire the value of one and the remaining neurons will
have zero outputs. The neuron that its weight has the most
resemblance to the input sample is considered the winning
neuron for a specific input. In this case, its output will
acquire the value of one and the output of the remainin g
neurons will be zero. The weight vector of the winning
neuron is corrected along with its neighboring neurons.
This correction causes the progression of the neurons’
weights towards the recent input, whilst the weights of the
other neurons will remain unchanged.
This is one of the most important parameters for
detecting the number of clusters (the number of
similar days for this project). For this purpose, the kmean and Fisher’s hybrid algorithm were used in this
project.
2. 4. Genetic Algorithm
The genetic algorithm
(GA) is a programming technique that uses the genetic
evolution as a problem -solving model. Its input is the
problem to be solved and the solutions are coded
according to a pattern called the fitness function
evaluating each possible solution, most of which are
randomly selected [45].
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The GA, as a search technique is used in the computer
science to determine the optimal solution and address the
search issues [46]. These algorithms are a type of
evolutionary algorithms inspired by the branches of
biological sciences, such as heredity, mutation, saltation
(biology), natural selection, and composition.
Evolution starts from a completely random set of
entities and is repeated in the subsequent generations. In
each generation, the most suitable ones are selected
instead of the best. Three criteria are typically used as the
stopping criterion:
1. Runtime Of The Algorithm
2. Number Of The Generations
3. Convergence Error Criteria
The most prominent applications of the GA include the
hydrological routing of runoff in a dry river network,
assistance in resolving the multi-criteria decision issues,
multi-objective optimization in the water resources
management, optimization and loading of the electricit y
distribution networks, etc.
2. 5. Selection of the Input Parameters and
Variables
Based on the prior assessments, the
time and temperature variables were selected as two
factors influencing on the price and the previously
consumed loads. Among the climate variables, only the
temperature variable is used since, most of other climat e
factors are included in this variable. Given the fact that the
temperature has a significant influence on the
consumption trend, namely in the northern region of the
country and since, the forecasts are on an hourly basis
apparently, using the temperature parameter on an hourly
basis or closer time intervals will entail the improved
operation. It is important to consider the previous number
of days and weeks in terms of the consumed load price and
temperature. According to the studies and opinions of the
experts in the field of electricity distribution, the use of
load and temperature at various hours of the previous days
and weeks is highly effective (although it can be
equivalent to the hours of the forecasted day). In this
project, data of the preceding two days and two equivalent
days of the previous weeks were used. In addition, the
information on hourly temperature of the forecasted day
was also used. Other utilized useful information included
the load price and temperature of the preceding hour.
Since, the information on the preceding 24 hours of the
forecasted day was available thus, the data pertaining to
the previous hours were used as the input in order to
forecast those of the next hours [47].
2. 6. Proposed Method
forecasting the shortterm load price is a vital factor in the future planning of
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the power systems and electricity market management . In
the recent years, various methods have been presented to
improve the performance of such systems due to the
significance of this issue. In this paper, a modern method
is presented to forecast the short term hourly electrical
energy costs based on the hybrid neural networks. In this
method, influential parameters playing a key role in the
accuracy of these types of systems are identified and the
most prominent ones are selected. Due to the varying
electrical price fluctuations amidst different days and
seasons, these parameters do not adhere to a common
pattern. In this regard, the data are divided into the classes
that are close in nature in order to improve the forecasts.
Since, detection of the similar successive days during the
week is one of the effective forecast parameters , data
pertaining to the various seasons are analyzed separately.
In the proposed method, initially, similar days are placed
in the close clusters using the SOM network. In the next
stage, the price and temperature parameters of the similar
days are trained separately in two MLP neural networks
due to their difference in the nature and range of changes.
Finally, the two networks are merged with another MLP
network. In the proposed hybrid network, the evolutionary
search method was used to assign a suitable initial weight
in order to train the neural network. Due to the changes in
the price data, the price of the previous hour has a
significant effect on forecasting the current state. Thus, in
the proposed method, the forecasted data of the preceding
hour were used as one of the inputs for the next stage.
Figure 1 shows an overview of the proposed method.
In the proposed method, the trained dataset was initially
allocated to the SOM neural network. In this stage, the
number of clusters was determined using the k-means and
Fishers҆ criterion hybrid method. This number varied for
each hour of the day. Thus, network training for 24 hours
was conducted separately and in succession. In the
proposed structure, upon specifying the number of
clusters, it should be determined that each sample entering
to the network from the trained dataset belongs to which
cluster and in the next stage, the associated MLP network
is setup based on the selected cluster. Essentially, each
MLP network is trained with the dataset pertaining to its
relevant cluster. Finally, for the test dataset, the sample
distance from the clusters is initially determined along
with its relevant cluster. Then, the test sample is evaluated
using the MLP network associated with the cluster.
In the proposed method, each cluster does not only use
one MLP network, but a combination of MLPs is utilized .
The input dataset is divided into two categories i.e., load
price and temperature which are of extremely different
nature and their effects vary significantly according to the
range of changes. In the proposed method, two separate

Figure 1. An overview of the hybrid network to forecast the
load price of the next 24 hours

networks are used for the temperature and load. Finally ,
the outputs from these networks are merged with other
MLPs and the forecast is achieved. In the proposed
method, the output for each hour is used as the input for
the next hour. In the process of training the perceptron
neural network, a GA is used to obtain the initial weights
in order to raise the accuracy of the price forecasting.
Data analysis was done using the MATLAB software.
In this paper, evaluation criteria, such as the mean absolute
error (MAE), mean absolute percentage error (MAPE),
and R2 were used. The MAE refers to the difference
between the predicted value and the real value, which is
shown by Equation (1).
MAE =

1 𝑛
∑ |𝑦 −
𝑛 𝑖=1 𝑖

𝑦^𝑖|

(1)

The MAPE is calculated using the Equation (2):
^

1
𝑦 −𝑦
MAPE = 𝑛 ∑ 𝑛𝑖=1 | 𝑖𝑦^ 𝑖| × 100
𝑖

(2)

The R2 criterion statistically measures how close the data
are to the fitted regression line. R2 is also called as the
coefficient of determination for detection coefficient. The
definition of the coefficient of determination (R2 ) is
relatively simple:” the coefficient of determination (R2 )
indicates the percentage of variations in a dependent
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variable determined by the independent variable” or in
other words, the coefficient of determination indicates “to
what extent the variations in the dependent variable are
influenced by the independent variable and the rest of the
changes of the dependent variable are related to other
factors”. The coefficient of determination is always
between 0.0-100%. Zero percentage indicates that the
model does not describe the response data variability
around its mean, and 100% indicates that the model
describes all the response data variability around its mean
[48]. Equation (3) is used to calculate this coefficient.
SS

R2 = 1 − SSres
tot

(3)

favorable results achieved for all the seasons. The training
results and test data for the consumed load in fall were
presented. Moreover, a comparison was made between the
proposed hybrid method and the MLP method.
Initially, the number of clusters was determined
through the k-means clustering method and Fisher’s
criterion. Figure 3 shows the results of a specific hour in
fall. Evidently, the number of clusters for this specific hour
was equal to 4. Essentially, a network was considered for
the temperature and price for each cluster.

TABLE 1. M LP network configuration parameters for load and
temperature inputs

In Equation (4), SSres and SStot are derived as:
SStot = ∑ 𝑖(𝑦𝑖 − 𝑦¯)2

2 temperature trait of
previous weeks

(4)

2 temperature trait of
the previous days

In the above equations, 𝑦¯ is the mean of the main data
derived by 𝑦¯ = ∑𝑖 𝑦𝑖 .
3. RESULTS
Table 1 presents the network structure related to the
temperature for different seasons. In this table, forecasts
for each year were conducted separately.
It is noteworthy that the values associated with the
number of neurons, number of hidden layers, and
threshold of the validated set were also calculated. In this
regard, Figure 2 shows a sample of the results obtained for
the summer for these parameters. As shown in Figure 2(a),
the optimal number of neurons is equal to 5. According to
Figures 2(b) and 2(c), the number of hidden layers and the
threshold are equal to 0.1. All the results for subsequent
tests were achieved using the validated data.
The parameters used for estimation of the neural
network based on the validated data, (a) number of the
neurons, (b) number of the hidden layers, and (c)
threshold. A structure similar to Table 1 was used to
design a price-related network. In the proposed structure,
the number of price traits is one less than the input
structure presented in Table 1, which is related to the
forecasted hour. In this network, the forecast of the
preceding stage is used for the load of the preceding hour
(with the exception of 1 a.m.). Essentially, the forecast for
the current hour is the input for the next hour. Table 2
shows the MLP neural network structure used for
combination of the previous two MLP networks.
In this research, separate tests were designed for each
season to analyze the consumed loads in each season
separately. Although, it should be noted that the
fundamental issue for this type of data concerns the
summer season, which should be considered des pite the
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2 load trait of the
previous weeks
Number of input neurons

11

2 load trait of the
previous days
1 temperature trait of
the preceding hour
1 load trait of the
preceding hour
1 temperature trait of
the forecasted hour

Number of trained samples

46 samples for each hour

Number of validated samples

10 samples for each hour

Number of test samples

23 samples for each hour

Number of hidden layers

1

Number of neurons in the hidden layers

5

Error
back
propagation
algorithm

Learning rate

0.05

Maximum number of
repetitions

100

Error threshold to stop
learning

0.1

Slope of activation
function
value of 𝛽 in 𝑓(𝑥) =
tanh(𝛽𝑥)

Genetic
Algorithm

1

Initial population

200

Number of generations

10

Size of each
chromosome

30

Selection function

@selectiontournament

T ermination function

@crossoversinglepoint

Mutation function

@mutationgaussian
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(a): horizontal: number of neurons, errors
(b): horizontal: number of hidden layers,
(c): horizontal: threshold vertical: error
Figure 2. Errors vs number of neurons, number of hidden layers and threshold

TABLE 2. M ulti-layer perceptron neural network configuration
parameters to combine networks
1 output trait related
to the MLP network
with load price input
Number of input neurons

2

1 output trait related
to the MLP network
with temperature
input

Number of trained samples

46 samples for each hour

Number of validated samples

10 samples for each hour

Number of test samples

23 samples for each hour

Number of hidden layers

1

Number of neurons in the hidden
layer

3

Error back
propagation
algorithm

Genetic
Algorithm

In the next step, the GA was used to calculate the initial
weights, the results of which are shown in 10 iterations in
Figure 4.

Learning rate

0.05

Maximum number of
repetitions

100

Error threshold to
stop learning

0.1

Slope of activation
function
value of𝛽in 𝑓(𝑥) =
tanh(𝛽𝑥)

1

Size of initial
population

200

Number of
generations

10

Size of each
chromosome

9

Selection function

@selectiontournament

T ermination function

@crossoversinglepoint

Mutation function

@mutationgaussian

Figure (3). The rate of change in Fisher’s criterion in regard
to the number of clusters in the load set pertaining to fall

Figure 4. The achieved fitness value using the Genetic
Algorithm in 10 repetitions
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Figures 5 and 6 show the results obtained for the
training and test datasets in fall. Clearly, the results
achieved for summer and fall using the proposed method
were superior to those obtained using the MLP -based
method. Overall, the hybrid MLP and SOM method
exhibited the superior results. Table 3 shows a comparison
between the results obtained from the MLP network in
various seasons and those obtained using the proposed
method.

(b) M LP-SOM hybrid network
Figure 6. Results from the test stage for fall

TABLE 3. Comparison between the load forecasts achieved
using the simple M LP method and those obtained from the M LPSOM hybrid method
Year

Season

Method

R

MLP

90.57%

Proposed method

93.4%

MLP

85.2%

Proposed method

91.28%

MLP

92.10%

Proposed method

94%

MLP

94.49%

Proposed method

95.72%

MLP

91.32%

Proposed method

94.02%

MLP

87.70%

Proposed method

92.89%

Spring

(a) M LP network
Summer
2016
Fall

Winter

Spring

Summer

(b) M LP-SOM hybrid network
Figure 5. Results achieved in the training stage for fall

2017
MLP

90.17%

Proposed method

93.45%

MLP

93.65%

Proposed method

94.36%

Fall

Winter

(a) M LP network

Figures 7, 8 and 9 show samples of the achieved
results. Figure 7 shows proposed system output in month
8 of 2017. Figure 8 shows the proposed system output in
month 10 of 2016. Figure 9 shows the proposed system
output in month 4 of 2015. Figure 10 shows the chart of
real and forecasted price changes of 365 days in 2015.
Figure 11 shows the results achieved by the proposed
method for various seasons of 2016.
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Figure 7. Chart of price changes in Iran October 2017

Figure 8. Chart of price changes in Iran December 2016

Figure 9. Chart of price changes in Iran June 2015
Figure 11. Results achieved by the proposed method in 2016

4. CONCLUSION

Figure 10. Chart of price changes for 365 days in 2016

The provision of a smart system to forecast the price of
electricity can entail an integral contribution to the
competitive market in the dependent industry and country.
In this regard, herein, a solution was presented based on
the neural networks. Results showed an improved
performance of such systems. Nevertheless, efforts can be
made for further improving these systems. In this section,
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the suggestions are presented that may aid the researchers
and enthusiasts in this field based on the experiences
attained in this study.
1) Data should be extracted in addition to the energy and
temperature data
2) A fuzzy system should be applied to extract the rules
governing the market of such energy. Essentially,
there are rules and regulations for the complex
forecast systems, such as energy, which are typically
extracted based on the experiences, e.g., the effect of
stock changes in the stock market or political changes
in a country severely influencing the precision of
forecasting. To this end, it is possible to acquire and
analyze these changes using a fuzzy system.
In the proposed method, as well as in the
implementation phases of the project, there were some
limitations which upon elimination will appease many of
the issues pertaining to the price forecasting systems.
Some of the limitations of this paper and relevant
applications are as follows.
Since, the load and temperature-related information is
not available in many regions on an hourly basis, the
design of a comprehensive system to gather hourly
temperature and load information may be significantly
effective in improving such applications. For examp le,
herein, the temperature information was used for Iran.
The availability of price and load-related informatio n
pertaining to the numerous years may be vital in designing
a comprehensive system and statistical analysis of the
information, but regrettably for Iran, only the informatio n
related to 5 years i.e., from 2011 to 2016 was available.
Upon considerable inquiries, the information was
extracted for the Mazandaran province in Iran.
Unfortunately, such information is not archived in many
of Iran’s provinces and thus, it cannot be studied
comprehensively.
Numerous factors, such as political and economic
events have a significant effect on the energy prices.
Unfortunately, there was no comprehensive informatio n
on the important events in Iran to be used in this
investigation. If such information is available, it could
result in improvements in the proposed method.
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Persian Abstract
چکیده
بـا توجه به پيچيدگي هاي موجود در بازار برق عوامـل بسـياري از جمله عدم قطعيت هاي موجود ،نحوه بسته شدن بـازار ،نحـوه تسويه حساب ،ساختار و قوانين بازار ،هزينه توليد،
قيود حاكم بر واحدها و شبكه و  ...در تعيين استراتژي بهينه قيمـتدهـي موثر است .تاكنون روش ها و مـدل هـاي مختلفـي ب ـراي حـل مسـأله قيمتدهـي در فضـاي رقـابتي صـنعت
بـرق ارائـه شـده كـه مهمترين آنها شامل روش هاي قيمتدهي مبتني بـر پـيشبينـي رفتار رقبا ،روشهاي ق يمتدهي مبتني بر پيشبيني قيمت بازار ،روش هاي مبتني بر تئوري بازي
و بـاالخره روش هـاي قيمتدهي بر مبناي الگوريتم هاي هوشمند ميباشد .هدف اين پژوهش ارائه استراتژي بهينه جهت پيشبيني ق يمت تسو يه بازار انرژي الكتر يكي در بازار رقابتي
برق ا يران (بر اساس داده ها در فصل پا ييز ) است .در روش پيشنهادي مقاله حاضر از شبكه تركيبي بر پا يه شبكههاي عصبي استفاده شده است .در دادههاي مورد تحليل م يزان انرژي
مصرفي و همچنين دما (در صورت امكان) و قيمت در روزهاي گذشته و هفته گذشته استفاده شده است .در روش پيشنهادي از شبكه ترك يبي از  SOMبراي خوشهبندي ورودي بر
اساس روزهاي مشابه استفاده شده است .از چند شبكه عصبي  MLPبراي تركيب دادههاي استخراجي از ميزان انرژي  ،قيمت گذشته و دما (در صورت امكان) استفاده شده است .نتايج
نشاندهنده بهبود عملكرد سيستمهاي هوشمند متني بر شبكه هاي عصبي در پيشبيني قيمت برق بود.
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NOMENCLATURE
Se ts and Indices
Set of machine types (𝑚 ∈
𝑴
{1, 2, … , 𝑀})
Set of parts in the initial plan
𝑷
(𝑝 ∈ {1, 2,… , 𝑃})
Set of parts in the reactive plan
𝑷′
(𝑝′ ∈ {1, 2, …, 𝑃′})
Set of duplications of machine
𝑴𝑺𝑚
type 𝑚 (𝑗, 𝑗′ ∈ {1, 2, … , 𝑀𝑆𝑚 })
Set of cells (𝑐, 𝑐′ ∈
𝑪
{1, 2, … , 𝐶𝑚𝑎𝑥 })
𝑲𝑝

Operation sequence of part 𝑝
(𝑘, 𝑘′ ∈ {1, 2, … ,𝐾𝑝 })

𝑴𝑘𝑝

Set of alterative machine types
for the 𝑘th operation of part 𝑝

Parameters
Minimum number of cells that
𝐶𝑚𝑖𝑛
should be formed
Maximum number of cells that
𝐶𝑚𝑎𝑥
should be formed
Minimum number of machines in
𝐵𝐿
each cell
Maximum number of machines in
𝐵𝑈
each cell

𝑇𝐸𝑝

Intercellular transportation time for part 𝑝

𝐹𝑘𝑝

Completion time of the 𝑘th operation of part 𝑝 in the initial plan

𝑋𝑘𝑝𝑚𝑗𝑐

A binary parameter that takes value 1 if, in the initial plan, the 𝑘th operation of part 𝑝 is
processed on the 𝑗th duplication of machine type 𝑚 in cell 𝑐, and takes value 0 otherwise

𝐷

T he occurrence time of the disturbance (the unexpected arrival of a new job)

A binary parameter that takes value 1 if, in the initial plan, the 𝑗th duplication of machine
type 𝑚 is allocated to cell 𝑐, and takes value 0 otherwise
A binary variable that takes value 1 if cell 𝑐 is formed after the disturbance, and takes value
𝑌𝑌′𝑐
0 otherwise
A binary variable that takes value 1 if the 𝑘th operation of part 𝑝 is processed after the
𝑍′𝑘𝑝𝑘′𝑝′𝑚𝑗 disturbance before the 𝑘′ th operation of part 𝑝′ on the 𝑗th duplication of machine type 𝑚, and
takes value 0 otherwise
A binary parameter that takes value 1 if the starting time of processing the 𝑘th operation of
𝜈 𝑘𝑝
part 𝑝 in the initial plan is before the occurrence of the disturbance, and takes value 0
otherwise
Decision Variables
𝑌𝑚𝑗𝑐

′
𝐹𝑘𝑝

𝑋′𝑘𝑝𝑚𝑗𝑐
′
𝑌𝑚𝑗𝑐

𝑌𝑌′𝑐

𝐿

A large positive number

𝑍′𝑘𝑝𝑘′𝑝′𝑚𝑗

𝑇𝑘𝑝𝑚

Processing time of operation 𝑘 of
part 𝑝 on a machine of type 𝑚

𝐹𝑦𝑘𝑝

Completion time of the 𝑘th operation of part 𝑝 (after the disturbance)
A binary variable that takes value 1 if the 𝑘th operation of part 𝑝 is processed after the
disturbance on the 𝑗th duplication of machine type 𝑚 in cell 𝑐, and takes value 0 otherwise
A binary variable that takes value 1 if the 𝑗th duplication of machine type 𝑚 is allocated
after the disturbance to cell 𝑐, and takes value 0 otherwise
A binary variable that takes value 1 if cell 𝑐 is formed after the disturbance, and takes value
0 otherwise
A binary variable that takes value 1 if the 𝑘th operation of part 𝑝 is processed after the
disturbance before the 𝑘′ th operation of part 𝑝′ on the 𝑗th duplication of machine type 𝑚,
and takes value 0 otherwise
A binary variable that takes value 1 if the completion time of the 𝑘th operation of part 𝑝 in
the reactive plan changes concerning that in the initial plan, and takes value 0 otherwise
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1. INTRODUCTION
Scheduling is a decision problem that plays a crucial role
in manufacturing and service systems. In today's
competitive environment, it seems inevitable to have a
scheduling process and an efficient operation sequence, a
necessity for survival in the commercial space. For
example, companies are required to adhere to the prepromised delivery times, and failure to comply with them
can lead to loss of significant profit. They should also
plan their jobs so that they can utilize the available
resources most properly. Scheduling addresses resource
allocation over specific time frames and is aimed at
optimizing one or more specified variables. Many
researchers often assume that manufacturing systems
operate in static environments in which no unexpected
events occur. However, many manufacturing systems are
in dynamic and random conditions, and at any moment,
they may encounter unexpected events such as machine
failure, the arrival of new jobs into the system,
cancellation of jobs, delay in the arrival or shortage of
materials, and change in the job priority. This leads to the
non-optimality and infeasibility of the initial schedule. In
order to address unexpected disruptions in a
manufacturing system, an appropriate approach must be
adopted. A framework of strategies for rescheduling
manufacturing systems has been presented by Vieira et
al. [1]. Wojakowski and Warzolek [2] presented a
classification of scheduling problems under production
uncertainty. Scheduling can provide better coordination
in manufacturing systems to increase efficiency and
reduce operating costs. Ideally, the manufacturing system
should follow the schedule as far as possible; however,
unexpected events can change the status of the system
and affect its performance.
In general, there are three approaches for addressing
random disturbances, as listed below. (1) Proactive
approach. This approach attempts to provide a schedule
that minimizes the negative effects of disturbances,
which will occur in the future by predicting the
occurrence of unexpected events and incorporating them
into the initial schedule. (2) Reactive schedule. This
approach first provides the initial schedule regardless of
the effects of unexpected disturbances, and as soon as
unexpected events occur, it modifies the initial schedule
given the reactive measures that need to be taken. In
general, these reactions are divided into two categories.
One involves reactions that seek to modify and improve
the initial schedule and the other concerns reactions that
attempt to provide a completely new schedule. A
dispatching rule is a reactive model that schedules jobs
based on a predefined criterion. Rescheduling is another
reactive approach, which modifies the initial schedule in
order to adapt the status of the system to the disturbance
that has occurred. Most conducted studies have generated
the modified schedule based only on workshop
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performance criteria. When operators process jobs based
on an initial schedule, the other parts of the system, such
as the inventory control, are also planned based on the
initial schedule. The modified schedule may be
completely different from the initial one. Hence, since the
other activities of the system have been planned
according to the initial schedule, it has a significant effect
on the activities of the other departments, which leads to
infeasibility or non-optimality in the system. For this
reason, the corrective measures must be taken such that
minimal changes are required in the system while
workshop criteria are considered. (3) Proactive-reactive
approach. This approach is a combination of the above
two and consists of two stages. At the first stage, it
provides an initial schedule, like the proactive approach.
At the second stage, which is the reactive stage, a new
schedule is presented as soon as an unexpected event
occurs.
The pace of change in customer needs has increased,
and in such a competitive environment, manufacturers
are forced to produce a wide variety of products in
different volumes. Under such conditions, manufacturing
systems should, on the one hand, have high flexibility to
produce a wide range of products, as in a job shop system,
and, on the other hand, produce high volumes of products
over short periods, as in a flow shop system. Group
technology (GT) and its relevant manufacturing systems
are an accepted solution to the problem of semi-mass
production of various products. Cellular manufacturing
system (CMS), the most well-known application of group
technology, attempts to identify manufacturing
similarities of parts, based on which part families are
formed and produced using relatively independent
production units called machine cells. Some of the
important benefits of CMSs are that they can simplify and
reduce material transportation, reduce material flow in
manufacturing, reduce setup and production time and
costs, improve production control, and increase
flexibility. The process of CMS design consists of four
main steps: (1) cell formation (CF) (e.g., Sakhaii et al. [3]
and Soolaki and Arkat [4]), (2) cellular layout (e.g., Arkat
et al. [5] and Rahimi et al. [6]), (3) cellular scheduling
(Arkat and Ghahve [7]), and (4) resource assignment
(e.g., Mehdizadeh and Rahimi [8] and Bagheri et al. [9]).
A comprehensive review of published articles in the
field of the CMS scheduling problem has been presented
by Feng et al. [10]. Given the unexpected disruptions in
production systems, which lead to the reduction of
system efficiency, an appropriate approach should be
adopted to address these disruptions in CMSs. Rahmani
and Ramezanian [11] have presented a comprehensive
literature review in the field of dealing with random
disturbances in scheduling problems. In the area of
CMSs, few studies have examined addressing
unexpected disturbances, most of which have presented a
knowledge-based approach. Olumolade [12] proposed a
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reactive approach to solve the CMS scheduling problem
when machine failure occurs. They assumed that the
CMS did not include additive machines. Weckman [13]
presented a framework for reactive scheduling in the
cellular manufacturing environment using the notions of
neural networks, genetic algorithms, and simulation in
such a way that the neural network was used to generate
the initial solution to the genetic algorithm. The solution
obtained by the genetic algorithm was applied to the
simulation model for the specification of the efficiency
of the scheduling based on the performance criteria. Li
and Murata [14] presented a mixed-integer programmin g
model for the reactive scheduling problem for waiting
jobs in a CMS against occurrences of machine failure.
They proposed a hybrid binary particle swarm
optimization algorithm and simulated annealing
algorithm for solving the problem. When the initial
schedule changes, the workforce resists against the
change directly or indirectly. In other words, after each
disruption, the operators and internal parts of the system
prefer to process jobs based on the initial schedule and to
process new ones at the end. Therefore, they resist any
changes in the initial plan. The research conducted in this
area by Caruth et al. [15], Giangreco, and Pecci [16], and
Rahmani and Ramezanian [11] shows that worker
dissatisfaction and resistance to change may increase
processing time.
The implementation benefits of CMSs include
reduction of setup times, reduction of material
transportation, reduction of the work-in-process
inventory, better production efficiency, and higherquality, shorter response times to the customer
requirements. Of course, it is worth noting that the
benefits of implementing a CMS for a company arise
when the implemented CMS is based on the results of
solving models that properly consider all the features of
the system. Most of the CMSs considered in previous
studies postulate an initial set of jobs to be processed in
the manufacturing system, while a new, unexpected job
may arrive in the manufacturing system during the
program execution for which there is no predetermined
plan. The purpose of this research is to investigate how
to handle the arrivals of new, unexpected jobs in the
CMS, events that lead to changes in the system
parameters, and, consequently, non-optimality of the
optimal solution found for normal conditions. For
specification of how to address unwanted changes in
input parameters, a reactive model is presented for the
conditions that hold after the occurrence of a disturbance.
The primary purpose of the model is to determine how to
change the decisions (concerning cell formation and cell
scheduling) so that the system is encountered with the
slightest consequences in terms of costs and time. In
order to consider the cost and time consequences, the
reactive planning approach is formulated in such a way
that the decision variables in the initial plan are

considered as the parameters of the reactive model.
Moreover, the notion of resistance to change (RTC) in
the reactive scheduling problem, which has received little
attention, is introduced.
2. PROBLEM STATEMENT AND MATHEMATICAL
MODEL
In this section, a cellular manufacturing system is
investigated, where there is the feasibility of processing
non-sequential operations of parts on identical machines.
These parts are referred to as reentrant parts. It is also
possible to process some of the operations of the parts
using several alternative machines. Here, the number of
formed cells is unknown a prior and considered as a
decision variable. Each machine has several identical
copies, and each part has a number of alternative process
routings. The number of machines in each cell and the
number of cells each have a known minimum and
maximu m. Intercellular transportation time is assumed to
be constant, and processing times include setup times.
With an initial plan outlining machine grouping and part
process routings, as well as the cellular scheduling, the
goal is to make appropriate changes to address the
situation where a part is added as a new order. Since a
new, unexpected job may arrive in the system during the
execution of the initial plan, we present a modified model
to provide a new plan considering the original workshop
criterion and the stability criterion. The proposed
mathematical model seeks to present a plan which is not
only minimizes the main criterion of the workshop (total
completion time of parts) but also makes the slightest
changes as compared to the initial plan. For this purpose,
the notion of resistance to change is used, which
increases in processing time. We apply the RTC concept
creatively by combining it with the concept of system
stability.
For this purpose, the set of parts in the plan on the
arrival of a new job is indicated by 𝑷′ . The following sets
of parameters and decision variables are also introduced.
The mathematical model of the problem is as follows:
𝑚𝑖𝑛 ∑ 𝑝𝜖𝑷′ 𝐹′𝐾𝑝 ,𝑝

(1)

′
𝑚𝑖𝑛 ∑ 𝑚𝜖𝑴 ∑ 𝑗𝜖𝑴𝑺𝑚 ∑ 𝑐𝜖𝑪|𝑌𝑚𝑗𝑐
− 𝑌𝑚𝑗𝑐 |

(2)

𝑠. 𝑡.
′
𝐹𝑘𝑝
≥ 𝐹𝑘𝑝 − 𝑀 ∗ (1 − 𝜈𝑘𝑝 )
′
𝐹𝑘𝑝
≤ 𝐹𝑘𝑝 + 𝑀 ∗ (1 − 𝜈𝑘𝑝 )
′
∑ 𝑐𝜖𝑪 𝑌𝑚𝑗𝑐
≤1

∀𝑝𝜖𝑷,𝑘𝜖𝑲𝑝

(3)

∀𝑝𝜖𝑷, 𝑘𝜖𝑲𝑝

(4)

∀𝑚𝜖𝑴, 𝑗𝜖𝑴𝑺𝑚

(5)
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′
∑ 𝑐𝜖𝑪 ∑ 𝑚𝜖𝑴𝑘𝑝 ∑ 𝑗𝜖𝑴𝑺𝑚 𝑋𝑘𝑝𝑚𝑗𝑐
= 1 − 𝜈𝑘𝑝 ∀𝑝𝜖𝑷′, 𝑘𝜖𝑲𝑝

(6)

′
′
𝑋𝑘𝑝𝑚𝑗𝑐
≤ 𝑌𝑚𝑗𝑐
∀𝑚𝜖𝑴,𝑐𝜖𝑪,𝑝𝜖𝑷, 𝑘𝜖𝑲𝑝, 𝑗𝜖 𝑴𝑺𝑚

(7)

′
𝐵𝐿 . 𝑌𝑌𝑐′ ≤ ∑ 𝑚𝜖𝑴 ∑ 𝑗𝜖𝑴𝑺𝑚 𝑌𝑚𝑗𝑐
≤ 𝐵𝑈 . 𝑌𝑌𝑐′ ∀𝑐𝜖𝑪

(8)

′
𝑌𝑌𝑐′ ≥ 𝑌𝑌𝑐+1

(9)

∀𝑐𝜖𝑪 − {𝐶𝑚𝑎𝑥}

∑ 𝑐𝜖𝑪 𝑌𝑌𝑐′ ≥ 𝐶𝑚𝑖𝑛

(10)

𝑡𝑝,𝑘,𝑘+1 =
𝑇𝐸𝑝
2

′
. ∑ 𝑐𝜖𝑪|∑ 𝑚𝜖𝑴𝑘+1,𝑝 ∑ 𝑗𝜖𝑴𝑺𝑚(𝑋𝑘+1,𝑝𝑚𝑗𝑐
. (1 −

𝜈𝑘+1,𝑝) + 𝑋𝑘+1,𝑝𝑚𝑗𝑐 . 𝜈𝑘+1,𝑝) −

(11)

′
∑ 𝑚𝜖𝑴𝑘,𝑝 ∑ 𝑗𝜖𝑴𝑺𝑚(𝑋𝑘𝑝𝑚𝑗𝑐
. (1 − 𝜈𝑘𝑝) +

𝑋𝑘𝑝𝑚𝑗𝑐 . 𝜈𝑘𝑝)|

∀𝑝𝜖𝑷, 𝑘𝜖𝑲𝑝 − {𝐾𝑝}

′
𝐹1𝑝
≥ ∑ 𝑐𝜖𝑪∑ 𝑚𝜖𝑴1𝑝 ∑ 𝑗𝜖𝑴𝑺𝑚 𝑇1𝑝𝑚. (𝑋1𝑝𝑚𝑗𝑐 . 𝜈1𝑝 ) +
′
′
𝑇𝑘𝑝𝑚
. (𝑋1𝑝𝑚𝑗𝑐
. (1 − 𝜈1𝑝 ))

∀𝑝𝜖𝑷′

(12)

′
′
𝐹𝑘+1,𝑝
≥ 𝐹𝑘𝑝
+

∑ 𝑐𝜖𝑪 ∑ 𝑚𝜖𝑴𝑘+1,𝑝 ∑ 𝑗𝜖𝑴𝑺𝑚 𝑇𝑘+1,𝑝𝑚. (𝑋𝑘+1,𝑝𝑚𝑗𝑐. 𝜈𝑘+1,𝑝) +
′
′
𝑇𝑘+1,𝑝𝑚
. (𝑋𝑘+1,𝑝𝑚𝑗𝑐
. (1 − 𝜈𝑘+1,𝑝)) +

𝑡𝑝,𝑘,𝑘+1

(13)

∀𝑝𝜖𝑷′, 𝑘𝜖𝑲𝑝 − {𝐾𝑝 }

′
′
′
𝑍𝑘𝑝𝑘
′𝑝 ′𝑚𝑗 + 𝑍𝑘′ 𝑝 ′𝑘𝑝𝑚𝑗 = ∑ 𝑐𝜖𝑪(𝑋𝑘𝑝𝑚𝑗𝑐 . (1 − 𝜈𝑘𝑝 ) +

𝑋𝑘𝑝𝑚𝑗𝑐 . 𝜈𝑘𝑝). (𝑋𝑘′′ 𝑝 ′𝑚𝑗𝑐 . (1 − 𝜈𝑘′𝑝′ ) +
𝑋𝑘′ 𝑝′𝑚𝑗𝑐 . 𝜈𝑘′ 𝑝 ′) ∀𝑝, 𝑝′𝜖𝑷′ , 𝑘𝜖𝑲𝑝, 𝑘 ′ 𝜖𝑲𝑝 ′, 𝑝 =
𝑝′ 𝑎𝑛𝑑 𝑘 =
𝑘 ′ 𝑎𝑟𝑒 𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑙𝑒; ∀𝑗𝜖𝑴𝑺𝑚, 𝑚𝜖𝑴𝑘𝑝 ∩
𝑴𝑘′ 𝑝′, 𝑐𝜖𝑪

(14)

′
𝐹𝑘𝑝
− 𝐹𝑘′′ 𝑝′ + 𝐿 . (1 − 𝑍𝑘′ ′ 𝑝′𝑘𝑝𝑚𝑗) ≥ 𝑇𝑘𝑝𝑚 . 𝜈𝑘𝑝 +
′
𝑇𝑘𝑝𝑚
. (1 − 𝜈𝑘𝑝 ) ∀𝑝, 𝑝′𝜖𝑷′ , 𝑘𝜖𝑲𝑝, 𝑘 ′ 𝜖𝑲𝑝 ′, 𝑝 =

𝑝′ 𝑎𝑛𝑑 𝑘 = 𝑘 ′ 𝑎𝑟𝑒 𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑙𝑒;
∀𝑗𝜖𝑴𝑺𝑚, 𝑚𝜖𝑴𝑘𝑝 ∩ 𝑴𝑘′ 𝑝′, 𝑐𝜖𝑪

3. COMPUTATIONAL RESULTS

(16)

′
|𝐹𝑘𝑝
− 𝐹𝑘𝑝 | ≤ 𝐿 . 𝐹𝑦𝑘𝑝

(17)

′
𝑇𝑘𝑝𝑚
= 𝑇𝑘𝑝𝑚 + 𝛼. 𝐹𝑦𝑘𝑝 . 𝑇𝑘𝑝𝑚 ∀𝑝𝜖𝑷′, 𝑘𝜖𝑲𝑝, 𝑚𝜖𝑴𝑘𝑝 (18)
′
′
′
′
𝑌𝑚𝑗𝑐
, 𝑋𝑘𝑝𝑚𝑗𝑐
, 𝑍𝑘𝑝𝑘
′𝑝 ′𝑚𝑗 , 𝑌𝑌𝑐 , 𝐹𝑦 𝑘𝑝 𝜖 { 0,1 }

the reactive plan as compared to that in the initial plan.
Constraints (3) and (4) show that the completion times of
operations, the processing of which has started before the
occurrence of the disturbance, do not change in the
reactive plan. Constraint (5) indicates that each machine
should be allocated maximally to one cell. Constraint (6)
guarantees that if the processing of each operation of a
part has not started before the disturbance, it will be
processed on one machine in a specific cell. Constraint
(7) ensures that operations assigned to a specific cell are
processed on machines allocated to that cell. Constraint
(8) set the number of machines in each cell. Constraint
(9) indicates that cells are formed sequentially according
to their numbers; i.e., cell 1 is first formed, cell 2 is
formed next, and the following cells are formed in the
same order if needed. Constraint (10) applies the lower
bound of the number of formed cells. Equation (11)
calculates the transportation time between kth and
(k + 1) th operations of part 𝑝. Constraint (12) guarantees
that the completion time of the first operation of part 𝑝 is
as large as its processing time. Constraint (13) indicates
the precedence relationships among the operations of
each part. Constraint (14) defines the precedence relation
between operations of two different parts or two different
operations of the same part on a machine. Constraint (15)
guarantees that maximally one part is processed on each
machine at a time. Constraint (16) shows that the
completion time of operation, the processing of which
has not started, is at least as large as its processing time
as well as the disturbance time. The pair of Constraints
(17) and (18) are considered to calculate the processing
times of operations of parts after the disturbance. This
means that if the completion time of each part changes
with respect to that in the initial plan, its processing time
will increase. Constraint (19) shows the range of the
decision variables.
The mathematical model presented is nonlinear. It has
been reformulated as a linear model in order to solve the
problem with exact methods.

(15)

′
𝐹𝑘𝑝
+ 𝐿 . 𝜈𝑘𝑝 ≥ 𝐷 +
′
′
∑ 𝑐𝜖𝑪 ∑ 𝑚𝜖𝑴𝑘𝑝 ∑ 𝑗𝜖𝑴𝑺𝑚 𝑇𝑘𝑝𝑚
. 𝑋𝑘𝑝𝑚𝑗𝑐
, ∀𝑝𝜖𝑷′, 𝑘𝜖𝑲𝑝

∀𝑝𝜖𝑷′, 𝑘𝜖𝑲𝑝

165

(19)

The objective function (1) minimizes the total
completion time of parts. The objective function (2)
minimizes the total number of displacement machines in

For validation and verification of the proposed model,
two numerical examples are presented. These problems
are solved using the GAMS software on a PC with an
Intel Core i5 processor 1.6 GHz and a 6-GB RAM. In the
following, the numerical examples are presented first.
Then, we assume that we have an initial plan for the
presented examples that are used at the presented
mathematical model. Finally, it is assumed that a new job
arrives during the execution of the initial plan, and the
presented model is used to present the reactive plan for
addressing the disturbance. Given that the model of the
reactive plan is bi-objective, we use the normalized
weighted sum method in this paper, and in order to
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present one of the solutions, we select the same weight
for the objective functions.
Numerical example 1
The first example includes seven parts and six machine
types, and the upper and lower bounds are 2 and 3,
respectively. Machine type 5 has two duplications, and
the other types have only one. Other data for this examp le
is shown in Table 1.
Table 1 shows the information concerning the
operation sequence of parts, processing times on
alternative machines, and intercellular transportation
times of parts for the first example. Also, Table 2
illustrates the optimal solution for the initial plan, which
its information is presented in Table 3.
Now, we assume that a new job arrives in the system
for processing during the execution of the presented plan.
We refer to this part as part 8. We assume that the new
part includes four operations on machines 4, 6, 3, and 2
with processing times 5, 9, 8, and 12, respectively, and
that the intercellular transportation time is 9. We modify

TABLE 1. Production data for the first numerical example
Machine type 𝒎 (𝑻𝒌𝒑𝒎 )
Part

𝒌=𝟏

𝒌=𝟐

𝒌=𝟑

𝒌=𝟒

𝒌=𝟓

3(7),
5(14)

2(5),
4(15)

𝑻𝑬𝒑

1

1(8)

4(12)

5(3)

6

2

3(6),
5(4)

4(12),
6(10)

5(5)

3

3(8)

2(4)

6(7)

4

2(2)

3(4)

6(14)

5

1(2),
2(3)

4(5),
6(6)

11

6

1(3)

3(5),
5(3)

8

7

4(3)

5(5)

9
3(5)

12
5

1(7)

5(6)

4(4),
6(7)

10

TABLE 3. Operations starting and completion times for the
initial plan of the first numerical example
Part

Starting time and Completion time of part operations
𝑭𝒌𝒑
𝒌=𝟏

𝒌=𝟐

𝒌=𝟑

𝒌=𝟒

𝒌=𝟓

1

5,13

13,25

31,34

34,41

41,46

2

0,4

4,14

14,19

3

0,8

8,12

14,21

4

0,2

8,12

21,35

5

0,2

3,8

6

2,5

5,8

7

0,3

8,13

Ce ll

Part
3

4

1

2

2

2

1

5

3

1,4

2

4

6

Ce
ll

7

1

2

5

1,3

6

2

Machi
ne
Type

2

3

4

8

1

2

2**

1*
*

4

5

3

1**,
4

2*
*

3

4

5

1**,
3

6

2**

5

6

7

1*
*

1*
*

1*
*

3

2

2*
*

3
3

3

2

3

1

1

1

4

2

2

5*
* T his represents the second copy of machine type

1

3
1,5

2

26,30

Part

1

3
3

20,26

TABLE 4. Results concerning the reactive plan for the first
numerical example

1
5

13,20

the initial schedule using the model presented for the
reactive plan. Given that the disturbance time is also
important in the presentation of the reactive plan, we
examine the reactive plan at different disturbance times
(the arrival time of a new job 𝐷). Below, we first examin e
the reactive plan concerning 𝐷 = 13. Based on the
solution to the reactive model, the results shown in
Tables 2 and 3 are updated as Tables 4 and 5.
Based on the results obtained from the sensitivity
analysis of the values of the arrival time of new jobs (𝐷),
as shown in Table 6, the higher the arrival time of a new
job at the initial times, the higher the required
computational time. On the other hand, it is observed that
the values of the objective functions change as does the
arrival time of a new job, and this change can also be due
to the initial plan changes in terms of the starting time,
the formed cells, or both.

TABLE 2. The initial plan for the first numerical example
Machine
Type

21,26

2

4
5*

1

1**,
5
2*
*

2**,
4

2,4
** T his represents the operations of parts that their processing has
been started before arriving new job
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TABLE 5. Operations starting and completion times for the
reactive plan for the first example
Part

Starting time and Completion time of part operations
𝑭𝒌𝒑
𝒌=𝟏

𝒌=𝟐

𝒌=𝟑

𝒌=𝟒

𝒌=𝟓

1

5,13

13,25

31,34

34,41

41,46

2

0,4

4,14

14,19

3

0,8

8,12

14,21

4

0,2

8,12

21,35

21,26
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TABLE 7. Production data for the second numerical example
Machine type (𝑻𝒌𝒑𝒎 )
Part

𝒌=𝟏

𝒌=𝟐

𝒌=𝟑

𝒌=𝟒

𝒌=𝟓

𝑻𝑬𝒑

1

1(8)

4(12)

5(3)

3(7),
5(14)

4(15),
8(5)

6

2

3(5)

8(10)

3(4)

6(7)

5(6)

9

3

3(6),
5(4)

6(10),
8(12)

5(5)

4

2(2)

7(4)

6(14)

5

4(15)

1(5)

5(6)

11

12

5

0,2

3,8

5

6

2,5

5,8

6

3(8)

8(4)

6(7)

7

0,3

8,13

13,20

20,26

7
8

25,30

39,48

48,56

56,68

6(8),
8(10)

2(11)

7(5)

8

1(2),
2(3)

6(6),
8(5)

12

1(3)

3(5),
5(3)

11

4(3)

5(5)

5(10),
7(5)

3(5)

30,34.06

TABLE 6. Sensitivity analysis on the arrival time of the new
job
D

Z1

Z2

Time

5

236

0

0.464

10

239.645

0

0.519

15

244.06

0

0.291

20

244.06

0

0.306

25

231.225

4

0.16

Numerical example 2
The second numerical example includes 10 part types and
8 machine types, and the upper and lower bounds are 3
and 4, respectively (i.e., 𝑃 = 10, 𝑀 = 8, 𝐶𝑚𝑖𝑛 =
3 𝑎𝑛𝑑 𝐶𝑚𝑎𝑥 = 4). The machine types 5 and 6 have two
duplications (i.e., 𝑀𝑆5 = 𝑀𝑆6 = 2), and the other types
of machines have only one duplication. The information
generated on this problem is shown in Table 7. Besides,
𝐵𝐿 = 2, 𝐵𝑈 = 5. (The numerical example has been
taken from Feng et al. [10].)
Table 7 shows the information concerning the
operation sequence of parts, processing times on
alternative machines, and intercellular transportation
times of parts for the second numerical example.
The information in Table 8 shows that three cells have
been formed. The machines 2, 3, 6, 7, and 8 have been
assigned to cell 1, machines 1 and 4, and the second copy
of machine 5 have been assigned to cell 2, and machines5
and the second copy of machine 6 have been assigned to
cell 3. Moreover, for operations that can be processed
with more than one machine type, one of the machines is
selected for processing. For example, both machine types
3 and 5 can process the first operation of part 3, and,
based on the results, the first copy of machine 5, which
has been assigned to cell 3, is selected for processing.
Many parts are processed without intercellular

9
10

8
10

1(7)

6(7),
8(4)

5(6)

10

movements and in single cells totally, while other parts
are processed in two or more cells, where the intercellular
transportation time of the part is needed. For example, the
fourth operation of part 2 is processed in cell 1 on
machine type 6, while its fifth operation is processed on
machine type 5 in cell 3. In this case, the intercellular
transportation time of part 2 between cells 1 and 3 is
needed. The information in Table 9 specifies the starting
and completion times of the parts. For example, the first
operation of part 1 is started on machine 1 in cell 2 at time
3, and it is completed at time 11, given the time required
for processing the operation.
TABLE 8. The initial plan for the second numerical example
Cell

Machine
Type

Part
2

2

1

1,3

6

4

7

2

3

6

1

3

8

4

2

7

8

2

1

1,4

5

9 10

3

1

2

5

3
2

5

5

1

1

2

1 3

4

2

1

1

5*

3

3

5

3

4

3

2

1

5

6*
* T his represents the second copy of machine type

2 2,4
1,3
2
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TABLE 9. Operations starting and completion times for the
initial plan of the second numerical example
Starting time and Completion time of part
operations 𝑭𝒌𝒑

Part

𝒌=𝟏

𝒌=𝟐

𝒌=𝟑

𝒌=𝟒

𝒌=𝟓

1

3,11

18,30

30,33

39,46

46,51

2

0,5

8,18

18,22

31,38

38,44

3

0,4

4,14

14,19

4

3,5

5,9

9,23

5

3,18

18,23

24,30

6

5,13

18,22

23,30

7

0,8

8,19

19,24

8

0,3

3,8

9

0,3

3,6

10

0,3

6,11

11,18

30,35

Part

35,40

18,24

34,38

Now, we assume that a new job arrives in the system
for processing during the execution of the presented plan.
We refer to this part as part 11. We assume that the new
part includes four operations on machines 5, 8, 4, and 3
with processing times 10, 4, 8, and 13, respectively, and
that the intercellular transportation time is 9. Below, we
examine the reactive plan concerning 𝐷 = 13. Based on
the solution to the reactive planning model, the results
obtained in Tables 8 and 9 are updated, as shown in
Tables 10 and 11.

TABLE 10. Results concerning the reactive plan for the second
numerical example
Ce ll
1

2

Machine
Type
4

8

2

1* 2* 1*

7

2*

5

9

10

1

2

6

11

5
2

1* 3* 1*

5**

3

2* 2*,4

3* 1*

4 1*,3

4

1*

5

1*

𝒌=𝟏

𝒌=𝟐

𝒌=𝟑

𝒌=𝟒

𝒌=𝟓

1

3,11

18,30

30,33

37,44

44,49

2

0,5

8,18

27,31

32,39

39,45

3

0,4

4,14

14,19

32,37

45,50

24,31

4

3,5

5,9

9,23

5

3,18

18,23

24,30

6

5,13

21,25

25,32

7

0,8

8,19

19,24

8

0,3

3,8

9

0,3

3,6

10

0,3

6,11

11,18

18,24

11

19,29

29,33

36,44

44,57

Through a comparison of the results obtained for the
reactive plan with those for the initial plan, it is observed
that some changes have occurred in cell formation and
selection of alternative machines for the numerical
example. As observed, machine 6 is displaced from cell
1 into cell 2, machines 3 and 8 from cell 1 into cell 3, and
machine 4 from cell 2 into cell 3. The fifth operation of
part 10 is processed on the other alternative machine, i.e.,
machine 6, in cell 2 rather than on machine 8. The new
job arriving into the system has also been assigned to a
machine for processing. Moreover, it is observed through
a comparison of Tables 9 and 11 that jobs are processed
according to the initial plan, and the processing of the
operations of parts is started earlier or later in some cases.
Furthermore, the job having arrived newly in the system
starts its processing at time 19 on machine 5 in cell 3, and
its following operations are started at times 29, 36.345,
and 44.345 on machines 8, 4, and 3, respectively.

1*,4 4

2

3

3

5 1*,3

6*

4
2*

Starting time and Completion time of part
operations 𝑭′𝒌𝒑

4. CONCLUSION AND SUGGESTIONS FOR FUTURE
RESEARCH

5

3

8

3

3

1

6
3

Part
7

TABLE 11. Results concerning the starting and completion
times of the part operations for the reactive plan for the second
numerical example

5

2*

2*

1
3
2

2

** T his represents the second copy of machine type
* T his represents the operations of parts that their processing has been
started before arriving new job

Since manufacturing systems operate in dynamic,
uncertain conditions, unexpected events often take place
in these systems. The occurrence of unexpected events in
manufacturing environments may lead to the infeasibility
and non-optimality of the initial plan. In order to
overcome unexpected disturbances, the initial schedule
needs some modifications. In this paper, we considered a
cellular manufacturing system, including many design
features, the objective of which is to minimize the total
completion time of parts. First, we assume that we have
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an initial plan in the cellular manufacturing system. Then,
we presented a mathematical model in order to react to
new arrivals of jobs into the system. The presented
reactive model has been designed such that it considers
both the classical scheduling criterion (total completion
time of parts) and two new criteria (stability in the system
and resistance to changes). In the presented mathematical
model, machines are allocated to manufacturing cells,
processing routes are selected for parts, and the sequence
of operations are processed on machines in such a way
that the total completion time of parts is minimized as the
first objective function. The total number of replacements
of machines in the reactive plan is minimized as
compared to that in the initial plan as the second objective
function. For validation of the proposed model, some
numerical examples were generated and solved using the
GAMS software. The results of the numerical examples
show that the reactive plan is sensitive to the disturbance
time, and the closer this time to that at the beginning of
the plan, the greater the computational time. Moreover,
changes in the occurrence time of disturbance change the
values of the objective function and the optimal solution.
Finally, suggestions for future studies are made below.
 Given that machine failure and unavailability is
another
unexpected
disturbance
in
the
manufacturing system, it can provide an appropriate
area of research to present a reactive planning
model in addressing unexpected failures of
machines in cellular manufacturing systems.
 Given the importance of the operator assignment
problem in cellular manufacturing systems, it can
provide an appropriate topic for continuing the
present study to investigate the new model (initial
planning model and reactive planning model) by
considering the operator assignment problem.
 Given the importance of production planning in
manufacturing systems and its dependence on the
cell formation problem, it can provide an
appropriate research area to integrate it with the
problem under review in this paper.
 The arrival of a new job into a cellular
manufacturing system as an unexpected disturbance
was investigated in this paper. The reverse may also
take place, where a customer cancels one or more
jobs, the operation of which has not been started. It
can be another future research area to investigate
this state.
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Persian Abstract
چکیده
اغلب محیط های تولیدی با حوادث تصادفی و غیرمنتظره مانند خرابی ماشین ،زمان های پردازش غیرقطعی ،ورود کارهای جدید و از دستور کار خارج شدن کارها مواجه هست ند.
به منظور کاهش اثر اختالالت غیرمنتظره ،زمان بندی اولیه نیازمند اصالحاتی است .در این مقاله ،یک مدل ریاضی عدد صحیح مختلط ارائه میشود تا مسائل تشکیل سلول و
زمانبندی مجدد را در یک سیستم تولید سلولی در نظر بگیرد .در مدل ریاضی ارائه شده ،فرض می شود کاری جدید جهت پردازش به عنوان یک اختالل وارد سیستم میشود.
براساس اصول مقاومت در برابر تغییر ،مدل واکنشی  ،راهحل جدیدی با کمینه تغییرات از جواب اولیه را جستجو میکند .به منظور برخورد با این اختالل ،یک مدل واکنشی
جدید ارائه می شود .مدل واکنشی ارائه شده به گونهای عمل میکند که به صورت همزمان معیار کالسیک زمانبندی (مجموع زمان های تکمیل قطعات) و تعداد جابجاییهای
ماشینها را کمینه کند .به منظور اعتبارسنجی مدل پیشنهاد شده ،تعدادی مثال عددی به کمک نرمافزار  GMASحل میشوند .نتایج  ،توانایی مدل واکنشی را در دستیابی به راهحل
های مقاوم در برابر تغییرات غیرمنتظره نشان میدهد.
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machine-building enterprise (VME) with a multi-nomenclature nature of production in t he framework
of Industrial 4.0 were considered. It has been established that in accordance with the concept of
Industry 4.0, namely with the individualization of production and consumption, a modern virtual
machine-building enterprise must adapt to the production of goods in small batches, moreover in a
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these conditions, the effectiveness of the implementation of production processes directly depends on
the effectiveness of information support at all stages of the product life cycle (PLC). A methodology is
proposed for evaluating the effectiveness of information support for PLC processes in the conditions of
multi-nomenclature production of a virtual engineering enterprise. The methodological basic concepts
are web-mining and multi-agent technology. A comparative analysis of the activities of a typical VME
was carried out, which showed that the introduction of information support tools increased the
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1. INTRODUCTION 1
The development of the internet, information and
communication
technologies,
sustainable
communication channels, cloud technologies and digital
platforms has led to the emergence of open information
systems and global industrial networks that go beyond
the boundaries of an individual enterprise and interact
with each other. Such systems and networks have a
transformative effect on all sectors of the modern
economy and business and transfer industrial
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Typical VME

automation to a new, fourth stage of industrialization.
Industry 4.0-transition to a fully automated digital
production, controlled by intelligent systems in real time
in constant interaction with the external environment,
going beyond the boundaries of one enterprise, with the
prospect of combining things and services into a global
industrial network [1, 2]. Many developed countries and
business giants are active participants in the fourth
industrial revolution: state programs, commercial
associations and nonprofit organizations are created
with the goal of removing barriers to the creation of
Industry 4.0.
The basis of Industry 4.0: interoperability,
virtualization, decentralization and real-time operation.
Cyberphysical systems, cloud computing and big data
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technologies, the internet of things are becoming
increasingly popular in business, along with vertical and
horizontal integration, virtualization and digitalization
of the entire process of creating a value added chain [3].
Industry 4.0, thanks to the flexibility and
adaptability provided by cyberphysical systems, will
help to implement mass production on individual orders,
which will reduce the price of products. The classical
methods of organizing production suggested that only
large batches of goods could be produced by the flow
method. Thanks to the new principles of organizing
production processes, it becomes possible to produce
single products in an industrial way. Today, there is a
steady trend towards a transition from tight centralized
management of production processes to a decentralized
model for collecting, processing information and
making decisions. Moreover, the level of autonomy is
constantly growing. Ultimately, such a system becomes
an active component capable of independently
managing its production process [4].
Industry 4.0 has led to the emergence of a new type
of production, such as virtual, which does not have a
fixed organizational and territorial structure, and in
which the process of creating information for softwarecontrolled technological equipment and the manufacture
of the product itself can be distributed in time and space
between many enterprises [5]. The most intensively
indicated type of production is developing in the field of
mechanical engineering, by acquiring the form of virtual
machine-building enterprises (VME) [6, 7]. The key
element determining the effectiveness of the VME
functioning is a special information environment,
implemented on the basis of a special applied
information technology.
At the moment, in the publications of foreign and
domestic authors, issues related to the justification of
the economic efficiency of the creation and operation of
VME have not been considered. The main reasons for
this research gap is that the technology for creating,
deploying and supporting the operation of VME in other
countries lies in the field of private business and
constitutes elements of know-how. In Ukraine, however,
there is practically no experience in organizing such
enterprises and, therefore, publications devoted to the
problems associated with justifying the economic
efficiency of creating and functioning of VME.
The main advantage of VME, which is the almost
complete absence of fixed assets, also creates
vulnerability for enterprises of this type, since a failure
in information communications between subcontractors
disrupts the coordination of the entire production
process, which entails significant financial losses, up to
the financial collapse of VME. Thus, the problem of
ensuring the financial efficiency of VME basically boils
down to the problem of ensuring the efficiency of
information support for business processes in such
enterprises.

The aim of the article is to set out the concept of
organizing information support for business processes at
the VMЕ as typical production facilities within the
framework of Industry 4.0, as well as to assess the costeffectiveness of its implementation at the VME.

2. MATERIALS AND METHODS
VME lifecycle management methodology includes
conceptual and methodological parts.
The VME concept is based on the following
principles: a virtual enterprise searches for new partners
with resources, knowledge and abilities corresponding
to market needs for joint organization and
implementation of this activity [8, 9].
Methodological support of VME lifecycle
management involves the choice of a paradigm for
creating the appropriate software, and within the
framework of the chosen paradigm - the development of
methods that ensure the creation and support of a VME
unified and information space.
Thus, the most important characteristic of a virtual
organization is a flexible, adaptive, dynamic network
structure. Since such an information space does not
exist in the real physical world, but is created through
the information integration of the resources of partners
(subcontractors). The information of VME activities
was carried out within the framework of a concept that
covers key aspects of the activity of such an enterprise,
namely, planning production volumes, based on an
analysis of the market situation, as well as the
organization of production, by making an informed
choice of subcontractors. Based on the features of VME
described above, the methodological part of the
methodology should be based on the agent-based
programming paradigm [10], as the most appropriate to
the specifics of VME. Within this paradigm, two
methods have been developed: the method of
information support of business processes of VME and
the method of forming coordinating decisions by agents
when choosing subcontractors for manufacturing
products at the VME.
The method of information support of business
processes of VME is based on the use of multiple agents
in the form of one-page web resources. The generalized
description of the method includes five stages, three of
which are implemented when creating a multi-agent
web-oriented environment, and the fourth and fifth - in
the process of its functioning:
1. Development of an online store for the sale of VME
products.
2. Development of the main site of the VME with the
implementation of the functions of informing users
about: the structure of the VME, additional
characteristics of the products, the system of discounts,
service.
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3. Development of a set of reflexive agents in the form
of doorway sites, the number of which coincides with
the range of products manufactured by VME. In
addition to information about a particular type of
product, the agent carries information about the VME.
4. Formation of a plan for the production of VME
products based on market analysis (this stage is
implemented directly in the process of functioning of a
multi-agent web-oriented environment).
5. Formation of a community of agents whose mission
is to select subcontractors for the implementation of the
plan for the production of VME products formed at the
previous stage.
The fifth stage of the method of VME business
processes informational support is the most critical for
ensuring the effective functioning of the VME, since
here the greatest number of production risks arise.
Formulate a formal model of the process of selecting
subcontractors G when ordering S , taking into account
input information about conditions, terms and quality:
GS  AS , DS ,CD ,TA , ED , PE , AT , A D ,C D , D E , E P ,
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resolvable collisions).
4. By analyzing the subcontractors (suitable for
performing the necessary operations – C D ) determine
the previous subcontractors C D participating in such an
operation involved in the conflict and the corresponding
recognizer.
5. Form the necessary restrictions OT for the
requirements of the execution of the order from AS .
6. To verify the real existence of a collision by
completing a request to the appropriate recognizer
(determine the truth) P O ( Oi )  Pj ).
7.

In the event of a conflict (if P O ( Oi )  Pj )

determine the method for resolving it using the existing
apr`iority knowledge base for resolving typical
conflicts.
8. Form a coordinating decision (from OT ) for each
conflict identified and fill out a draft output form for the
user.

(1)

where T A – many requirements regarding the
subcontractor selection process; AS – the set of all
technological operations of filling S ; DS – a set of
units (operations), which includes order S ; C D –
subcontractors for performing operations from the
plurality DS ; PE – set of parameters of the operation
DS elements E D ; AT , A D – mapping, are set by the

technological operations of order manufacturing; C D –
mapping is determined by the database; E D – set of
elements that are included in the transaction; D E , E P –
are in the design documentation for the manufacture of
the order (device).
Thus, based on the foregoing, describe the
method of forming coordinating decisions by agents
when choosing subcontractors for manufacturing
products at the VME:
1. For each operation of selecting a subcontractor G S
for manufacturing order S select (using the mapping
K H - the result of the first recognizer in the created
system) signs of potential conflicts H K : K H  H D and
form a conflicting set of operations from AS .
2. Determine the type of each potential collision.
Form two subsets - signs of resolvable K H and
insoluble K H collisions in an automated mode. For
insoluble collisions, execute a request to the user to
form possible coordinating decisions.
3. For each resolvable collision, from K H determine
the
participating
subcontractors
(a
subset
DS  f 1 ( K H ) as the full prototype of the signs of

3. RESULTS AND DISCUSSION
To verify the effectiveness of implementing the research
results, it is necessary to analyze the financial activities
of a typical VME (TVME) to determine the results of
implementation supportive information of business
processes [11-13] for the last three years of the activity
of a typical VME - RSA “Vector” (hereinafter referred
to as TVME). Moreover, the analysis is based on
comparing the results of the activities of TVME without
the introduction (2017, 2018) with the implementation
(2019) of the described information support tools.
First of all, we will conduct an assessment of
business activity [14]. It is aimed to analyze the results
and effectiveness of the current main production
activities of TVME. The value of the analysis of
business activity lies in the formation of an
economically sound assessment of the effectiveness and
intensity of use of the organization’s resources, as well
as in identifying reserves for their increase. Reflect the
main indicators of the enterprise in Table 1.
Analyzing Table 1, we can conclude that TVME
operates at the expense of borrowed funds of customers.
In 2019, the cost of production decreased, which should
have reflected in revenue from sales and, accordingly,
net profit in the negative direction, but with a decrease
in the cost of production by 939 thousand c.u. net profit
increased by 6.5 thousand c.u. The average headcount of
TVME personnel is noticeably allocated - 4 people,
which is associated with the virtual form of organization
of such an enterprise.
To calculate the total liquidity ratio, it is necessary to
summarize all the assets of the enterprise with
weighting factors, depending on the speed of their
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TABLE 1. M ain technical and economic indicators of TVM E
No

Indicator, thousand c.u.

2017

2018

2019

1

Income (revenue) from product
sales

1605.3

1373.1

1394.1

2

Cost of sales

1104.8

1201.1

1107.2

3

Net profit

1.0

8.8

15.3

4

Equity

11.8

11.8

11.8

5

Current responsibility

694.7

262.9

357.7

6

Fixed assets

148.0

151.9

153.2

7

Current assets

580.9

261.1

353.7

8

Average number of personnel

2

4

4

feasibility, and assess liabilities by the maturity of
obligations. Next, we calculated the total liquidity ratio
of TVME taking into account the breakdown of assets
into groups. At the final stage of applying the
methodology, profitability ratios were calculated.
Summary calculations are shown in Table 2.
Based on the data in Table 2, construct graphs that
display the visibility of the results (Figures 1-4).
Turnover ratios bear a positive trend, as there is an
increase in the indicator. This is due to the fact that the
periods for which the full production cycle takes place
became longer, and consequently, the profit increased.
It is necessary to track the ratio of the turnover of
receivables and payables for the analyzed period
(Figure 2).

From Figure 2 it is seen that the accounts payable
turnover ratio has a higher growth rate than the
receivable turnover ratio. Those TVME manages to
repay the borrowed funds for the production of the order
faster than it receives funds for the purchased goods.
TVME profitability indicators for 2017-2019 in
graphical form are shown in Figure 3.
Let us analyze the main indicators that directly affect
the profit of the enterprise - the coefficient of
profitability of direct costs, the coefficient of
profitability of production. Figure 3 shows that the gross
cost of TVME significantly decreased, which led to an
increase in profit. An increase in the profitability ratio of
production indicates an increase in the profitability of
production due to the continuous improvement of the
means of information support of business processes at
TVME.
Figure 4 shows the main performance indicators of
TVME. This figure illustrates the change in the
coefficient of profitability of sales and the coefficient of
total liquidity of the enterprise for 2017 - 2019. The
overall liquidity ratio for a virtual manufacturing
enterprise is very heterogeneous, because manufacturing
enterprises are characterized by a direct relationship
between the liquidity ratio and the financial stability of
the enterprise. In our case, the liquidity ratio has the
opposite value, since TVME exists at the expense of
borrowed funds of customers without having fixed
assets and stocks in stock.

TABLE 2. Summary performance indicators of TVM E for
2017-2019 years
Name of indicator

2017

2018

2019

Rate of
increase (∆)

Asset turnover ratio

2.00

2.40

3.03

0.63

Current assets turnover
ratio

2.26

3.26

4.53

1.27

Accounts receivable
turnover ratio

5.76

7.23

15.78

8.55

Accounts payable
turnover ratio

2.66

3.06

4.5

1.44

Inventory turnover ratio

3.04

4.87

3.85

1.02

Equity turnover ratio

38.9

34.93

27.15

-7.78

Accounts payable to
total assets ratio

0.82

0.64

0.71

0.07

Total liquidity ratio

0.26

0.28

0.008

-0.272

Production profitability
ratio

2.20

3.32

2.75

0.57

0.00062

0.0064

0.01

0.0036

0.09

0.73

1.38

0.65

Return on sales ratio
Direct cost margin

Figure 1. Turnover of TVM E assets for 2017-2019 years

Figure 2. The ratio of the turnover of receivables and payables
TVM E for 2017-2019 years
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2.

3.

4.

Figure 3. TVM E profitability indicators for 2017–2019 years

5.

6.

7.

Figure 4. The main performance indicators of TVM E for
2017-2019 years

8.

4. CONCLUSION

9.

It is shown that in the conditions of Industry 4.0, VMEs
are one of the main types of production facilities. The
concept of information of VME activity is presented,
which covers two most important stages - technical and
economic planning and technical preparation of
production. The methodological basic concepts are web mining and multi-agent technology. A comparative
analysis of the activities of a typical VME was carried
out, which showed that the introduction of informatio n
support tools increased the efficiency of VME business
processes.
The main significance of the results obtained is that
their application in practice makes it possible, on the
one hand, to expand the capabilities of top managers of
traditional manufacturing engineering enterprises to
diversify order fulfilment by selecting subcontractors,
and, on the other hand, to automate the lifecycle
management process of existing VMEs.
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Persian Abstract
چکیده
ویژگیهای پشتیبانی اطالعات سازمان برای فرآیندهای تجاری در شرکت ماشین سازی مجازی معمولی ) (VM Eبا ماهیت تولید چند نامی در چارچوب  Industrial 4.0در
نظر گرفته شد .مشخص شده است که مطابق با مفهوم صنعت  ، 4.0یعنی با خصوصی سازی تولید و مصرف  ،یک شرکت ماشین سازی مجازی مدرن باید با تولید کاال در دسته
های کوچک  ،عالوه بر این در یک مجموعه بزرگ و با تغییرات مکرر  ،سازگار شود .از نامگذاری در طیف گسترده ای .نشان داده شده است که تحت این شرایط  ،اثربخشی
اجرای فرآیندهای تولید مستقیماً به تأثیر پشتیبانی اطالعات در تمام مراحل چرخه عمر محصول ) (PLCبستگی دارد .یک روش برای ارزیابی اثربخشی پشتیبانی اطالعات برای
فرآیندهای  PLCدر شرایط تولید چند نامی یک شرکت مهندسی مجازی پیشنهاد شده است .مفاهیم اساسی روش شناختی  ،وب کاوی و فناوری چند عاملی است .تجزیه و
تحلیل مقایسه ای از فعالیت های ی ک  VM Eمعمولی انجام شد  ،که نشان داد معرفی ابزارهای پشتیبانی اطالعات باعث افزایش کارایی فرآیندهای تجاری  VM Eمی شود.
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In this study, at first step nanopowder particles of α-Fe2O3 (Hematite) and Co 3O4 were synthesized
separately thorough simple chemical method from an aqueous solution of iron (III) nitrate nonahydrate
(Fe(NO3 ) 3.9H2O) and cobalt (II) nitrate hexahydrate (Co(NO3) 2.6H2O) as precursors. After that, three
composites from synthesized nanopowders of Fe 2O3 with 8, 16 and 24 wt.% of Co3 O4 were prepared.
Graphite nanopowder was added to one composition of samples in weight percentages of 1.17 and 2.35.
T he composition and morphology of the composites were investigated by XRD and FE-SEM,
respectively. FE-SEM analysis showed that the morphology of the powders and composites were all
spherical in nanoscale. The photocatalytic activity of the composites was examined by measuring the
photo-degradation of the aqueous solution of methylene blue under simulated solar light. To determine
the photo catalytic activity, the degradation of methylene blue (MB) in the absence of light (dark test)
was taken as well. Results showed that addition of Co 3O4 to Fe2O3 decrease the activity of photo-catalytic
process while nano-graphite enhanced photo-catalytic process by upward of ~2 % with respect to the
composite without graphite nanoparticles. Stoichiometric calculations showed that the amount of
hydrogen produced by water by the composite of Fe 2 O3-16% Co 3 O4 - 2.35% Graphite nanoparticles was
27 μmol H2 /h.g under solar light irradiation.
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1. INTRODUCTION1
Today's political, economic and economic crises, such as
limiting
the viability of fossil fuel reserves,
environmental concerns, population congestion,
economic growth, and consumption coefficient, are all
world-wide issues that push researcher to finding new
solutions [1]. In an age where we are all concerned about
the side effects of fossil fuels, such as global warming ,
pollutants spreading, and the termination of these fuels,
hydrogen can be taken into consideration[1-3]. There are
four ways to produce hydrogen gas from different
sources: hydrogen gas from natural gas, oil, coal and
water electrolysis, sharing 48, 30, 18 and 4% of
Hydrogen production respectively [4]. When hydrogen is
produced from hydrocarbons such as fossil or bio-fuels,
trapping CO2 and isolating it are among the requirements
of production program. Hydrogen produced from water,

on the other hand, does not pose a challenge of
conversion point, whereas it does require energy from an
external source[5]. If this energy comes from a renewable
energy source such as solar energy, hydrogen could be
potential option of green energy and supplying energy to
any device from laptops to submarines [2, 3]. Photo
catalytic of water is one of the inexpensive and clean
methods for producing hydrogen gas [4]. Hematite (αFe2 O3 ) posses some of essential features such as an ideal
band gap of 2.2 eV with broad visible light absorption up
to 590 nm which enable it to absorb 40% of the
wavelengths. It also has excellent stability under aqueous
operating conditions and a valence band positio ned
sufficiently low for oxidizing that made hematite as one
of the most attractive materials for photo-electrochemical
(PEC) water splitting [6, 7]. However, relatively low
efficiency (12.9%), low electron mobility, lower
potential conduction band than needed for hydrogen
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reduction and high rate of recombination of electrons/
holes are classified as major limitations [7, 8]. To
overcome
these disadvantages application
of
nanotechnology has provided improvement by producing
nanoparticle catalysts and morphological modification in
order to minimize the charge collection distance while
maintaining good light absorption. For instance, H.
Wender et al reported that synthesis hematite nano-rings
altered the edge of the bandage in a way to increase
hydrogen gas production from an aqueous solution [9].
Other ways are doping strategy and making composite
with other semiconductor materials or metals that modify
the function of the photo-catalyst. Ch. Liu et. al in 2017
reported that hematite/carbon composite improves photocatalytic performance of hematite [10]. They claimed that
120 mg photo-catalytic powder could produce 6.667
μmol H2 /hg. Therefore, it is of great interest to study the
photoelectric properties of α-Fe2 O3 nanostructures in
combination with other materials to make composite for
their promising application in photo-catalysis or
photoelectric conversion device. For instance, in of
TiO2 /BiVO4 composite, BiVO4 nanoparticles promoted
absorption and production of electrons, TiO2 is key role
to convert electron to water [11]. In another endeavor
using nanoparticles of Gold and TiO2 composite reduced
the probability of electron-holes recombination [12]. A
number of other n-type semiconductors, such as TiO2
[12, 13], ZnO [13] and Co 3 O4 [14, 15] have been studied
as photo anode materials for water splitting however, all
requirements have not yet been accomplished by that
compounds. These materials are good candidates for
making composite by hematite. Perry et al. Reported that
Co 3 O4 nanoparticles produce 2000 μmol H2 /hg from
water: ethanol (1:20) solution under light radiation [16,
17].
In this study, we synthesize hematite and Co 3 O4
nanoparticles in order to prepare composition of
hematite/Co 3 O4 . In order to promote electron transfer
mechanism and improve the performance of photocatalytic properties Graphite is added to hematite. The
photo activity performance of hematite in composition
with cobalt oxide and graphite in form of Co 3 O4 /Fe2 O3
nano-composite and Co 3 O4 /Fe2 O3 /G (FCG) nanocomposites are studied for the first time and result have
been discussed.
2. MATERIALS AND METHODS
2. 1. Material Synthesis
To prepare a Fe 2 O3 Co 3 O4 nanocomposite at first step α-Fe2 O3 (Hematite)
and Co 3 O4 nanopowders were separately synthesized by
the chemical route. (Fe (NO3 )3 .9H2 O) (99.9%, Merck),
(Co (NO3 )2 .6H2 O) (99.9%, Merck), (NH4 )2 C2 O4 (99.9
Merck) and ethanol C2 H5 OH (99.5 % Merck) were used
as the starting materials. Distilled water was used as a
solvent. For synthesis of α-Fe2O3 (Hematite), Fe

(NO3 )3 .9H2 O was dissolved in distilled water with
stirring at room temperature. After a while, ethanol
solution was added dropwise to the stirring mixture at
room temperature. The pH value was defined according
to the experimental conditions given in reference [18].
The resulting dark dispersion was continuously stirred
for 1 h at room temperature and then temperature was
raised to 80 ̊C and maintained until yielding a black
powder. The black powder was calcined in a furnace at
500 °C for 3 h to obtain a complete crystalline nanopowder. The synthesis procedure of Co 3 O4 included
dissolving Co (NO3 )2 .6H2 O (99.9% of Merck) in 100 ml
of distilled water and di-ammonium oxalate (NH4 ) 2 C2 O4
(99.99 Merck) separately as well. Ammonium oxalate
solution was immediately poured into the cobalt nitrate
solution at room temperature that led to precipitation of
pink cobalt oxalate with the chemical formula of CoC2 O4 .
During the precipitation process , the solution is stirred
continuously until completion. At this stage, cobalt
oxalate is conformed completely, and stirrer is turned off
to deplete the sedimentary sediment and the waste
solution. After drying, the sediment was transferred into
an electric furnace for calcination where it was kept at
500 ̊C for 3 hours resulting in Co 3 O4 black powder [19].
2. 2. Preparation of Composite Catalysts
Composite catalysts were prepared in different weight
ratios of Co 3 O4 / Fe2 O3 , thermal operation was performed
for 1 hour at 700 ̊C and the products were labeled FCx
(x= 8, 16, 24 wt. %) corresponding to the weight ratio of
the Co 3 O4 /Fe2 O3 nanocomposites. The Co 3 O4 /Fe2 O3 /G
(FCG) nano-composites were prepared by adding
Graphite nanopowder to Co 3 O4 /Fe2 O3 in weight values of
1.17 and 2.35% wt% of graphite to determine the effect
of graphite addition on photoactivity. After adding
graphite, the resulting composite was heated for one hour
at 700 ̊C in an electric furnace .
2. 3. Characterization
The prepared nanopowders
and composites samples were characterized with X-ray
powder diffractometer (XRD). The XRD used was
Philips X-Ray Diffract meter with Cu Kα radiation
source (λ = 1.54274).The morphology of samples was
characterized by Field emission scanning electron
microscopy (FESEM) Vega Tescan. Synthesized
powders were ultrasonically dispersed into ethanol and
the suspensions were then spread on the surface of
aluminum foil to prepare sample for FESEM. Gold
coating was performed before observation for better
conductivity.
The UV–Vis diffused reﬂectance spectra (DRS) were
taken using a Perkin Elmer, Model Lambda 25.
2. 3. Photocatalytic Activity Test
The prepared
composites were used to degrade Methylene Blue (MB)
under a 55 W xenon lamp, and its photocatalytic
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performance was studied through comparison with P25.
Photocatalytic samples of 10 mg were added to 100 mL
of a 10-5 Molar of MB solution and magnetically stirred
for 0.5 h in the dark to obtain the adsorption–desorption
balance, and the xenon lamp was then turned on. A 5 mL
sample of the solution was taken out every 20 min and
centrifuged at a high speed; then, it was tested using a
UV-vis spectrophotometer in 664 nm, with distilled
water as a contrast. The concentration of MB was
calculated according to Lambert–Beer’s law. The
concentration of MB can be determined from the
intensity of the color peak (664 nm) of solution. A
standard calibration curve was constructed in the
working range of 1.8–3.1 ppm (Figure 1).
The measurements were carried out over the
wavelength range of 400–1000 nm. The concentration of
MB was calculated according to Lambert–Beer’s law by
using Equation (1) that indicates relation between UV
absorption and MB concentration:
C = 5.3968 A – 0.564

(1)

where C (ppm) is MB concentration and A is the
absorption value obtained in UV-Vis measurements.
3. RESULTS AND DISCUSION

Conc. (ppm)

The crystal structure of the synthesized catalysts -Fe2O3
nanoparticles and Co 3 CO4 nanoparticles were examined
via XRD measurement and the data is shown in Figure 2.
The observed pattern after heat treatment at 500 ̊C of the
collected products exhibited all the expected peaks from
the -Fe2 O3 structure (a) and Co 3 CO4 (b) without any
detectable peaks from impurities and other phases.
Powder X-ray diﬀraction (XRD) data can be indexed to
the characteristic peaks of hematite (JCPDS 33-06 64)
and Cobalt Oxide (JCPDS 01-076-1802).

4.1
3.9
3.7
3.5
3.3
3.1
2.9
2.7
2.5
2.3
2.1
1.9
1.7
1.5
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Figure 2. XRD patterns of the synthesized a) Hematite and
b) Co3O4 powder after calcinations at 500 ̊C

Morphologies of the synthesized -Fe2 O3 and Co 3 O4
nanoparticles were characterized using scanning electron
microscopy. The SEM images of the samples are shown
in Figure 3. It can be seen that the synthesized Co 3 O4
nanopowder catalysts have very homogenous
morphologies, regular dispersion and with nearly
spherical shapes varying in size from approximately 30
to 50 nm. A closer look, specifically on -Fe2 O3 , allows
to see that these particles consist of significantly smaller
sphere –like grains with the size around 40-60 nm
confirming that the synthesized nano-sized -Fe2 O3
particles have formed these soft agglomerations .

y = 5.501x - 0.6071
R² = 0.9832

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

Absorption

Figure 1. UV–Vis spectroscopy calibration curve for MB
concentration

Figure 3. SEM images of the synthesized Co3O 4 (a, b) and
α-Fe2O3 (c. d) nanoparticles after calcinations at 500̊C
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Composites of powder were prepared with heat treatment
specified amounts of each of the powders after
mechanically mixed together. All heat treatments were
performed at a temperature of 700 ̊C. Figure 4 shows
XRD pattern of Fe2 O3 /Co 3 O4 /Graphite (FC3G2 )
composite (2.35 wt.% Graphite was added to FC3: 84
Fe2 O3 /16Co 3 O4 (wt.%)). It shows that the composite
comprises of all three compounds of Fe 2 O3 , Co 3 O4 , and
Graphite.
The three different compounds of synthesized
hematite nanopowder, 84 Fe2 O3 /16Co 3 O4 (wt.%)
composite
and
Fe2 O3 /Co 3 O4 /Graphite
(FC3G2 )
composite (2.35 wt.% Graphite added to FC3) were
characterized by UV-visible absorption spectra to
compare their optical absorption properties. Results are
shown in Figure 5. The spectra show changes in the
behavior of absorbance wavelengths when cobalt oxide
and graphite were added to hematite powder and formed
composites. Accordingly, it can be concluded that the
absorbance of ultraviolet waves (wavelengths 190 to 200
nm) in FC3G2 composite is about 7.36% more than that
of hematite; nevertheless, in visible ranges (between 400
and 700 nm) hematite absorbs about 30% more lights
compared to FC3G2 composite. By adding cobalt oxide
to hematite, the absorption peak is shifted to the left
(indicated by green color in Figure 5), indicating an
increase in the energy of band gap. With the addition of
graphite to the two based composite of Fe2 O3 /Co 3 O4 , the
absorption edge has increased (blue curve), which means
that graphite has no effect on the energy band gap and has
only increased the absorption of ultraviolet waves.
The photocatalytic activity was examined by a
colorant decomposition test using MB, which is very
stable chemical dye under normal conditions. In general,
absorption spectra can be used to measure the
concentration changes of MB in extremely dilute

aqueous solution. The MB displays an absorption peak at
the wavelength of about 664 nm. Time-dependent photodegradation of MB is shown in Figure 6. In all curves in

Figure 4. XRD patterns of the Fe2O 3/Co3O4/Graphite
(FC3G2) composite powder after heat treatment at 700 ̊C

Figure 5. UV-visible absorbance spectrum
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Figure 6. Changes in M B concentration photocatalytic degradation in the presence of different compounds of catalysts
nanopowders: Pure Fe2O 3 (FC1), Composites of Fe2O3/Co3O4 (FC2, FC3 and FC4), Composite Fe2O 3/Co3O 4/Graphite (FC3G2)
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the first 30 minutes, decreasing in methylene blue
concentration will be due to surface absorption of the
powder since the test was performed in absolute darkness
for 30 min. after which radiation was started up to 130
min that exhibited the photocatalytic activity of the
catalysts powder. It is illustrated that MB decomposes in
the presence of pure hematite and in composite samples
of Fe2 O3 /Co 3 O4 with 8, 16 and 24 wt.% of Co 3 O4 . The
results of the dark tests showed that increasing Co 3 O4 did
not follow a fixed pattern for surface adsorption of
methylene blue molecules. Methylene blue is a cationic
dye that is widely used in the textile industry [20]. The
surface charge of hematite particles is negative [21],
while the surface charge of Co 3 O4 particles is positive +
41[22]. Therefore, raising the amount of Co 3 O4 leads to
decrease of the absorption of methylene blue molecules
on the surface of the composite powder. According to
those results, the distribution of hematite and Co 3 O4
particles is expected to be such that the hematite particles
surrounded the cobalt oxide particles, in which case the
effect of adding cobalt oxide to the absorption or
excretion of methylene blue molecules is reduced
because there are fewer interfaces between cobalt oxide
particles and methylene blue molecules. For instance, in
the FC3 composite containing 16% cobalt oxide, Co3O4
particles are more surrounded by hematite than in the
FC4 composite with 24 wt.% cobalt oxide. According to
the results shown in Figure 6, the highest amount of
adsorbent in dark belongs to FC3 and the lowest surface
absorbance is for FC2 containing 8% cobalt. Moreover,
according to Fabrizio Creazzo et al. [22], if the FCC
network of Co 3 O4 cuts from the side of (110), one side of
the disconnected network will have a negative charge,
while the other side will have a positive charge [22].
Based on this, it can be predicted that in the composition
containing 16% cobalt oxide, the levels of sections with

25

FC1

FC3

FC3G1

FC3G2

negative charge of cobalt oxide had a higher level of
common with methylene blue solution, which caused
more absorption of methylene blue molecules and in the
composition containing 8% cobalt oxide had a more
positively cross-sectional area with the methylene blue
solution.
The results reveal that the introduction of Graphite
improves the photocatalytic activity by reducing the
surface absorbance. This can conclude that Graphite as a
conductive material reduces the recombination of
electrons and holes that leads to improving photoactivity.
It is seen from Figure 6 that in FC3G2 samples with 2.35
wt.% Graphite, the photo activity increased by 1.89%
compared to FC3 sample without Graphite.
The photo activity of nano-composite FC3G2 in the
two concentrations of 100 ppm and 200 of catalysts were
compared and result is shown in Figure 6. The photo
activity of nano-composite in concentration of 100 ppm
showed better result. The decrease in photo activity by
increasing the amount of photocatalytic powder is due to
raising the population of particles that leads to more
collision between particles, then decreasing the active
surface for absorbing electromagnetic waves. The
photocatalytic activity of catalysts reduces about 2% by
increasing the amount of photocatalytic powder to 200
ppm.
Figure 7 shows an overview of the performance of all
synthesized nano-composites. The highest rate of photo
activity is related to hematite nanoparticles (FC1), and
among the composites, the best photocatalytic
performance belongs to the FC3G2 composite with 2.35
wt.% Graphite. On the other hand, the lowest amount of
photo activity is related to FC4 composite, which
contains the highest amount of cobalt oxide. Therefore,
adding cobalt oxide to the composite has not yielded to
desired results.
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Figure7. Comparing photocatalytic activity in the presence of different compounds of catalysts nanopowders
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The photo activity of nano-composite FC3G2 was
examined under sunlight. The results of this experimen t
show that the photo activity of the nano-composite under
irradiation of the solar light is about 4.5 times higher than
that of the photo activity in the xenon 55 W lamp that
caused degradation of about 55% of methylene blue. The
higher removal efficiency of methylene blue over FC3G2
composite compared to all experiments done under
radiation of xenon 55 W lamp is probably due to increase
in dye adsorption on the photocatalyst surface under solar
light which will react with active species in the photo
catalysis process.
Calculations show that this photocatalytic nanocomposit powder can produce 5.7 μmol H2 per hour in a
1 liter of water under radiation of xenon 55 W. However,
this same composite produced 27 μmol H2 per hour
under solar light irradiation. The results indicated that the
removal efficiency of photo activity could be enhanced
effectively in FC3G2 composite under solar light
irradiation; that phenomenon has been reported by S Lub
et al. [23].

2.

3.

4.

5.

6.

7.

4. CONCLUSION
Nano-hematite and nano-cobalt oxide were successfully
synthesized by simple chemical method without using a
surfactant or templates. The synthesis process employs
low-cost raw materials and yields a phase-pure,
polycrystalline product. Compositing strategy in order to
promote photocatalytic properties of hematite was
studied. According to the UV-vis experiment graphite
improves the photocatalytic activity of hematite.
However, adding Co 3 O4 to hematite transports the edge
of the adsorbent to lower wavelengths, which means that
the band gap has increased. The photocatalytic activities
of the nano-hematite were determined by investigating
the degradation of MB upon irradiation of UV lamp and
solar light in the presence of the hematite and other
composites. Of the various compounds synthesized,
hematite nanoparticles were found to have the best
photocatalytic performance during the degradation of
MB, however among the composites, FC3G2 composite
(containing 2.35% graphite and 16% cobalt oxide) had
the best photocatalytic performance. Photocatalytic
activity of FC3G2 composite under solar light was higher
than that of UV irradiation. Photocatalytic activity of
FC3G2 composite under solar light was higher than that
of UV irradiation.
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Persian Abstract
چکیده
 به طور جداگانه با استفاده از روش شیمیایی ساده محلول آبی از نیترات آهن و نیترات كبالتCo3O4  (هماتیت) وα-Fe2O3  در مرحله ی اول ذرات نانوپودر،در این مطالعه
، 8  سه كامپوزیت از نانوپودرهای سنتز شده به ترتیب با افزودن، پس از آن.( سنتز شدندCo (NO 3) 2.6H 2O)  و هگزاهیدراتFe(NO 3)3.9H2O از پیشماده های اولیه
 تركیب فازی. درصد وزنی اضافه شد2.35  و1.17  نانوپودر گرافیت نیز به یک تركیب از نمونه های ذكر شده به میزان. تهیه شدندFe2O3  بهCo3O 4  درصد وزنی24  و16
 نشان داد كه مورفولوژی پودرها و كامپوزیت ها همه در مقیاسFE-SEM  تحلیل. بررسی شدندFE-SEM  وXRD و ساختاری و مورفولوژی كامپوزیتها بهترتیب توسط
 برای تعیین. فعالیت فوتوكاتالیستی كامپوزیت ها با اندازه گیری تخریب محلول آبی متیلن بلو تحت تابش نور خورشید شبیهسازی شده بررسی شد.نانو و كروی شکل هستند
 باعث كاهش فعالیت فرآیندFe2O3  بهCo3O4  نتایج نشان داد كه افزودن.( در غیاب نور (آزمایش تاریک) نیز گرفته شدM B)  تخریب آبی متیلن،فعالیت فوتوكاتالیستی

 محاسبات استوكیومتری. نسبت به كامپوزیت بدون نانوذرات گرافیت افزایش میدهد٪ 2 ~  در حالی كه نانو گرافیت فرآیند فوتوكاتالیستی را به میزان،فوتوكاتالیستی می شود
. است27 μmol H2 /h.g.  در برابر تابش نور خورشید برابر باFe2O 3 /Co3O4/Graphite نشان داد كه مقدار هیدروژن تولید شده توسط آب توسط نانوذرات كامپوزیت
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Bone char (BC) is one of the most common adsorbent with extensive applications in the removal of
pollutions. T he adsorption capability of BC is proportional to the crystalline index, i.e, the atomic ratio
of Ca/P. T his study is an attempt to model the crystalline index of BC that by thermal decomposition of
natural bone using artificial neural network (ANN) and genetic expression programming (GEP). In this
regard, 100 various experimental data used to construct the ANN and GEP models, separately. Through
the data collection step, heating rate, the type of precursor, calcination temperature, and residence time
selected as the inputs for the preset output as Ca/P ratio . T he results reveal that the minimum amount of
Ca/P ratio are at the heating rate 10 °C/min, HNO3 1.6 M as activation agent, calcination temperature
1000 °C, and residence time 2 h. R squared indices is used to compare the p erformance of extracted
models. Finally, the best ANN uses to investigate the effect of each practical variable by sensitivity
analysis and revealed that the residence time is the most effective parameter on the crystalline index
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1. INTRODUCTION1
Due to the increasing growth of various industries and
industrial products around the world, challenges about
the severe damages to the environment are increasing.
Therefore, to reduce the environmental degradations, it is
necessary to reduce the amount of waste by consideration
of a logical and cost-effective solution. Solid waste, e.g.,
animal waste, are a potential source of renewable
materials. Thermal conversion of solid waste into char
has been widely studied as a promising solution for waste
disposal. During this conversion, a valuable by-product
is produced that can be used in many fields of industrial
production to reduce the environmental damages [1, 2].
Bone char (BC) is a black, porous, granular substance
that prepared by heating of animal bones. It is one of the
most common sorbents with unique characteristics
including eco-friend, accessible, cheap, and excellen t
*Corresponding Author Institutional Email:
(G. R. Khayati)

regenerating specification. Adsorption of pollution is one
of the most common applications of BC, e.g., water
treatment process, in the industry. It traditionally uses as
discoloration agent in the sugar industry [3, 4].
Adsorption of F, Cd, Zn, Ni, Cu and As from aqueous
solution with low cost are the other applications of BC.
Therefore, finding a solution to produce and control the
characteristics of BC is of great importance [5, 6]. There
is a significant dependency between the compositions of
BC to its preparation methods. There are 50-80 wt.%
hydroxyapatite, 10-16 wt.% CaCO3, and 7-10 wt.%
carbon in the chemical composition of BC. Incomplete
combustion of natural bones with controlled oxygen is
the main approach for the preparation of BC. Table 1
illustrates the physical and chemical properties and
application of BC that have been prepared by different
methods. There is a strong dependency between the
crystallinity index of BC (i.e., the ratio of Ca/P) on its
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capacity as an adsorbent agent [7]. In this regard,
optimization of the amount of Ca/P ratio plays a key role
for design and preparation of BC with a better adsorption
performance. P and Ca are the main constituents of bone.
The other constituents with lower contents are Na, C, Mg,
and O. In general, stoichiometric amount of Ca/P ratio in
bone is 1.67 [8, 9]. However, based on Table 1, the Ca/P
ratio is completely variable and the charring of animal
bones is the main preparation method of BC. Some
advantages including low production and activation
process caused the evolution of charring of animal bones
as a promising approach for the preparation of BC.
Unfortunately, this process suffers from the
comprehensive investigation on the analysis of
complicated interaction between the practical variables
including pre-process or activation of bones by acidic
solutions, calcination temperature, heating rate, and
residence time. To the best of our knowledge, several
methods have been used to produce BC. However, no
research has been done to model the crystalline index of
BC based on practical variables , so far. Hence,
illustration of reliable models based on experimental data
is strongly proposed to enhance the performance of BC.
This study aims at constructing new predictive models
based on gen expression programming (GEP) and
artificial neural network (ANN), for determination of the
Ca/P ratio as a function of practical variables . To
construct these models, 100 reliable trails were done for
the preparation of BC. The data are used to train and test
GEP and ANN models. The calcination temperature
changed between 400 °C to 1000 °C, the residence time
is considered in the range of 1 to 4 h, and the heating rate
changed from 5 to 12 °C/min. The performance of both
models are compared to each other. Finally, the effect of
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each practical variable is investigated by sensitivity
analysis.
2. MATERIALS AND METHODS
The thigh bone of cow is used as a precursor to prepare
the bone char. As a first step, selected thigh bone washed
for 2 h in boiling deionized water to wipe out meat and
fat residues and left 24 h to dry. Then, the dried bones are
crashed (with the particle size lower than 1 mm) and uses
as mother sample for the preparation of BC.
2. 1. Specimen Preparation
A CVD furnace
equipped with the ceramic holder is used through the
calcination step. At first, the origin bones sample divide
into 100 parts. 60 parts directly heated to prepare BC. The
remained 40 parts pre-processed by the addition of 490
mL of HNO3 (with various concentrations including
0.49, 1.1, 1.6 M) to 50 gr of crashed bones in Erlenmey er
flask on a hot plate at the temperature of 80 °C. The
prepared solution is mixed for 24 h. Then, the solution is
cleared, and the pre-processed samples locate in a
porcelain capsule. Finally, the prepared BC sample
stored in a micro tubes for further analysis. As shown in
Table 2, the BC samples that directly used identified by
1 and the pre-processed bones with 0.49, 1.1, and 1.6 M
HNO3 solutions are identified by 2, 3, and 4, respectively.
BC samples synthesized under the special conditions of
pyrolysis including the calcination temperature (4001000 °C), heating rate (5-12 °C/min), residence time (14 h) and argon gas (400 mL/min). EDX analysis is
utilized to investigate the weight percentages of Ca and P
elements to calculate the crystalline index (Table 2).

TABLE 1. Chemical composition of BC as a function of preparation condition and its applications
Re f.

Total Ca
(wt.%)

Total P
(wt.%)

Total C
(wt.%)

Hydroxyapatite
(%)

Application of BC

[10]

-

-

9-11

70-76

Adsorption of toxic ions

[11]

-

-

11.0

76

Adsorption of fluoride

[12]

-

13.4

12.5

-

Filtrations of P

[13]

28

15.2

13

-

Filtrations of P

[14]

-

15

6.3

85

Adsorption of fluoride

[15]

39

20

-

80

Water treatment

[16]

30.7

14

-

69

Filtrations of P

[17]

27.1

12.7

18.0

-

Used as P-fixing soil influenced by root-mycorrhiza-bio char interactions

[18]

18.5

14.9

11.2

-

Improvement the phosphorus-cadmium-interaction

[17]

33.7

15.3

8.2

-

Used as P-fixing soil

[19]

23.9

15.7

-

89

Adsorption of Cr (III) from water solution

[20]

24.2

11.5

3.8

-

Absorption the methylene blue

[21]

23.8

13

10.4

56

Improvement of the transformations of P in plant -based structure

[22]

-

-

10.0

80-90

Enhancement of photocatalytic performance by ZnO/BC composites
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TABLE 2. Summary of the experimental design used to the synthesis of BC
No.

Inputs
Pre cursor

a

O utput

Calcination temperature (°C)

Heating rate (°C/min)

Residence time (h)

Ca/P Ratio

1

3

1000

7

1

1.31

2

4

400

5

1

1.27

3

3

700

5

4

1.45

4

3

400

12

3

1.41

5

2

1000

5

3

1.72

6

2

400

7

4

1.92

7

4

700

7

3

1.03

8

2

700

12

1

1.69

9

1

900

10

2

2.02

10

3

800

10

2

1.30

11

1

500

7

2

2.30

12

1

600

10

3

2.14

13

1

800

5

1

2.24

14

3

500

10

1

1.46

15

4

600

7

4

1.05

16

3

900

12

3

1.17

17

2

600

5

2

1.93

18

2

500

10

4

1.79

19

2

800

7

3

1.75

20

4

500

12

2

0.99

21

4

900

5

1

1.03

22

1

800

12

4

1.97

23

4

700

10

2

0.96

24

2

600

12

1

1.74

25

1

500

5

3

2.34

26

1

400

10

1

2.28

27

1

1000

12

2

1.92

28

1

900

7

4

2.07

29

4

800

10

3

0.89

30

3

400

5

2

1.63

31

2

1000

10

4

1.55

32

3

600

5

4

1.50

33

2

900

7

2

1.73

34

1

700

7

1

2.23

35

3

600

7

1

1.50

36

4

1000

7

2

0.91

37

4

900

10

1

0.88

38

2

800

12

2

1.63

39

4

500

12

4

0.95

40

1

400

12

3

2.18

41

1

700

5

4

2.22

42

2

500

5

3

1.95

43

3

700

10

3

1.33

44

2

400

10

4

1.83

45

3

800

7

4

1.35
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46

3

900

12

4

1.15

47

4

600

10

3

0.99

48

3

1000

10

1

1.22

49

4

800

5

1

1.08

50

2

700

12

1

1.69

51

2

900

5

3

1.76

52

4

400

7

2

1.19

53

1

600

12

2

2.11

54

3

500

7

1

1.55

55

1

1000

7

3

2.04

56

3

700

5

2

1.49

57

1

1000

5

4

2.08

58

3

1000

12

3

1.12

59

2

500

10

2

1.83

60

3

900

5

2

1.40

61

4

500

5

3

1.18

62

2

600

7

3

1.85

63

2

800

12

1

1.65

64

4

400

12

4

1.00

65

1

900

10

1

2.04

66

3

800

10

4

1.26

67

2

400

5

1

2.04

68

2

700

10

4

1.69

69

4

600

5

4

1.11

70

4

1000

10

2

0.82

71

4

900

7

3

0.93

72

1

400

10

3

2.24

73

1

500

7

4

2.26

74

1

800

5

2

2.22

75

1

600

12

1

2.13

76

3

400

7

2

1.58

77

4

700

12

3

0.88

78

3

500

12

1

1.40

79

4

800

7

1

1.02

80

2

1000

5

1

1.76

81

2

900

12

4

1.54

82

2

700

7

2

1.82

83

3

600

10

2

1.39

84

3

800

7

3

1.37

85

1

700

12

2

2.06

86

1

700

7

1

2.23

87

4

600

12

2

0.95

88

3

1000

12

3

1.12

89

4

400

10

1

1.12

90

2

500

10

3

1.81

91

1

900

5

3

2.15

92

1

600

10

4

2.12

93

4

500

5

4

1.16

F. Fatahi and G. R. Khayati / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 184-194

188

a

94

2

1000

7

2

1.68

95

3

400

7

4

1.53

96

1

800

5

2

2.22

97

3

700

5

3

1.47

98

3

900

12

2

1.19

99

3

600

5

1

1.56

100

4

1000

12

4

0.92

Number of 1, 2, 3, and 4 refer to the sample that uses as-cleaned bone, initial bone sample modified with 0.4, 1.1, and 1.6 M of HNO 3, respectively.

3. METHODOLOGY
3. 1. 1. Genetic Expression Programming (GEP)
GEP is the hybrid version of genetic algorithm (GA) and
genetic programming (GP) to enhance the performance
of each one [23-27]. The main elements of GEP are
terminal set, fitness function, and termination condition.
GEP different from GP in the way of the solution
representation condition. The creation of a fixed length
of character strings to show the solution as a computer
model in a tree-like structure is the administered
approach in GEP. These trees named expression trees
(ETs) [24, 25, 28]. The operation of GEP element is
performed at chromosome level and leads to the
simplification in the creation of genetic diversity.
Multigenics is another characteristic of GEP.
Accordingly, it provides a higher capability for the
solution of more complex problems. GEP elements take
the value of independent input data and can convert or
process them [29]. ±,×. √𝑎, 𝑏, 𝑐 are typical GEP
operations where a, b and c are the function sets of
elements. ±, × 𝑎𝑛𝑑 √ are the terminal nodes. Karva
notation or K-expression used this notation to illustrate
the proposed model [23]. Besides the expression-trees,
K-expression can report the proposed model in GEP. The
root of ET is the first position in K-expression [27, 30].
The transformation of ET starts from the root and
readsthrough the string one by one. The size of the
corresponding ETs as a function of the complexity of
process changes within the GEP process. As a general
law, the length of each expression must be equal or less
than the length of genes. Validation of the randomly
selected genome is performed by the head-tail methods.
Head and tail are the main components of the gene. The
former composed of the function and terminal symbols,
while the latter only concluding terminal symbols [28].
Selection and copy of individuals through the GEP
employed the roulette wheel strategy. The validation of
the population is determined by various operators,
including rotation, crossover, and mutation. It is
necessary to note that, rotating the sub-parts of the
genome respect to the randomly chosen point was
performed by rotation operators. Validation of proposed
GEP models is carried out by the employment of
statistical indicator, including the mean square error

(MSE; Equation (1)), correlation coefficients (Equation
(2)) [31] and mean absolute percentage error (MAPE;
Equation (3)).
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where, o, t and n are the predicted value, the actual value
and the total number of data, respectively. GEP model
has higher accuracy, when MSE and MAPE are closer to
zero, and R2 closer to 1. Figure 1 shows the flowchart in
GEP and, Figure 2 illustrates the chromosome with two
genes and its decoding in GEP.
3. 1. 2. Evaluation of the Existing Models
Table 2 shows the collected experimental dataset
including 100 samples. 70 samples are used in training
step and 30 in testing step through the construction of
GEP models. The practical parameters include the type
of precursor (activated or non-activated by HNO3 ),
calcination temperature (°C), residence time (h), and

Figure 1. Flowchart of GEP
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TABLE 3. Illustration of parameters applied in GEP models

Figure 2. Representation of the typical chromosome with
two genes and its decoding in GEP

heating rate (°C/min) selected as inputs. Ca/P ratio
(crystalline index) is considered as the output. For GEPbased formulas, fitness (fi ), from a single program, is
measured by Equation (4):



ct
fi   M  Cij  Ti
i 1



(4)

where, Cij is the value returned by the individual
chromosome, Tj the target value for the fitness case j, and
(i) for fitness case and M the range of selection j. The
benefit of this fitness functions is that the system can
discover the optimal solution. In other words, to construct
the chromosomes, fundamental functions (e.g., ln, 3Rt,
x2 ) and basic arithmetic operators (e.g., -, *, /, +) are
chosen. Parameters of the training of GEP models are
shown in Table 3.
3. 1. 3. GEP Model Results
GEP proposes a distinct
mathematical model for the prediction of target value.
Figure 3 showed the expression-trees of the most
appropriate GEP model in which d0, d1, d2 and d3 in the

Parameters

Se tting

Function set

+ , - , * , / , ln , x 2 , 3Rt, Atan,
T anh, Avg2, lnv, NOT

Chromosomes

25

Head size

6

Number of genes

5

Linking function

Addition

Fitness function error type

RRSE

Mutation rate

0.002

Inversion rate

0.004

One-point recombination rate

0

order represented the type of precursor, calcination
temperature, heating rate and residence time. Equation
(5) gives the prediction of the Ca/P ratio obtained from
GEP expression tree. In Equation (5), Tp, Ct, Hr, Rt
represent the type of precursor, calcination temperature,
heating rate and residence time, respectively.
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12.86

1
 Tanh 

 0.3Tp    24.69
A tan Tp 
 Hr


The comparison of empirical and predicted values by
GEP models for Ca/P in training phase is depicted as
regression plots in Figure 4.

Figure 3. Expression-trees of most appropriate GEP model (d0: the type of precursor, d1: calcination temperature, d2: heating rate
and d3: residence time)
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The network receives data from the input layer,
decomposes data into hidden layers, and next outputs
through the output layer. In each output layer and hidden
layer, neurons consider the output of the neurons in the
previous layer as their new input. Data using the weight
bias and transfer subordinate in the neuron to obtain the
output as shown in Equation (7).
 n
Xi
 f

 W  n  X  n 1
 ij i

 n
 bj 



(7)

where, Xj n is the output of a node j in the n th layer, Wjin
the weight from the node, i in (n-1) the layer to node j in
the n th layer, and b j (n) the bias of a node j in the n th layer
[35].
During the training phase, the network will set up
hundreds of data cycles with data, weight, and bias until
it reaches the correct error level or is maximized [36].
The simulation of weight and bias can be obtained as
Equation (8):
E
 n
 n
Wij
k  Wij
k 1 
 n
b j

 





(8)

In Equation (8), α illustrates the learning rate, and k refers
to the repetition [37]. Figure 6 represents the schematic
representation of the connection between the output and
input resultant of a neuron.
Figure 4. Illustration of (a) testing and (b) training
regression in GEP model

3. 2. 1. Artificial Neural Network (ANN)
Artificial neural network (ANN) is a powerful technique
to model the data with complicated interaction between
the input/output parameters. The unique characteristics
of neural networks caused to the evolution of this
approach as a good alternative to determine the nonlinear
dependency and extensively used in the processing of
materials, e.g. simulation of the behavior of complex
materials [32]. As shown in Figure 5, an ANN structure
is generally separated into three sections: the input layer,
the hidden layer, and the output layer. The nodes or
neurons are connected by weights, which is similar to the
intensity of the bioelectric transfer between node cells in
a real neural network. Trained results can be summarized
in terms of weight and bias [33]. The number of neurons
in the output and input layers are equal to the output and
input parameters, while the hidden layer is more than one
layer and the number of neurons in each layer is tolerated.
Network structure adjustment plays a key role in
improving network performance [34].
Nin  
 N1  N 2 

 Nh 
 h  Nout

Figure 5. The schematic structure of an artificial neural
network with input, output, and testing parameters

(6)

where, Nout and Nin refer to the number of output and
input variables, respectively. Subscript h shows the
number of hidden layers, and Nh , N1 , N2 and are the
number of neurons in any hidden layer.

Figure 6. Schematic explanation of the connection between
the output and input resultant of a neuron
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3. 2. 2. Implementation
In general, sufficient
practical data is required to create an efficient neural
network. Architecture, training strategy, transfer
commutable, and other elements of the neural network
must attentively determine and refined to be optimized .
Therefore, a well-trained neural network can be used to
analyze the new input data.
An ANN performance assessment coming back to
step 2 if the implementation is not satisfactory, uses the
trained network to simulate or predict the process
parameters in operational database area. In summary,
ANN including the collection and application of practical
information, network training and configuration, an ANN
performance assessment, coming back to step 2 in the
case that the implementation is not satisfactory and use
of trained network to simulate or predict the process
parameters.
3. 2. 3. Evaluation of the Existing Models
In
present study, 70 experiments were utilized for training,
and 30 for testing of ANN models through the prediction
of Ca/P ratio. The inputs and output are the same as GEP
modeling.
3. 2. 4. ANN Model Results
Figure 7 represents
the linear regression plots of appropriate model through
training of neural network.
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4. RESULTS AND DISCUSSION
Based on the experimental data and EDX analysis, it is
found that by decreasing Ca/P ratio, the crystalline index
is increased in the BC sample. Comparison of empirical
and predicted values by GEP and ANN models for the
Ca/P ratio are shown in Figures 4 and 7, respectively.
Accordingly, the best constructed model by GEP has
MSE =0.0015 and R2 = 0.9784 in testing and MSE
=0.008 and R2 = 0.9863 in training. While, the best ANN
model has MSE =1.81 and R2 = 0.9897 in testing and
MSE =0.9800 and R2 = 0.9989 in training. Since the error
indices in both models are less than 3 % [24], R2 was used
as a criterion and model ANN was selected for further
analysis.
4. 1. Sensitivity Analysis of the ANN Model
To
determine the effective parameters in the pyrolysis
condition on the Ca/P ratio, sensitivity analysis has been
used by employment of ANN model. In this analysis, a
step-by-step approach to ANN is performed by changing
each of the input parameters once at a constant speed. In
this study, various constants are obtained at 2, 6, and
10%. For each input parameter, the output percentage is
changed due to the variation in the input parameter. The
sensitivity of each input parameter is calculated using
Equation (9).

Figure 7. Regression plots of the trained neural network model that shows the linear regression factor for training, testing, validation,
and all the data set
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( )

Si % =

1 N æ% Change in output æ
æ
´ 100
N j=1ç
è % Change in input ÷æ j

(9)

where, Si (%) represented the sensitivity of an input
parameter, and N is refers to the number of data set used
to test the network. Figure 8 shows the results of
sensitivity analysis. It shows that residence time is the
most effective parameters in the Ca/P ratio, while
precursor type has a relatively smaller effect on it.
Furthermore, it shows that any increase in residence time
increases the Ca/P ratio and decrease the crystalline
index. The results of GEP and ANN are relatively similar
to the empirical results, and confirm the conclusive role
of residence time and type of precursor on Ca/P ratio.
Since the reaction happens through calcination, the effect
of residence time is considered along with the type of
precursor on the values of the Ca/P ratio, which is shown
in the 3D surface plot in Figure 9 (a). This surface is
plotted for calcination temperature of 700 °C, and
10 °C/min heating rate. To better understand the 3D
surface, the contour plot is depicted in Figure 9 (b). The
shaded region shows the extrapolation area of the model,
which can be used for other conditions of pyrolysis. This ,
along with the unshaded region confirmed the above
explanation.
4. 2. Confirmation Test
To ensure the accuracy
of the proposed model by ANN, a confirmation test is
done. In this regard, the BC sample is prepared using unactivated crushed bone at the temperature of 700 °C,
10°C/min heating rate and 2 h residence time. As shown
in Table 4, the predicted value of Ca/P ratio in the ANN
model is 2.52, while based on EDX analysis the actual
value of this ratio is 2.55. This consistency indicates the
high accuracy of GEP model. Figure 10 shows the EDX
spectrum of this sample.

Figure 8. Comparison of the effect of the type of precursor,
calcination temperature, heating rate, residence time on Ca/P
ratio using sensitivity analysis

Figure 9. (a) 3D surface plot of Ca/P ratio that predicts by
ANN model in calcination temperature of 700°C and heating
rate 10°C/min; (b) the contour plot of the 3D surface; the
shaded area shows the extrapolation region of ANN model.

TABLE 4. EDX spectrum of the validation test (un-activated
crushed bone that heated at 10°C/min heating rate to 700°C, and
residence time 2 h)
O

48.96

Na

0.92

Mg

0.42

P

13.78

S

0.74

Ca

35.17

Figure 10. EDX Spectrum of prepared BC using unactivated crushed bone that heated at heating rate 10°C/min
to 700°C, and residence time 2 h

F. Fatahi and G. R. Khayati / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 184-194

5. CONCLUSION
In this study, various pyrolysis conditions used to
produce BC. ANN and GEP techniques are employed to
model the Ca/P ratio based on the practical conditions. In
summary:
1: BC is prepared from crushed bone as precursor in the
form of as-cleaned and activated by HNO3 in pyrolysis
technique;
2: Data collection is done using the design of experimen t
by consideration of heating rate, the type of precursor,
calcination temperature, and residence time as practical
parameters;
3: The Ca/P ratio selects as criteria for the estimation of
the crystalline index of BC;
4. The excellent ability of ANN and GEP techniques are
proved to model the Ca/P ratio based on pyrolysis
conditions;
5. By consideration of R squared, ANN has the higher
accuracy with respect to GEP to model the Ca/P ratio;
6. Validation of results is done using confirmation test;
7. Sensitivity analysis of proposed ANN model revealed
that the residence time and the type of precursor in
regular are the most effective parameters on Ca/P ratio.
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Persian Abstract
چکیده
 که از، توانایی جذب این ماده به شاخص کریستالی آن وابستهاست.ز غال استخوان یکی از رایجترین انواع جاذب با کاربردهای گسترده برای از بین بردن آلودگیها میباشد
 در این تحقیق تالش شد که شاخص کریستالی ز غال استخوان از طریق مدلسازی شرایط تجزیهی حرارتی این ماده توسط شبکهی. معین میشودCa/P طریق نسبت
 دادهی تجربی متفاوت به صورت جداگانه برای ساخت مدلهای شبکهی عصبی مصنوعی و100  به همین منظور.عصبیمصنوعی و برنامهریزی بیان ژنتیکی انجامشود
 دمای کلسیناسیون و مدت زمان نگهداری نمونهها به، نوع فعالساز، آهنگ گرمایش، در مرحلهی جمعآوری دادههای تجربی.برنامهنویسی بیان ژنتیک مورد استفاده قرار گرفت
 درجهی1000  دمای کلسیناسیون، درجهی سانتی گراد بردقیقه10  نتایج نشانداد که با آهنگ گرمایش. به عنوان خروجی تعیینشدCa/P  و نسبت، عنوان دادههای ورودی
 از شاخص ضریب تعیین برای مقایسهی عملکرد مدل های استخراج. خواهدشدCa/P  ساعت باعث دست یابی به کمترین میزان نسبت2 سانتی گراد و مدت زمان نگهداری
 بهترین مدل شبکهی عصبی مصنوعی برای تحقیق در مورد تاثیر هر یک از متغیرهای عملی، در نهایت.شده از شبکهی عصبی مصنوعی و برنامه نویسی بیان ژنتیکی استفادهشد
 در حالی که نوع، مشخصشد که زمان نگهداری نمونه موثرترین پارامتر در تعیین شاخص کریستالی ماده است.بر روی شاخص کریستالی از طریق آنالیز حساسیت استفادهشد
.فعال ساز اهمیت کمتری دارد
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A B S T R A C T
T his paper is concerned with the dynamic stability study of a gliding parachute-payload system along its
gliding path. T o scrutinize the respective dynamic response characteristics after releasing from high
altitude, a modified multi-body model is developed. In the stability analysis procedure, the yawing
motion of the payload is considered in system dynamics, which in turn creates a state-dependent matrix
in the stability analysis and makes the linearization algorithm more cumbersome. To solve the problem,
a unified Jacobian-based symbolic differentiation algorithm is implemented and the dynamics is
linearized about various operating points along gliding segment of a typical planned trajectory. Based
on results, the system has short period and phugoid modes in longitudinal channel just like an aircraft.
In addition to dutch roll mode, the system has a low frequency coupled roll-spiral mode in lateraldirectional channel which is a result of effective canopy anhedral angle. It is shown , the coupled mode
can be decomposed into two distinct roll and spiral modes for small anhedral angles. Based on results,
as the parachute descends, both the period and damping ratio for the short period mode were increased
by 18 and 30%, respectively. For the phugoid mode the period of oscillations is decreased by 20% and
the damping ratio, almost remains constant. For the lateral-directional channel,. As the parachute
descends, the dutch roll mode is destabilized whereas the other modes are stabilized. Furthermore, from
a practical point of view, lengthening the suspension lines stabilizes the coupled roll-spiral mode whereas
destabilizes the other modes.
doi: 10.5829/ije.2021.34.01a.22

NOMENCLATURE
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P

1. INTRODUCTION1
Basically, a high glide ratio cargo delivery parachute is
deployed from high altitude to attain a large stand -off
distance and so may experience different trim conditions
through the gliding segment of their trajectory.
Parachute system can be perturbed from its trim
condition, in presence of a disturbance. In this situation,
when the parachute system returns to its initial trim point,

Canopy, gliding parachute,
earth, payload frames

it is called an asymptotically stable system. As, it
achieves a new trim condition; it is called a marginally or
neutrally stable and otherwise it is called an unstable
system. Up to now, several researches were carried out
about the dynamics and stability analysis of different
systems such as torsional micro-actuators [1], axis
gimbal system [2]. Also, many studies are devoted to
investigate the control of the system vibration and
oscillatory platforms. In this respect, the stability of the
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system was provided with a fuzzy controller [3].
Oscillatory transporting Platform was used to sieving
extremely wet earth mass [4]. The vibration of a system
was controlled using tuned mass dampers [5].
Meanwhile, due to the highly coupled dynamics and
complex behavior of the parachute and payload system,
its stability has not been extensively discussed, as yet.
However, in some studies, the stability analysis of the
system was evaluated for a simplified model at sea level.
The parachute stability characteristics were considered as
a function of the inertia properties of the payload and
obtained that the damping ratio and period were
increased as related inertia increased [6]. The center of
gravity and lift coefficient limits for a parachute were
analyzed and various conditions and expressions for
forward and backward center of gravity limits were given
in literature [7]. The effects of scale and wing loading on
a parachute using a linearized model for aerodynamic
coefficients were studied in literature [8]. The lateral
mode of parachute with a simplified model for a
personnel-type parachute was modeled but the effect of
apparent mass and inertia were not considered in the
analysis [9].
The apparent mass force and moment coefficients
were proposed by Lissaman and Brown [10]. Also, it was
reported that canopies with wing loading less than
5kg/m2 suffered from adverse effects of apparent mass
during motion. It has been reported by Lingard [11], that
by increasing the line length may destabilize the
parachute whereas increasing the altitude had a
stabilizing effect for the parachute. Also was concluded
that increasing the aspect ratio resulted in increasing the
static stability. The stable trim points were extracted
using bifurcation analysis [12]. The main disadvantage of
this method is stringent dependency of analysis to initial
conditions. Moreover, several researches have been
performed to model the behavior and dynamic response
of the parachute systems. These works are summarized
to model the parachute dynamics with different degrees
of freedom and to study the system dynamics behavior.
Usually, low-fidelity models with a reduced order were
used to design the guidance, navigation and control
(GNC) system. In this respect, a model with 4-DOF was
presented which consist of planar dynamics with
capability to roll and yaw [13]. Some models with 6-DOF
were introduced in literature [14,15] that considered the
parachute and payload system as a single rigid body
system. Another 6-DOF model was presented in which
the longitudinal mode was controlled by changing
canopy incidence [16]. Turn response to asymmetric
deflections and response to the gust was s imulated using
an 8-DOF model [17]. Another 8-DOF model was
developed by Redelinghuys [18] for parachute with a
suspended Unmanned Aerial Vehicle (UAV) and so the
additional analytical constraints were added to the
equations of motion. Other 8-DOF model with payload

pitching and yawing motion was presented in which the
constraint forces and moments were analytically solved
during solving equations of motion. A comparison
between 7-DOF and 8-DOF models was carried out and
it is shown that a 7-DOF can describe the parachute
dynamics when payload was connected in four points.
Therefore, in case of a four-point connection of parachute
to the payload, the payload yawing motion can disturb
the overall system’s response. Specially, when speaking
about the lateral-directional responses, separation of the
parachute and payload into one connection point leads to
rolling, pitching and yawing motion with respect to the
canopy which needs to a 9-DOF model. In this respect,
different 9-DOF models were developed. It was assumed
that there was only asymmetric TE deflection which was
used to control the parachute in lateral-directional
channel and the longitudinal channel was controlled by
varying the canopy incidence angle [19]. Therefore, the
symmetric brake deflection is replaced with canopy
incidence angle in equations of motion. Mooij et al. [20]
presented method similar to the approach proposed by
Slegers and Castello [21], the equations of motion were
solved simultaneously with constraint forces and
moments, whereas in analytical dynamics required
artificial constraint stabilization to satisfy the constraint
at the confluence point [22]. The parachute systems had
two modes of short period and phugoid in longitudinal
channels and roll, duch roll and spiral modes in lateraldirectional channel. In recent studies, using a 6-DOF
linearized model discussed in litrature [23, 24], a
dynamic stability study was carried out for a powered low
anhedral canopy parachute. The eigenvalues of
longitudinal and lateral-directional channels were
obtained whereas the trim points were extracted through
a static 4-DOF model of straight trimmed flight in which
the effect of relative pitching motion of the payload on
the dynamic modes was considered.
Clearly, achieving a large gliding distance
necessitates releasing the gliding platform from a high
altitude which in turn results in a wide variation of air
density. This changes the parachute velocity from release
to the impact points. Moreover, the apparent mass and
inertia terms and so the dynamic response will change
due to this variation. Evidently, in order to design of a
gliding parachute, it is necessary to take the stability
characteristics into account. Therefore, since the flight
condition is varying, it is important to investigate the
trend of the dynamic stability over the flight envelope.
On the other hand, as a significant design variable for
gliding parachutes, the anhedral angle can affect the
dynamic response as well as the gliding capability. The
effective values of this design variable may result in
different lateral-directional dynamics. Therefore, this
paper is inspired by these problems to study each mode
of system dynamics at different operating points along
the gliding flight path. In other wods, the effect of
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variation of altitude and the anhedral angle, which is the
most important control parameter in lateral channel, on
each dynamic mode of the system is scrutinized. This
issue was ambiguously discussed in aforementioned
studies. Herein, the yawing motion of the payload is
considered in system dynamics creates a state-dependent
matrix in dynamic equations which has not been
considered for the parachute-payload system as yet. So,
due to the complexity of the linearization of the airdrop
system, the stability analysis procedure is difficult and
time-consuming. This paper presents a unified jacobianbased symbolic differentiation algorithm that the system
of equations is linearized by means of the algorithm.
2. PARACHUTE MODEL DESCRIPTION
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equations of motion which describes the parachutepayload dynamics is summarized in a nonlinear statespace form as below:
MX  F

(1)

In which the respective matrices are as follows :
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in which the right hand side expression for the force and
moments can be expressed as:
F1  -mGA [G E ]G [V OE ]G -mGA [G E ]G [G E ]G [sGO ]G -[G E ]G [J M ]G [V OE ]G +...

For a parachute system model, when parachute and
payload are considered as separate bodies, components
of constraint forces and moments will be appeared.
Hence, the rotational motion of the payload in space can
be expressed as a combination of parachute rotational
motion in space and a relative yawing motion. So, to
avoid prolonging the paper with repetitive relationships,
a model is used and modified for longitudinal trailing
edge control surface instead of incidence angle, as
longitudinal control input.
The schematic of the high glide ratio parachutepayload system is shown in Figure 1. Based on the figure,
there are 4 different reference frames for deriving
equations of motion. These frames are attached to the
canopy, gliding parachute (includes the canopy and
suspension lines), payload and earth as an inertial
reference frame.
By rearranging the translational, rotational and
kinematic constraint equations, the complete set of

[G E ]G [J M ]G [S MO ]G [G E ]G -[G E ]G [J M ]G [T ]GL [V AE ]L + m G [T ]GL [0 0 g]T +[f aero G ]G
F2  -m P [T]PG [G E ]G [V OE ]G -m P [G E ]G [G E ]G [S Po ]P +m P [S Po ]P [PG ]P [T]PG [G E ]G +...
m P [T]PG [T ]GL [0 0 g]T +[f aero P ]P
F3  -[G E ]G [I G G ]G [G E ]G  [G E ]G [J M ]G [G E ]G -[S MG ]G [G E ]G [J M ]G [V OE ]G +...
[S MG ]G [G E ]G [J M ]G [S MO ]G [G E ]G +[S MG ]G [G E ]G [J M ]G [T ]GL [V AE ]L +...

(3)

[S GC ]G [f aero G ]G +[m aeroC /4 ]G +[0 0 mOZ P ]T +[S LG ]G [f aero Lines ]G
F4  -[ P E ]P [I P P ]P [ P E ]P -[T]PG [0 0 mOZ P ]T +[ I P P ]P [PG ]P [T]PG [G E ]G
F5  [1 sinG tan G cosG tan G | 0 cosG -sinG | 0 sinG /cos G cosG /cos G ][ G E ]G
F6  rP  rG

Using lyapunov indirect method herein, local response
characteristics are obtained for the decoupled dynamics
with varying trim points. Since the state matrix is state
dependent, the conventional differentiation is not
applicable. For this purpose, the state matrix is inverted
and taken to the right hand side of the equation. Then the
Jacobian operator is applied to linearize the unified
symbolic expression. Finally, by expressing the
equations of motion in a compact form (2), the nonlinear
system can be written in a matrix form as below:
Mx  f (x ,u )
x  [u o ,v o ,w o , pG , qG , rG ,G ,G , G , rP , P ]

(4)

u  [ s ,  u ]

Herein, the system dynamics should be linearized about
an operating point including system states and control
inputs. The inputs of the system dynamics are symmetric
and asymmetric trailing edge deflections during a steady
gliding flight. Therefore, equilibrium points vector can
be assigned as follows:
Xeq =[u 0 ,0,w 0 ,0,0,0,0,0 ,0,0,0] , Ueq =[0,0]

Figure 1. High glide ratio parachute-payload system

(5)

Based on lyapunov linearization method, a nonlinear
system has a behavior similar to its linear model in small
motion intervals [20]. In order to study the effect of each
input on system response, it is necessary to omit the other
inputs, thus the control inputs are set to be zero. So, the
parachute system which has relatively slow dynamics,
can be linearized about its operating points as an invariant
system as follows:
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x  A x  B u
A

 (M f )
x ( x x

0 ,u u 0 )

B

 (M f )
x ( x x

0 ,u u 0 )

1

(6)

1

It should be noted that, since the matrix M is state
dependent and a function of the payload relative yawing
angle, the inverse of matrix M should be considered in
calculating the Jacobian matrix in linearizatio n
procedure. In this respect, the diagram of the dynamic
stability analysis procedure of parachute-payload
assembly is shown in Figure 2.
As shown in Table 1, to compare the present
algorithm with a practical case, the methodology is used
to determinte ALEX PADS modes. As a desireable
matching and ignorable errors, the algorithm is verified
and consequently is applicable for all parachute models.

Now, a high penetrating GPDAS platform with a
maximu m 1000 kg rigged cargo, the dynamic response
can be studied. The platform can achieve a desired standoff distance of more than 30km. The parachute
specifications are listed in Table 2.
3. RESULTS AND DISCUSSION
In order to investigate the dynamic behavior of the
present parachute, two cases were considered in which
several trim points are obtained for different altitudes
along the gliding path, for a fix payload mass and
different anhedral angles. The extracted trim points along
the gliding path are given in Table 3. As can be seen in
the table, from the maximu m operational altitude to
minimum level, the velocity decreases gradually whereas
the pitch angle remains constant for a fix rigging scheme.
The root loci for the longitudinal channel modes are
illustrated in Figure 3. The arrows show the direction of
increasing in altitude from the sea level to its maximu m
value. Based on results, as the parachute descends, both
the period and damping ratio for the short period mode
are increased by 18 and 30%, respectively. For the
phugoid mode the period of oscillations is decreased by
more than 20% whereas it’s damping ratio, almost
remains constant. Overally, the systems stability level in
longitudinal channel is improved during the parachute
descend. In other words, applying brakes at high altitudes
to control the glide ratio may deteriorate the system
longitudinal stability particularly in faster mode.
TABLE 2. Parachute specification
Parameter

Figure 2. Novel algorithm flowchart for dynamic stability
analysis of multi-body parachute-payload system

Value

Chord (m)

5.5

Span (m)

16.5

Rigging angle (deg)

2

Parachute mass (kg)

32

Number of main Lines

40

Line diameter (mm)

0.003

Line Length to span ratio

0.85

Payload Dimensions (m)

1*1*1

TABLE 1. Estimation of Alex dynamic modes [26]

TABLE 3. Trim points along the gliding path

Pe riod
(s)

Estimated
period (s)

Damping
Ratio

Estimated
Damping
Ratio

Short period

1.1

1.2

0.58

0.5

2500

17.54

2.95

Phugoid

8.4

8.3

0.4

0.36

5000

20

3.37

Dutch Roll

1.8

1.87

0.19

0.2

7500

23

3.87

Roll-Spiral

6.7

7.06

0.47

0.5

9000

25.14

4.23

Dynamic
Mode

h (m)

UC (m/s)

W C (m/s)

0

15.49

2.61
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TABLE 4. Anhedral angles and respective trim points

R Lines
b

UC (m/s)

WC
(m/s)

 (deg)

32.70

0.6

15.5

3.18

-4.30

15.0

1

15.36

2.54

-4.13

9.74

1.5

14.99

2.49

-3.89

7.24

2

14.76

2.51

-3.82

5.76

2.5

14.58

2.54

-3.80

Anhedral
Angle (deg)

Figure 3. Root locus of the longitudinal modes

On the other hand, the root loci for the lateraldirectional modes are provided as shown in Figure 4.
Based on results, the lateral-directional modes include a
pair of complex conjugate root which characterizes the
dutch roll mode and another pair of complex conjugate
root which introduces a coupled roll-spiral mode. The
arrows show the direction of increasing in altitude from
the minimum to its maximu m value.
For arced circular canopies, increasing the anhedral
angle will decrease the line length which leads to a small
rolling moment. Hence, the resultant rolling and yawing
moments produce a coupled roll-spiral mode in which
roll and spiral modes are combined together. The vlaues
of line length and trim points evaluated at lowest altitude,
are given in Table 4.
Based on the above results, when the line length
increases, the damping of the coupled roll s piral mode
tends to 1 and so the combined mode decomposes into
two real eigenvalues which represent the conventional
roll and spiral modes. The root loci of the longitudinal
and lateral-directional channels are shown in Figures

Figure 4. Root locus of the lateral-directional channel

5 and 6, respectively. Based on results, in longitudinal
channel, variation of the suspension line length has a
significant effect on phugoid damping whereas the short
period damping changes slightly.

Figure 5. Root locus of the longitudinal modes for different
anhedral angles

Figure 6. Root locus of the lateral-directional modes for
different anhedral angles
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Also, for the lateral-directional channel, both the
dutch roll and coupled roll-spiral modes change
considerably. In fact, the values of the line to span ratio
from 1.5 to 2 are not practical but show how the root loci
move in s-plane. In all channels the period of the dynamic
modes is directly proportional to the suspension line
length. In other words, the higher the line length is, the
higher the period of all modes becomes. Hence, for the
practical values of the line length, except the coupled
roll-spiral mode in the lateral-directional channel,
increasing the line length will decrease the levels of
stability in the other modes, i.e. short period, phugoid and
dutch roll.
4. CONCLUSION
In order to realize the gliding parachute dynamic
behavior over the gliding envelope, using a multi-body
model, the dynamic stability of a large gliding parachutepayload assembly was studied. The eigenvalues for
different trim points along the gliding segment were
obtained for decoupled longitudinal and lateraldirectional channels.
Unlike the conventional flying vehicle modes, the roll
and spiral modes of the present gliding parachute were
coupled to each other that arose from effective anhedral
angle of the canopy. The coupled roll-spiral mode has a
higher damping ratio as compared to the lightly damped
dutch roll mode. The dynamic stability analysis showed
that, as the parachute glided from the maximu m
operational altitude to the sea level, the system stability
level in longitudinal channel was improved. In this
respect, the period and damping ratio of the short period
mode were increased. For the phugoid mode, the period
was decreased whereas its damping ratio almost
remained constant. For the coupled roll-spiral mode, both
the period and the damping ratio of oscillations were
slightly decreased. As the parachute descended, among
the dynamic modes, the dutch roll mode along the gliding
path was destabilized. Therefore, as a worst case for
evaluating the level of stability of the system modes
particularly in conceptual design phase, it is
recommended to perform the systems dynamic stability
analysis at maximu m operational altitude for the short
period mode and at minimum altitude for the dutch roll
mode. On the other hand, the eigenvalues were extracted
for different line length to analyze the effect of the
anhedral angle on system dynamics, especially in
coupled mode. Based on results, in longitudinal channel,
changing the suspension line length had a significant
effect on phugoid damping whereas the short period
damping was slightly changed. Also, for the lateraldirectional channel, both the dutch roll and coupled rollspiral modes were considerably changed. In all channels,
the period of the dynamic modes was directly

proportional to the suspension line length. So, the higher
the line length was, the higher the period of all modes
became. Based on results, as the parachute descends,
both the period and damping ratio for the short period
mode were increased by 18 and 30%, respectively. For
the phugoid mode the period of oscillations was
decreased by more than 20% whereas it’s damping ratio,
almost remained constant. Generally, the system stability
level in longitudinal channel was improved during the
parachute descend.
In all channels the period of the dynamic modes was
directly proportional to the suspension line length.
Hence, for the practical values, except the coupled rollspiral mode of the lateral-directional channel, increasing
the line length decreased the levels of stability for the
other modes. In addition, increasing the line to span ratio
by twice herein, resulted in separation of the roll and
spiral modes from each other. So the suspension line
length which represented the canopy anhedral angle, was
the main responsible for the mentioned coupled rollspiral mode. For the practical values of the suspension
line length, only the coupled roll-spiral mode showed
improving in the system stability with lengthening the
lines whereas the other modes were destabilized. Also,
the linearized symbolic model was verified by comparing
the results with an available parachute data, with a
negligible error in prediction of the dynamic modes.
Therefore, the model could be used during design cycle
and was applicable to all gliding parachutes
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Persian Abstract
چکیده
 بدین منظور و برای بررسی دقیق مشخصههای پاسخ دینامیکی. محموله در طول مسیر پرواز سرش آن پرداخته است-این مقاله به مطالعه پایداری دینامیکی سیستم چتر سرشی
 حرکت نوسانی سمتی محموله در دینامیک س یستم لحاظ، در فرآیند تحلیل پایداری. پس از رهایش از ارتفاع باال یک مدل دوجسمی بهبودیافته توسعه داده شده است،مربوطه
 یک الگوریتم مشتق گیری، برای حل مسئله. که به نوبه خود موجب ایجاد یک ماتریس ضرایب وابسته به حالت گردیده و الگوریتم خطی سازی را مشکل می سازد،گردیده است
 بر اساس. خطی گردیده است،سمبلیک یکپارچه مبتنی بر ژاکوبین پیاده سازی شده و دینامیک سیستم در نقاط کاری مختلف در طول بخش سرش از مسیر طرحریزی شده
 عالوه بر مود داچ رول سیستم، سمتی- در کانال عرضی. سیستم چتر سرشی دقیقاً همانند هواپیما در کانال طولی دارای مودهای پریود کوتاه مدت و فیوگوید است، نتایج
 مود کوپل شده برای،سمتی- نتایج نشان میدهد که در کانال عرضی.دارای یک مود غلت و مارپیچ کوپل شده با فرکانس پایین است که منتج از زاویه آنهدرال باالی چتر است
 به،  دوره تناوب و نسبت میرایی برای مود پریود کوتاه،  با نزول چتر، همچنین بر اساس نتایج.زاویه های آنهدرال کوچک به دو مود متمایز غلت و مارپیچ تجزیه می شود
،  با نزول چتر، به عبارتی دیگر. کاهش یافته در حالیکه نسبت میرایی تقریباً ثابت خواهد بود٪20  دوره نوسانات، برای مود فیوگو ید. درصد افزایش می یابد30  و18 ترتیب
 پایداری مود کوپل غلت و، ازدیاد طول طنابهای تعلیق، از نقطه نظر عملی، عالوه بر این. در حالی که مودهای دیگر پایدارتر می شوند،پایداری مود داچ رول کاهش می یابد
.مارپیچ را افزایش داده در حالی که پایداری مودهای دیگر کاهش خواهد یافت
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A B S T R A C T
T he present article is an attempt at utilizing a feedback control system based on cylinder rotary
oscillations in order to attenuate the two-degree-of-freedom vibrations of an elastically-supported
square-section cylinder in presence of flow. T he control system benefits from the cylinder rotational
oscillations about its axis that acts according to lift coefficient feedback signal of the cylinder. Based on
the performed numerical simulations, it becomes clear that the active control system has successfully
mitigated the two-degree-of-freedom vibrations of square cylinder both in the lock -in region and
galloping zone. For a Reynolds number of Re = 90 located in the lock -in region, the active rotary
oscillating (ARO) controller has achieved a 98% reduction in the cylinder transverse vibration amplitude,
while the corresponding value for the in-line vibration is 88%. Moreover, for a Reynolds number of Re
= 250 in the galloping zone, the ARO controller has successfully attenuated the cylinder transverse
vibration amplitude by 72%, while the same value for the in-line vibration is 70%. One also observes
that the ARO controller decreases the amplitude of lift and drag coefficients in the lock-in region by,
respectively, 95% and 94%. In contrast, the corresponding percentages for the cylinder in the galloping
zone are 24% and 39%, respectively.
doi: 10.5829/ije.2021.34.01a.23

1. INTRODUCTION1
Fluid-solid interaction has been a subject of interest for
engineers due its enormous importance in the design of
marine risers and platforms, submarine transport
pipelines, cooling systems in power plants especially
nuclear plants, heat exchangers and sus pending bridges
[1-3]. Vortex-induced vibrations (VIV) are a subset of
flow-induced vibrations (FIV) in which frequency
synchronization between vortex shedding frequency and
structural natural frequency generates high-amplitude
self-excited vibrations. In addition to VIV, galloping is
considered to be a type of FIV happening for cylinders of
the non-circular cross section such as square cylinders [4,
5]. Galloping is defined as the self-excited instabilities
that result in high-amplitude and low-frequency
oscillations in Reynolds number ranges higher that VIV
[6, 7]. In the galloping zone, the transverse motion of
structure generates aerodynamic forces which in turn
increase oscillations. Right after the flow velocity

exceeds the critical value related to galloping, the
vibration amplitude continuously rises with increasing
flow velocity. High-amplitude vibrations related to VIV
and galloping can bring about fatigue failure.
Consequently, reduction of such instabilities using
passive and active control strategies is of critical
importance [8-10].
A plethora of passive methods have been utilized for
FIV reduction. Passive methods are not dependent on
external energy sources and are usually easier to
implement compared with active control strategies [11,
12]. However, passive control methods are effective only
in certain working conditions. In fact, to effectively
reduce FIV, one needs to determine the physical
properties of passive control systems beforehand. After
that, changing these physical characteristics is either too
difficult or impossible as the structural and
environmental conditions would be changed. Active
control approaches, unlike passive methods, alters the
structure-flow system behavior by the direct application
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of energy to the sys tem using actuators. Commo n
examples of active control include acoustic excitation
and rotating the cylinders , as well as suction and blowing
[13-16]. Benefitting from constant rotation and/or
oscillating rotation of cylinder is one of the most effective
methods for controlling the oscillating forces exerted on
a stationary cylinder as well as the vibration of an
elastically-supported cylinder. This has been the center
of attention of numerous researchers.
There have been several studies concerning flexibilit y
mounted cylinders with cross -over vibrations; while
relatively little research has been done on rotational
oscillating or rotary cylinders. Dimotakis and Tokumaru
[17] were probably the first researchers to investigate the
open-loop strategy for flow behind an oscillating nonvibrating cylinder. They demonstrated that the strength
of vortices could be severely decreased, along with
noticeable suppression of drag coefficient. The drag
suppression demonstrated by Dimotakis and Tokumaru
[17] were confirmed by 2D flow calculations by He et
al. [18]. Ray and Christofides [19] investigated the effect
of a rotating control cylinder on the reduction of drag
force exerted on a long cylinder using an open-loop
control approach. Nazarinia et al. [20] investigated the
flow around a cylinder subjected to forced translational
and rotational oscillations, both numerically and
experimentally,
guiding them for a detailed
understanding of flow control and wake structure. Lu et
al. [21] used an active feedback control method to
significantly suppress the lift force of a flow excited
rotary oscillating circular cylinder. Leontini and
Thompson [22] investigated externally applied rotary
oscillations to control the flow behind a cylinder, which
can only vibrate in the cross -over direction. They display
that applied rotational oscillation can significantly
increase the amplitude of cross -over vibration, which is
beneficial for power generation. Du and Sun [23] used an
active control approach in which applied torsional
vibrations are used to suppress cross -over cylinder
displacement.
The
FIV
magnitudes
in
the
"synchronization" region were significantly reduced by
changing the vortex shedding frequency to the rotational
oscillation frequency. Wong et al. [24] offered an
experimental study of the dynamic behavior and vertical
structure of a circular cylinder that rotates harmoniously
and experiences flow-induced transverse vibrations.
Hasheminejad et al. [13] adopted active control approach
to reduce the 1D-VIV a circular cylinder at using external
torsional vibrations.
Numerous methods have been proposed with regard
to the reduction of vibrations caused by vortex-shedding
of circular cylinders. On the contrary, few studies have
been carried out on square-section cylinders. Owing to
their sharp corners, these cylinders display a completely
different behavior from circular cylinders [25, 26].
Minewitsch et al. [27] benefited from a finite element
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method (FEM) to study the interaction between the wake
and streamwise oscillations of cylinders at Re = 200.
Yang et al. [28] conducted numerical investigations
based on FEM for rectangular-section cylinders
oscillating in the cross-over direction. They found out
that the vortex-shedding mechanisms of circular and
rectangular cylinders are completely different. Singh et
al. [29] considered the forced cross -over oscillations of
square cylinders at different frequency ratios. Sen and
Mittal [30] numerically evaluated the free vibration of a
square cylinder able to oscillate in the transverse and
streamwise directions in the Reynolds number range of
60–600. For a zero structural damping and a mass of ratio
of 10, they noticed that the lock-in region starts from Re
= 87, while galloping begins from Re = 175. Zhao et al.
[31] studied the effect of flow-approaching angle on the
two-degree-of-freedom (2-DoF) vibrations of a square
cylinder with the mass ratio of 3 at Re = 100. In another
study, Sen and Mittal [25] examined the 2-DoF
vibrations of square cylinders for various mass ratios.
They observed that the transverse vibrations of square
cylinders in the galloping region increase at mass ratios
higher than 5. Zhao [32] investigated the effect of aspect
ratio, defined as the ratio of cylinder dimension in the
transverse direction to the dimension in the streamwise
direction, on the 1-DoF and 2-DoF vibrations of square
and rectangular cylinders with a mass ratio of 10 at Re =
200.
A number of methods have been proposed with
regard to the reduction of vibrations caused by vortexshedding of circular cylinders. On the contrary, few
studies have been carried out on square-section cylinders.
Venkatraman and Narayanan [33] conducted a study on
the active control of vibrations due to the vortexshedding of a circular cylinder as well as the galloping of
a square prism. They modeled the oscillating cylinder as
a 1-DoF linear oscillator, on which the fluid effect was
considered as an external disturbance. By applying a
sinusoidal wave on piezoelectric ceramic actuators
installed on a square cylinder, Cheng et al. [34]
concurrently controlled the flow and structural
vibrations. Dai et al. [35] investigated the effectiveness
of time-delay control systems to reduce the high
amplitude of an elastically-supported square cylinder.
They demonstrated that time-delay controller can
postpone the beginning of galloping vibrations. Using
numerical simulations, Wu et al. [36] investigated the
effect of twist angle on the vibration attenuation of a
square cylinder that freely vibrated in the transverse
direction. They showed that the twist of cylinder surface
alters the separation point of vortex shedding which in
turn changes the frequency of vortex shedding, hence the
reduction in vibrations.
The above literature review shows that although
extensive studies have been performed in the field of
controlling the VIV of circular cylinders, few researches
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have been conducted on the effect of employed
techniques for square cylinders. Accordingly, this article
considers the subject of active control of square cylinder
based on the rotational oscillations of the cylinder as one
of the best approaches for FIV mitigation that has
successfully been applied for circular cylinders.
The rest of the article is as follows: section 2.1
presents the equations of flow and oscillator, followed by
a summary of the solution technique of fluid-structure
interaction in section 2.2. The mechanism of active rotary
oscillating (ARO) controller is presented in section 2.3
and the validation of current study is delineated in section
2.4. In addition, section 3 demonstrates the results and
discussions related to the ARO controller via several
figures. Finally, the most important findings are outlined
in section 4.
2. NUMERICAL APPROACH
2. 1. Equations of Flow and Oscillator
The
numerical analysis starts by utilizing the twodimensional (2D) incompressible equations of NavierStokes (NS) for flow simulation which are concisely
expressed as:
u
1
 (u. ).u  p   2u ,
t
Re
.u  0 ,

(1)

where u =(ux / U , u y /U ) is the non-dimensional vector of
flow velocity in which U represents the free flow
velocity, p is the pressure,  is the density of fluid in
question, and Re signifies the Reynolds number.
By submerging a rigid body in fluid, the vacillating
torques and forces initiate the motion of body. In this
article, the 2-DoF vibration of an elastically-supported
rigid square-section cylinder is studied that is under the
action of external rotary oscillations applied through the
feedback control system. The schematic of problem is
shown in Figure 1. Furthermore, the nondimensional 2DoF motion equation developed for the cylinder is
written as:
 2Qi
Qi
V 2C
 4
 4 2Qi  r *i ,
2
t
t
2m

(2)

where Q1  X and Q2  Y represent the nondimensional
values of square cylinder motion amplitude along x and y
directions, respectively. They are expressed as
Qi  qi / D in which qi is the real displacement value and
D signifies the side length of the studied cylinder. Also,
  c / 2 km is the damping ratio quantity in which





damping and stiffness coefficients are defined by c and
k , respectively, Vr  U / f n D depicts the reduced speed

Figure 1. Schematic of flow-induced vibration on squaresection cylinder

in which f n is the structural natural frequency, C1  CD
and C2  CL . Finally, m*  m / md represents the mass
ratio in which m and md are the mass of, respectively,
cylinder and displaced fluid.
2. 2. Description of Fluid/Structure Solvers
A
brief introduction of the employed fluid/structure solvers
and their most important properties are provided here.
Aided by the computational fluid dynamics software
package, ANSYS Fluent, along with a UDF otherwise
known as user-defined function, Equation (1) is solved
based on a time iteration approach. The computational
domain of the cylinder is considered to be a rectangle.
The distance between the cylinder center and the pair of
domain upstream and downstream boundaries is shown
by ( Lu , Ld ) as depicted in Figure 2. The dimension of the
lateral boundary is displayed by H. In addition, the block
ratio is defined as B  D / H . By considering a blockage
ratio of 0.05, the finite volume mesh in question is
displayed in Figure 3. The triangle meshes are deformed
at each time step using the moving-deforming mesh
function while the vibration and rotation of the cylinder
inside the studied domain take place. The UDF written in
C programming language decides what movement should
be made in the central region. At the same time,
unstructured meshes are rearranged in the external zone.
The flow is considered as laminar unsteady for
simulation purposes. An implicit pressure-based solver
of first order is in charge of computing hydrodynamic
loadings based on existing continuity and momentu m
relations. Other assumptions include non-slip boundary
conditions on cylinder surface, free-stream velocity at the
inflow, stress-free condition at the downstream
boundary, zero cross-flow velocity and zero stress
components on upper and lower boundaries.
Furthermore, the UDF calculates the movement of the
sprung cylinder according to the applied hydrodynamic
forces. Fluent receives transverse and in-line velocities
through the macro. In addition, surface boundary
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Hence, the description of the proportional closed-loop
controller can be written as :
(t )   e(t ),

(3)

where  (t ) represents the nondimensional angular
velocity of the cylinder in question,   0 signifies the
proportional gain of the controller. Also, e(t ) is
described as:
e(t )  CLd (t )  CL (t ),

(4)

where CLd (t ) is the desired quantity of lift coefficient. The
present study assumes a zero value for CLd (t ) , thus the
control output is found to be:
(t )   CL (t ).
Figure 2. Block diagram of active rotary oscillating
controller

(5)

One should note that he minus sign in Equation (5) shows
that the direction of obtained lift coefficient CL (t ) is
opposite to the imposed rotary oscillations  (t ) . The
overall arrangement of the control sys tem is shown in
Figure 2.
2. 4. Validation
The input parameters for validating
the performed numerical simulations are as follows:
m*  10,  0, B  0.05; FN  f N D / U  14.39 / Re . These
values are used to obtain the changes in the peak
amplitude of transverse oscillation for a 2-DoF sprung
square-section cylinder with respect to different
Reynolds numbers at a fixed blockage ratio of 0.05. As
shown in Figure 4, a good agreement exists between the
results of this study and those of Sen and Mittal [25], the
latter of which is based on a special finite element
analysis.
3. NUMERICAL RESULTS

Figure 3. Utilized computational domain

condition (xn 1, yn 1 )  (ux , u y )

is used to repeatedly

To investigate the performance of ARO controller for the
considered square cylinder with regard to the 2-DoF VIV
and galloping, the parameters of the validation section
are used [25]. In addition, the Reynolds numbers for the

determine various quantities including surface flow
velocity, mesh arrangement and cylinder location. Refs.
[37, 38] provide a more detailed explanation of flowstructure interaction.
2. 3. Active Rotary Oscillating Controller
To
restrain in-line and transverse movements in the current
FIV arrangement, feedback control approaches are
suitable choices in conjunction with the rotary
oscillations of the cylinder. To this aim, one may choose
the lift coefficient CL (t ) as the feedback signal from
which the data on the flow-field close to the cylinder
including the vortex shedding frequency are obtainable.

Figure 4. Variation of cylinder transverse displacement
amplitude with Reynolds number
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lock-in and galloping regions are taken as Re = 90 and
Re = 250, respectively. For a blockage ratio of 0.05, the
computational domain with H  20D is displayed in
Figure 3 in which the center square section containing
7000 grid cells is located in a larger domain of 20000 grid
cells.
First, the effect of control parameter value (  ) on the
transverse vibration amplitude of the square-section
cylinder is investigated. For brevity, only the final results
are reported here. The active rotary oscillating controller
has a successful performance in the attenuation of
cylinder transverse oscillations for a wide range of
control parameters. As the control parameter increases,
the maximu m transverse displacement amplitude of
cylinder first decreases and then rises. The maximu m
amount of reduction in cylinder transverse vibrations is
achieved at Re = 90 with the control parameter   1.5 .
The time evolution response of the non-dimensional
cross-flow and streamwise displacements of the cylinder
for both controlled and uncontrolled cas es can be seen in
Figure 5 at the critical Reynolds number of 90 that is
located in the lock-in region when the control parameter
is   1.5 . One notices the sinusoidal response of crossflow displacement whose frequency of oscillation is
close to the vortex shedding frequency. On the other
hand, the frequency of oscillation for the in-line
displacement is twice as much. The ARO controller
decreases the cross-flow vibration magnitude by up to
98%. The corresponding value for streamwise vibrations
is 88%.
As discussed earlier, due to the different nature of
galloping from VIV, it is good practice to separately

study the effect of the active controller on the galloping
of the square cylinder. A wide range of parameters are
studied at Re = 250 in the galloping zone. It is noticed
that   1 yields the highest amount of reduction in the
galloping of the square cylinder. The time evolution
response of the non-dimensional cross-flow and
streamwise displacements of the cylinder for both
controlled and uncontrolled cases can be seen in Figure
6 at Re = 250 that is located in the galloping zone when
the control parameter is   1 . The amount of reduction
in cross-flow vibration by the active controller is 72%.
The corresponding value for the attenuation of
streamwise oscillation is 70%.
Comparing Figures 5 and 6 show that the
uncontrolled response of the cylinder, especially for inline oscillations in the galloping zone has significantly
increased with respect to the lock-in region. Moreover,
the amount of reduction in the vibration of the square
cylinder in the lock-in region is more than the galloping
zone. Next, to find the main reason behind the reduction
of square cylinder vibrations by cylinder rotary
oscillations in addition to the difference between the
vibration reduction capability in the lock-in region and
galloping zone, the values of force coefficients and
vortex shedding frequency are inspected. The calculated
values of controlled and uncontrolled lift and drag
coefficients at Re = 90 (lock-in region) for   1.5 as in
the time evolution responses are shown in Figure 7. The
computed magnitudes of lift and drag coefficients are
decreased by as much as 95% and 94% using the ARO
controller. This shows the capability of active rotary
oscillating controller in decreasing the amplitude of lift
and drag coefficients exerted on the square cylinder

Figure 5. The time evolution of the non-dimensional crossflow and streamwise displacements for controlled and
uncontrolled cases at Re = 90

Figure 6. The time evolution of the non-dimensional crossflow and streamwise displacements for controlled and
uncontrolled cases at Re = 250
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in the lock-in region. This in turn significantly reduces
the transverse and in-line oscillations of the cylinder. The
calculated values of controlled and uncontrolled lift and
drag coefficient at Re = 250 (galloping zone) for   1 as
in the time evolution respons es are shown in Figure 8.
The computed magnitudes of lift and drag
coefficients are decreased by 24 and 39% using the ARO
controller. As observed, the amount of reduction in the
lift and drag coefficients of galloping zone are much less
than the lock-in region. In addition, the regular and

Figure 7. The time evolution of the lift and drag coefficients
for controlled and uncontrolled cases at Re = 90

Figure 8. The time evolution of the lift and drag coefficients
for controlled and uncontrolled cases at Re = 250
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periodic oscillations of the controlled lift and drag
coefficients related to the lock-in region have turned
perturbatory. It is in fact concluded that the reduction
mechanism of in-line and transverse vibrations for the
lock-in region and galloping zone are different from each
other.
For a more detailed evaluation, the power spectral
densities corresponding to the active rotary oscillating
controller as well as the uncontrolled cylinder are
provided in Figure 9 for Re = 90 and Re = 250. The
normalized
vortex shedding frequency of the
uncontrolled cylinder in this case ( f f n  1 ) at the
Reynolds number of 90 is a sign of structural resonance,
i.e. the vortex shedding frequency becomes equal to the
natural frequency of structure. Using forced rotational
oscillations of the cylinder, the feedback control system
has successfully shifted down the normalized vortex
shedding frequency from f f n  1 to f f n  0.9 . Hence,
frequency synchronization is disturbed and consequently,
the energy transfer from flow to cylinder by the increase
in the variations of lift coefficient has decreased
significantly. These results in a reduction of cylinder
transverse oscillations by 98%. On the other hand, at Re
= 250 in the galloping zone, the normalized vortex
shedding frequency is equal to f fn  0.87 . In this case, in
which frequency synchronization has not occurred, the
active controller has shifted down the vortex shedding
frequency from f fn  0.87 to f fn  0.55 .
Therefore, it is concluded that the main reason behind
a reduction of 72% in the cross -flow oscillations of the
cylinder in the galloping zone is the disturbance of
surrounding flow and the weakening of flow-structure
coupling and not the de-synchronization-type action.
This explains why the reduction percentages of lift

Figure 9. Power spectral density of cross-flow cylinder
displacement for uncontrolled and controlled cases
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coefficient and transverse vibrations of the cylinder are
different in the lock-in region and galloping zone.
Figure 10 shows the time history of the relative error
of controlled cylinders at Re = 90 and 250. As observed,
the relative error in both the lock-in and galloping zones
are small, although the performance of ARO controller in
reducing the transverse oscillation of the cylinder in the
lock-in region (Re = 90) is better than that in the
galloping zone (Re = 250).
At this stage, to show the efficacy and robustness of
ARO controller against possible structural uncertainties,
the mass and stiffness of the cylinder are changed and
numerical simulations are repeated with the same
designed controller based on the nominal model. In this
regard, Figures 11 and 12 show the time history of the
transverse displacement of the square cylinder for ±20%
variations in the cylinder mass and stiffness at Re = 90
and 250, respectively. As observed, the ARO controller,
despite being developed according to the nominal model,
has maintained its proper performance in spite of
significant structural uncertainties.

Figure 10. The time evolution of the relative error for
controlled cases at Re = 90 and 250

Figure 12. The robustenss of ARO controller with respect
to ±20% perturbation in (m, k) at Re = 250

Finally, the correlations between the presented results
are summarized as follows. The disturbance of frequency
synchronization for the cylinder in the lock-in region
reduces the lift coefficient, which in turn reduces the
transverse oscillations of the cylinder. As a result, the
main reason for the reduction of cylinder oscillations in
the lock-in region is the disturbance of frequency
synchronization. Regarding the cylinder in the galloping
zone, the rotary oscillation disrupts the flow around the
cylinder and weakens the fluid-structure coupling. This,
and not the disturbance of frequency synchronization, is
the main reason for the decrease in the transverse
oscillations of the cylinder in the galloping zone.
Reducing the lift coefficient as well as the transverse
oscillations results in a relatively more smooth flow
around the cylinder. Furthermore, as the equations of
motion of the cylinder are coupled due to the flow, the
drag coefficient on the cylinder also decreases.
Accordingly, a decrease in streamwise oscillations owing
to the reduction in the transverse oscillations of the
cylinder can be observed in both the lock-in and
galloping zones.
4. CONCLUSIONS

Figure 11. The robustenss of ARO controller with respect
to ±20% perturbation in (m, k) at Re = 90

A closed-loop active control strategy was implemented
to attenuate the two-degree-of-freedom vibrations of a
square-section cylinder freely oscillating in the
transverse and in-line directions in the lock-in and
galloping regions. The control system benefited from the
cylinder rotary oscillations about its axis which was
based on the feedback signal from cylinder lift
coefficient. Due to the difference between VIV and
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galloping mechanisms, the effectiveness of control
strategy was separately studied in both regions. VIV
occurs when the vortex-shedding frequency equals the
oscillator natural frequency. Galloping is specific to noncircular cylinders and causes high-amplitude, lowfrequency oscillations in a range of Reynolds numbers
greater than that of VIV. As soon as the flow velocity
surpasses a critical value associated with galloping, the
amplitude of vibrations continuously rises with
increasing flow velocity. High-amplitude oscillations as
a result of VIV and galloping can lead to catastrophic
failures of structures. Thus, attenuating such instabilities
is of utmost importance.
The main observations of the present study are
discussed in what follows. The maximu m percentage of
reduction in cylinder transverse vibration was achieved
in the lock-in region (Re = 90) for a control parameter
value of   1.5 . At this Reynolds number, the ARO
controller successfully reduced the amplitude of
transverse and in-line vibrations of the cylinder by 98 and
88%, respectively. In addition, the reduction in the lift
and drag coefficients in this region was equal to 95 and
94%, respectively. Moreover, the maximu m amount of
reduction percentage in cylinder transverse amplitude in
the galloping zone (Re = 250) was realized using the
control parameter   1 . At this Reynolds number, the
ARO controller successfully decreased the amplitude of
cylinder transverse vibration by 72%, while the
corresponding value for the in-line vibration was 70%.
Furthermore, the reduction in the lift and drag
coefficients in this zone was, respectively, 24 and 39%.
The normalized vortex shedding frequency for the
uncontrolled square cylinder in the lock-in region was
f f n  1 , indicating the synchronization of vortex
shedding frequency with the natural frequency of
structure. Here, the utilized control system successfully
shifted down the vortex shedding frequency to f f n  0.9
. On the other hand, for a square cylinder in the galloping
zone, the normalized vortex shedding frequency was
equal to f fn  0.87 that was further reduced to
f f n  0.55 with the aid of control system. Thus, it can be
concluded that the main reason behind the reduction in
the cylinder transverse vibration in the galloping zone is
the disturbance of flow around the cylinder and
weakening of structure-flow coupling and not the desynchronization-type action. This describes the
difference of lift coefficient and transverse vibrations of
cylinder in the lock-in and galloping regions.
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Persian Abstract
چکیده
در ا ین مقاله یک س یستم کنترل پسخور بر مبنای نوسانات چرخشی استوانه به منظور کاهش ارتعاشات دو درجهی آزادی یک لوله با مقطع مربع در معرض جر یان قرار گرفته
بر روی بستر االستیک ب ه کار گرفته شده است .سیستم کنترل از نوسانات چرخشی استوانه حول محورش که بر مبنای فیدبک پسخور ضر یب ل یفت استوانه عمل می کند،
بهره می گیرد .با توجه به شبیه سازی های عددی انجام شده مشخص می شود که سیستم کنترل فعال در کاهش نوسانات دو درجه آزادی استوانه مربعی هم در ناحیهی قفل
شدگی فرکانسی  ،و هم در ناح یهی گالوپینگ موفق عمل کرده است .برای عدد ر ینولدز  Re=90واقع در ناحیهی قفل شدگی فرکانسی ،کنترلر فعال موفق شده است به مقدار
 %98دامنه ارتعاشات عرضی استوانه را کاهش دهد ،در حالی که مقدار مشابه برای دامنهی ارتعاشات طولی استوانه برابر با  %88میباشد .همچن ین برای عدد ر ینولدز Re=250

واقع در ناحیهی گالوپ ینگ ،کنترلر فعال موفق شده است دامنهی ارتعاشات عرضی استوانه را به م یزان  %72کاهش دهد ،در حالی که مقدار مشابه برای دامنهی ارتعاشات طولی
استوانه برابر با  %70میباشد .همچنین  ،مشاهده میشود که کنترلر  AROموفق شده است دامنهی ضرا یب لیفت و درگ استوانه در ناحیه قفل شدگی را به ترتیب به میزان
 95و  %94کاهش دهد  ،درحالی که درصدهای مشابه برای استوانه در ناحیهی گالوپ ینگ به ترتیب برابر با  24و  %39میباشند
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Machine Learning (ML) based condition monitoring and fault detection of industrial equipment is the
current scenario for maintenance in the era of Industry -4.0. T he application of ML techniques for
automatic fault detection minimizes the unexpected breakdown of the system. However, these techniques
heavily rely on the historical data of equipment for its training which limits its widespread application
in industry. As the historical data is not available for each industrial machine and generating the data
experimentally for each fault condition is not viable. T herefore, this challenge is addressed for gear
application with tooth defect. In this paper, ML algorithms are trained using simulated vibration data of
the gearbox and tested with the experimental data. Simulated data is generated for the gearbox with
different operating and fault conditions. A gearbox dynamic model is utilized to generate simulated
vibration data for normal and faulty gear condition. A pink noise is added to simulated data to improve
the exactness to the actual field data. Further, these simulated-data are processed using Empirical Mode
Decomposition and Discrete Wavelet Transform, and features are extracted. These features are then fed
to the training of different well-established ML techniques such as Support Vector Machine, Random
Forest and Multi-Layer Perceptron. To validate this approach, trained ML algorithms are tested using
experimental data. The results show more than 87% accuracy with all three algorithms. The performance
of the trained model is evaluated using precision, recall and ROC curve. T hese metric show the
affirmative results for the applicability of this approach in gear fault detection.
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NOMENCLATURE

I m / I b / I1 / I 2

Mass moment of inertia of rotor/load/pinion/gear

c p / cg

M1 / M 2

Input/Output torque from Motor/Load

k1 / k 2

m1 / m2

Mass of pinion/gear

c1 / c2

Rb1 / Rb2

Base circle of pinion/gear

y1 / y 2

k p / kg

T orsional stiffness of flexible coupling Input/Output

 m /  b / 1 /  2

1. INTRODUCTION1
Rotating machinery are the most essential systems of the
industrial machinery. Gearboxes are the most widely
used sub-systems of the rotating machinery that are
vulnerable to failure and system breakdown. As they
operate under harsh operating conditions, which may
develop fault on gears. Also, continuous operation under
*Corresponding
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Email:

T orsional damping of flexible coupling
Input/Output
Vertical Radial stiffness of bearing Input/Output
Vertical Radial viscous damping coefficient of
bearing Input/Output
Linear displacement of Pinion/Gear in the ydirection
Angular displacement of motor/load/pinion/gear

these conditions causes gear to degrade and leads to the
failure. Failure of gear causes the transmission system
breakdown, production and economic loss.
Different maintenance strategies such as breakdown
or unplanned, preventive or scheduled and Condition
Based Maintenance (CBM) are employed to ensure the
satisfactory operation of rotating machinery over its
useful life. Earlier was the breakdown or unplanned
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maintenance in which maintenance is carried out only at
the breakdown; preventive or scheduled maintenance
was carried out at predefined intervals, and CBM was
carried out based on the information on the condition of
machine [1]. Out of this CBM strategy gained popularity
in the industry as it avoids unnecessary maintenance. In
current Fourth Industrial Revolution (i.e. Industry 4.0)
for industry equipment maintenance, machine learning
based condition monitoring system are being developed
for automatic fault diagnosis [2]. Machine learning has
been applied not only in industry equipment maintenance
but also in different fields such as roadways maintenance
[3], predicting student grades [4] etc.
Vibration analysis is a most widely used condition
monitoring technique for gear fault daignosis. In
literature two approaches have been used for the gear
fault diagnosis, one is data driven approach and other is
physical model based approach. The data-driven
approach purely rely on the historical or in-service data
of gearbox to predict the faults in gear, and physical
model based approach makes use of physics based
models to create a virtual system to mimic the vibration
characteristics of gearbox under different operating
conditions [5]. Subsequent section discusses the
literature on these two approaches.
Several researchers have used Machine Learning
(ML) techniques for developing automatic fault detection
of industrial machinery based on the data driven
approach. Recently, Lei et al. [6] presented a review of
different ML techniques employed for machine fault
diagnosis. To develop a fault diagnosis technique based
on the data driven approach using the ML techniques,
require a historical data of in-service equipment or
experimental data to train the ML algorithms. ML
techniques like Support Vector Machine (SVM), kNearest Neighbour (kNN), Artificial Neural Network
(ANN) Ensemble techniques etc. [6] have been employed
for the bearing and gear fault diagnosis. Samanta [7] used
this approach for the binary classification (i.e. healthy
and faulty) of gear using SVM and ANN. In this input
features were selected and optimized using the genetic
algorithm, SVM resulted in better classifier over the
ANN. Similarly, Samanta et al. [8] used three different
ANN classifiers such as Multi-Layer Perceptron (MLP),
Radial Basis Function Network and Probabilistic Neural
Network for the bearing fault classification. Using
genetic algorithm and Probabilistic Neural Network a test
accuracy of 100% was obtained. Further, the
effectiveness of pre-processing of data using Discrete
Wavelet Transform (DWT) on the classification by SVM
and ANN was studied by Tyagi and Panigrahi [9], and
results show that pre-processing improves the
performance of both the classifiers and that SVM
outperforms ANN. Discrete wavelet transform and multilayer perceptron was used by Sanz et al. [10] to determine
the gear condition status and the model is able to predict
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1% decrease in the mesh stiffness. Shen et al. [11] used a
transductive SVM for gear fault classification for data
having more numbers of unlabeled data than labelled
data; in this features were extracted using Empirical
Mode Decomposition (EMD). Shao et al. [12] also
utilized an EMD technique with higher-order cumulant
method for gear fault classification and developed a
virtual system for gear damage detection. Li et al. [13]
proposed a bearing fault detection method using
Improved Iterative Windowed Interpolation Discrete
Fourier Transform technique. For the combined gear and
bearing fault detection Dhamande and Chaudhari [14]
proposed that, features extracted using continuous and
discrete wavelet transform have been more prominent in
detecting the combined fault than time and frequency
domain features. A highest accuracy of 90% and 97% for
training and testing respectively was obtained using the
SVM. Attaran et al. [15] developed bearing fault
detection technique based on kurtogram in time frequency domain using ANN. A 100% training accuracy
was noted for ANN. Bajric et al. [16] used features
extracted using the discrete wavelet transform and time
synchronous averaging method for a wind turbine
gearbox fault detection. Researchers have also utilized
ensemble techniques such as Random Forest (RF) for the
fault classification. Han and Jiang [17] used RF classifier
for the bearing fault classification; in this the variational
mode decomposition and autoregressive model
parameters have been employed for the fault feature
extraction. Cerrada et al. [18] utilized RF classifier for
the gear fault classification and used a genetic algorithm
to select the best features and a best precision value of
0.9781 was obtained. Patil and Phalle [19] have used
Random Forest, Gradient Boosting Classifier and Extra
Tree classifier ensemble techniques for the bearing fault
classification, in this features were ranked using decision
tree and randomized lasso feature ranking technique and
fed to these classifiers. Results showed that the features,
ranked using DT technique, when fed to the classifier
provided better accuracy compared to randomized lasso
with fewer features and execution time. A highest
accuracy of 98.21% was recored using DT ranking
technique. In literature cited above fault diagnosis system
was developed based on the data driven approach and
utilized an experimental test rig to generate the training
dataset for the training of ML algorithms.
In physical model based approach, dynamic model is
used to mimic the actual operating conditions of the
gearbox, and vibration response of gearbox under
different conditions can be studied theoretically.
Numerous dynamic models of the gearbox have been
developed by researchers to study the vibration
characteristics of the gearbox under healthy and faulty
gear conditions. Liang et al. [5] presented a review of
different gearbox fault dynamic models developed. The
vibrations in gears are caused due to fluctuation in
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applied load, speed and Time-Varying Mesh Stiffness
(TVMS), transmission errors etc. When faulty tooth
engages the TVMS changes, due to this change in
vibration response is observed. Therefore, the calculation
of the TVMS for normal and faulty gear condition is
essential. Researchers have developed different
analytical methods such as potential energy, square
waveform and finite element method for calculating the
TVMS [5]. For obtaining the vibration response different
models have been developed. Bartelmus [20] developed
a dynamic model having 8-Degrees of Freedom (DoF)
incorporating torsional and lateral motion and friction.
Howard et al. [21] developed a 16-DoF model to study
the effect of crack on gear tooth and friction between the
tooth in contact on the vibration response. Abouel-seoud
et al. [22] developed a model for wind turbine gearbox
having twelve DoF to study the vibration response of
gearbox under three faults like crack, spall and tooth
breakage. A single-stage spur gearbox model
incorporating the gyroscopic effect was developed by
Mohammed et al. [23]. Literature cited above discusses
the use of physical model based approach in gear fault
diagnosis and the study is limited to calculating TVMS,
obtaining the vibration response under different fault
conditions and identifing the most sensitive condition
indicators. The vibration response obtained using
dynamic model is not having any noise, but in actual
practice vibration response is masked with the
environmental noise and determining the fault in such
noisy data using the condition indicators is not possible.
It is clear that for the application of the data driven
approach historical data is required for training of ML
algorithm and in physical model based method study is
limited to calculating TVMS, obtaining vibration
response under different fault conditions and determining
sensitive condition indicators. But these condition
indicators does not perform well in case of actual
vibration data.
Most of the studies reported in the literature for fault
diagnosis of mechanical components using ML
techniques have been utilizing a data-driven approach.
The dependence of this approach on historical data from
in-service equipment or data from the experimental test
setup to train the ML algorithm restricted its full spread
implementation in industrial machinery fault diagnosis.
As in-service data for the equipment is not available and
generating data using experimental test rig is not viable.
Also, the cost associated with creating the data for each
fault and at different operating conditions is very high;
and model trained using these data are often valid for the
condition and machine for which the data is collected.
Also, training of ML algorithms are dependent on the
diversity of data i.e. data at different operating
conditions, more diverse data better is training. But
generating this kind of diverse data experimentally is not
feasible. Therefore, an alternative approach is required to

overcome this limitation of the data driven approach and
generate the diverse data with minimum cost.
The present paper addresses the limitation of the datadriven approach by employing a dynamic model of
gearbox to generate the training dataset that includes the
extensive variety of operating and fault conditions, for
the training of ML algorithm. The data is generated by
simulating the actual conditions of the gearbox therfore
this approach is called as a simulation driven approach.
In this a single-stage spur gearbox dynamic model is
employed to generate simulated vibration acceleration
data for different gear conditions (normal and faulty) at
different loads and speeds. ODE15s solver function in
Matlab is used to solve the equations of motion to obtain
the simulated vibration response. Pink noise is added to
simulated data to improve its exactness to the actual field
data. These data are then processed using the DWT and
EMD signal processing techniques, and features are
extracted to create a training dataset. Various extensively
used ML algorithms like SVM, MLP and RF are trained
using this simulated training data set and tested using the
experimental data.
2. METHODOLOGY
Figure 1 shows the schematic of the methodology of the
simulation-driven approach adopted for gear fault
detection. The simulation-driven gear fault diagnosis
approach proposed in this work involves obtaining
vibration acceleration data for normal and faulty gear
conditions at different loads and speeds using the six DoF
gear dynamic model. Pink noise is added to obtained
simulated vibration data to improve the exactness

Figure 1. Schematic for Simulation Driven Fault Detection
M ethodology
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towards the actual vibration data. Discrete Wavelet
Transform (DWT) and Empirical Mode Decomposition
(EMD) are used to process these vibration signals, and
then statistical features are extracted. Using these
features training data set is prepared and fed for the
training of ML algorithms such as SVM, MLP and RF.
To test this simulation-driven approach experiment al
data is collected from the experimental test rig. This
experimental data is processed similarly as simulated
data and features are extracted to prepare the testing data.
Also, the theoretical background of signal processing and
ML techniques used in this study are presented in this
section.
2. 1. Discrete Wavelet Transform (DWT)
DWT
is an effective tool for signal and image processing in a
wide range of research as well as in industrial
applications [14,16]. The wavelet transform gives both
frequency and time domain information about the signal.
The continuous wavelet transform of signal x(t) is


W  , s    xt . *, s t dt


where

 *, s t 

(1)

is a conjugate of  ,s t  , that is the scaled

and shifted version of the transforming function, called a
mother wavelet which is defined as:
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If h 1 is an IMF, then h 1 is the first component of x(t). If h1
is not an IMF, the above procedure is repeated
considering h 1 as original signal
h1  m11  h11

(5)

After sifting for k times, h 1k becomes an IMF, that is
h1k 1  m1k  h1k  c1

(6)

c1 is the first IMF component obtained from the original.
Separating c1 from x(t), We get
r1  xt   c1

(7)

Now, r1 is considered as the original signal and the
process described above is repeated n time to obtain nIMFs of signal x(t).
n



1

number of extrema and zero crossings are same for linear
or non-linear mode. The procedure for obtaining these
IMF’s from a given signal is as follows.
Firstly, all the local extrema are determined, and a
cubic spline curve is employed to connect all the local
maxima to obtain the upper envelop and all local minima
to obtain the lower envelop. The entire signal should be
enclosed by these upper and lower envelops. A mean of
upper and lower envelop is m1 and the difference between
the x(t) and m1 gives the first component h 1

(2)

The transformed signal is a function of translation ( )
and scale (s) parameters. Other wavelet functions can be
derived using the mother wavelet. Scale and translation
correspond to frequency band and time information
respectively in the transform domain. The DWT is
derived from the discretization of W  , s  given by
DW T j , k  
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(3)

Vector A and D are obtained by passing the signal x
through low and high pass filters. approximate and
detailed coefficients are obtained by downsampling these
vectors. By repeating the process of decomposition using
the approximate coefficients, different levels of DWT
coefficients can be obtained.
Researchers have used different mother wavelet
functions and levels of decomposition in bearing and gear
fault diagnosis. In this study, db5 is used as a mother
wavelet function and 3rd level decomposition for gear
fault diagnosis.
2. 2. Empirical Mode Decomposion (EMD)
EMD
is an effective adaptive signal processing technique.
Finite numbers of intrinsic mode functions (IMF) can be
obtained by decomposing complicated data [24, 25]. A

xt    c j  rn
j 1

(8)

The above procedure is repeated till rn becomes a
monotonic function from which no more IMFs can be
drawn out.
Thus, decomposition of the signal results into nempirical modes and a residue rn . Where rn is the mean
trend of x(t). The IMFs contain different frequency bands
and the components of frequency included in each
frequency band are different, and they change with the
variation of signal x(t), rn represents the central tendency
of signal x(t).
2. 3. Machine Learning Techniques
In the
present work Support Vector Machine, Multi-Layer
Perceptron and Random Forest, widely used and popular
ML techniques are utilized for the gear fault
classification.
2. 3. 1. Support Vector Machine (SVM)
SVM is
a supervised ML technique employed for the
classification and regression in the small sample dataset.
In SVM classifier, data is separated by a decision
boundary known as the hyperplane such that the margin
of separation between two classes is maximized and
points that decide the margin are called as support vectors
as shown in Figure 2.
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a1  f 1T , X 1j

 L  aL  y 

This is done by minimizing the quadratic function under
linear inequality constraints. Consider a training sample
set {(xi , yi ) }; i=1 to N, where N is the total number of
samples. It is to determine the separation plane with the
smallest generalization error. The labels associated with
the two classes, i.e. triangle and circle class are yi  1
and yi  1 respectively. Slack variables are considered
ξi ≥ 0 for non-separable data. The hyperplane f(x) = 0 that
separates the given data can be obtained as a solution to
the following optimization problem [4].



N
1
2
w  C  i Subject to
2
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 yi w xi b 1 i
  0,i 1,2,...N
 i
T

(10)

where, f is the sigmoid function.
Hence, the prediction is given by a L. To minimize the loss
function, this is followed by back-propagation method
wherein another parameter say ∂ is computed for each
layer with the help of gradient descent. The values of ∂
are computed from the last layer to the first layer and are
updated by means of gradient descent. Also, for the last
layer:

Figure 2. Hyperplane classifying two classes

M inimize



(11)

where, y is the target.
The following layers are given by:

 L 1  L 1T *  L * aL 1 * 1  aL 1 

(12)

where, aL1 * 1  aL1  is the differentiated term of the
sigmoid function. Hereafter, the product of two ∂ and a
are computed to add over each iteration to get the
gradient which will minimize the loss function. This
process is done with regularization.
d La L , y 
Hence the ‘accumulator’ i.e.
(i.e. the
dy
derivative of loss function) is given by:

(9)

Dij 

1  L  
( L)
     * ij
M  ij 

(13)

where, α is the regularization parameter and M is the
number of samples.

where, C is a constant representing error penalty
2. 3. 2. Multi-Layer Perceptron (MLP)
MLP is a
type of Back Propagation Artificial Neural Network
which includes an input layer, output layer and two or
more weighted perceptron (hidden layers) [8]. The
targets of each layer are characterized by a function, and
subsequently, the targets of preceding layers are served
as inputs to the succeeding layer. Each layer consists of a
specific number of neurons which carry information to
neurons of subsequent layers.
For
example,
consider
a
training
set
(𝑋𝑗𝑖 , 𝑌𝑖𝑗 ) with N features and M samples where i=1, 2,
3,…M and j= 1, 2, 3,…N. The first layer will consist of N
neurons with each jth neuron containing M samples of jth
feature. Neurons in subsequent layers are also fixed
accordingly (with an additional node neuron), but the last
layer will have only one neuron for regression model and
for the classification problem number of neurons will be
equal to a number of classes. The parameter which
controls the mapping of information from one layer to
j

another, say Øj is multiplied with training samples X i
and the resultant matrix multiplication is fed as a
parameter to the function. For example, a neuron a 1 of the
second layer is represented as :

L 
Also, initially ij  0 and it is updated as follows :
L  L    L1 * aL T

(14)

The accumulator i.e. D is added over each step to
minimize the loss function and get better value of
prediction i.e. a L.
2. 3. 3. Random Forest (RF)
is a polpular
ensemble machine learning technique, in which many
decision trees are built on bootstrapped sample same as
bagging from training dataset and to get the output
prediction, prediction from each tree is averaged in case
of regression and majority voting in case of
classification. RF is better than a single decision tree and
reduces the over-fitting by averaging. High variance and
low bias of decision trees make it unstable. RF consists
of bootstrap aggregating (bagging) with a randomized
selection of features at each split. A bootstrap
aggregating algorithm improves the stability and
accuracy of an individual predictive model [18,19].
Consider A, number of trees generated by the random
forest. Using bootstrap sampling, select the subset from
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the training dataset. For each subset grow tree {t 1 (x),
t2 (x),…..,t A (x)} where x ϵ {𝑥1 , 𝑥2 , . . . , 𝑥n}. x is an ndimensional feature vector, and this feature vector is
prepared by randomly selecting n features from a total of
N features. Using the Gini impurity (Ig ) pick a node e out
of those n variables for the best split point.
b

I G  p   1   Ra2
a 1

(15)

where, a is the number of classes (a=1, 2, 3, …., b) and
Ra is the fraction of instances tagged with class a. Then
split the node into two daughter nodes and repeat the
above procedure for growing A number of trees. Y1 ,
Y2 ,….Yk is the output of these trees, where 𝑘 ϵ{1, 2, . . .
, A} is the prediction for a classified object by the 𝑘th tree,
and a collection of all individuals make a final
classification decision.
3. SIMULATION DRIVEN APPROACH
In the present work, a model developed by Bartelmus
[20] is used to obtain the vibration response. The model
includes both torsional and lateral motions. In this
gearbox, the casing is assumed as rigid so as vibration
propagates linearly along the casing. Figure 3 depicts the
model used in this work.
In this model the system is rotated by a motor and a
load torque is applied at the output. M1 and M2 are the
motor and load torque, respectively. Flexible couplings
are used to connect the motor shaft and input shaft on
which pinion is mounted, and load shaft and shaft on
which gear is mounted. Shafts containing pinion and gear
are mounted on bearings, and these bearings are mounted
on the rigid casing. A model consists of two parameters
stiffness and damping and includes both linear and
rotational (lateral and torsional) equations of motion.
Equations (16)-(23) represent the equations of motion

Figure 3. Single-stage spur gearbox model [20]
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for the system shown in Figure 3. x - direction vibration
response is a free response (Equations (16) and (17)).
When the system is stable response in this direction will
disappear; therefore, vibration in y - direction is
considered here to get the response of healthy and faulty
gears. Single fault on a single pinion tooth is considered
for obtaining vibration response for faulty gear condition.
Vibration response of faulty gears includes responses of
gearbox having faults such as spalled, cracked and
chipped gear tooth. Firstly, TVMS of normal and faulty
conditions is calculated using the potential energy
method presented in [26-28]. The value of calculated
TVMS which act as an internal excitation, is considered
while obtaining the vibration response.
m1x1  k x1x1  c x1x1

(16)

m2x2  k x2 x2  cx2 x2

(17)

m1y1  c1y1  k1y1  Fk  Fc

(18)

m2 y2  c2 y2  k2 y2  Fk  Fc

(19)





I11  k p  m  1   c p m  1  Rb1Fk  Fc 



I 22  Rb2 Fk  Fc   k g  2  b   c g 2  b



I mm  M1  k p m  1   c p m  1



Ibb  M 2  k g 2  b   cg 2  b
Fk  kt Rb11  Rb22  y1  y2 



Fc  ct Rb11  Rb22  y1  y 2







(20)



(21)
(22)

(23)
(24)
(25)

The gear parameters utilized in this model to obtain
the simulated vibration data are given in Table 1. Figure
4 (a-b) shows the sample of TVMS obtained for normal
and faulty gear conditions respectively for one rotation of
pinion. The equations of motion (Equations (18)-(23) )
are solved simultaneously using ODE15s solver function
in Matlab to obtain the vibration response. The vibration
response is obtained for different load and speed
conditions. Figure 5 (a-b) shows the vibration response
obtained at 1800rpm for normal and faulty gear
condition, respectively for 0.1 s.
To increase the exactness of simulated vibration
signals with the actual field data noise is added to the
simulated response. A pink noise (1/f power spectrum) is
added, as pink noise is present everywhere in nature,
electronics, machinery, and numerous other fields [29].
Chen et al. [30] used this pink noise power spectrum to
generate the bearing signals. Randomly this noise is
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TABLE 1. Gear parameters for simulated data
Ge ar Parameter

Value

Number of teeth on Pinion/Gear

Np = 19, Ng = 48

Pressure angle

20 0

Diametral Pitch

P = 0.2032 m -1

Width of Teeth

L = 0.16 m

Contact ratio

Cr = 1.6456

Young’s Modulus

E = 2.068 x 10 11 Pa

Poisson’s Ratio

(a) Gear with no fault

υ = 0.3

Mass of the Pinion/Gear

m p = 0.96 kg, m g = 2.88 kg

Mass moment of inertia of the
Pinion/Gear

I p = 4.3659 x 10 -4 kgm 2
I g = 8.3602 x 10 -4 kgm 2

Mass moment of inertia of the
motor/Load

I m = 0.0021 kgm 2
I b = 0.0105 kgm 2

T ortional stiffness of the coupling

kp =kg = 4.4 x 10 4 Nm/rad

Damping coefficient of the
coupling

cp =cg = 5.0 x 10 5 Nm/rad

Radial stiffness of the bearing

k1 =k2 = 6.56 x 10 7 N/m

Damping coefficient of the
bearing

c1 =c2 = 1.8 x 10 5 Ns/m

Base circle radius of Pinion/Gear

Rb1 = 0.02834 m,
Rb2 = 0.0716 m

Two teeth pairs in
contact

Single tooth pair in contact

(a) Gear with no fault
Two teeth pairs in contact

(b) Gear with fault
Figure 5. Simulated Vibration Response at 1800rpm

applicability of this approach in gear fault detection,
gearbox test rig having different gear geometric
parameters than the one used to obtain the simulated data
is to be employed for generating the testing/validation
data. Figure 6 shows the gearbox experimental setup used
to collect the validation data. Validation data for normal
and faulty conditions are collected at different load and
speed conditions. The gear test rig has spur gear having
full depth involute profile and has 25 and 61 number of
teeth on pinion and gear respectively and 200 pressure
angle, 4 mm module, 20 mm width. An electric motor
drives the pinion, and a load is applied at the driven end
using the magnetic brake. Tri-axial accelerometer
mounted on the gearbox is connected to the OROS data
acquisition system to collect the vibration data.
Validation or testing data contains an equal number of
samples of normal and faulty gear condition.
5. FEATURE ETRACTION AND SELECTION

Single tooth pair in contact

(b) Gear with fault
Figure 4. Time Varying M esh Stiffness (TVM S)

Numerous features have been proposed in the literature
for gear fault diagnosis using time domain, frequency

added to simulated vibration signals so that S/N ratio can
range from 1 to 30.
4. EXPERIMENTAL TEST RIG
To validate the simulation-driven approach ML
algorithms trained using the simulated training data is to
be tested using the experimental data. For the broader

Figure 6. Gearbox experimental test rig
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domain, wavelet decomposition and Empirical Mode
Decomposition etc. In the present work, wavelet
decomposition and EMD are used to process vibration
signals. A signal is decomposed in 3 levels using the db5
mother wavelet function, and also the signal is processed
using EMD to obtain the IMFs. Statistical features
Skewness, Kurtosis, Root Mean Square (RMS) Crest
Factor, Shape Factor, Impulse Factor and Clearance
Factor are extracted from all three decomposition levels
of wavelet and IMF’s of EMD. Equations (26)-(32)
presents the mathematical expression for calculating
these features.
In literature different methods of feature reduction are
available such as Principal Component Analysis (PCA),
Factor Analysis (FA), Independent component analysis
(ICA), High correlation between two columns. These
methods were utilized for feature reduction but
application of first three methods i.e. PCA, FA and ICA
didn’t yield satisfactory results. As PCA is a widely used
feature reduction technique, res ults obtained using this is
presented here.
5. 1. Principal Component Aanalysis (PCA)
PCA
is a feature dimensionality reduction technique which is
used for the compression and classification of the data.
The dimensionality of data set is reduced by finding the
new variables that are smaller than the original data set
and retain most of the information. These new variables
are called as the principal components which are
uncorrelated.
In this paper for feature reduction high correlation
between two columns method is adopted. In which
correlation between the extracted features is determined.
Features having high correlation coefficient are linearly
dependent and have the same effect as the dependent
variable. Therefore, one of the two features having high
correlation coefficients is removed. The remaining
features are then fed one by one to ML algorithms and a
trial and error approach is adopted to select the features
giving best results. Table 2 presents a list of selected
features. The extracted features from both simulated and
experimental data are normalized to the zero mean and to
a range of ±1 to prepare training and testing data set.
𝑺𝒌𝒆𝒘𝒏𝒆𝒔𝒔(𝑺𝑲𝒂 ) =

𝟑
∑𝑵
𝒏=𝟏( 𝒂 ( 𝒏) −𝝁 𝒂)
(𝑵−𝟏)𝝈𝒂𝟑

(26)

𝟒
∑𝑵
𝒏=𝟏( 𝒂 (𝒏)−𝝁𝒂)
(𝑵−𝟏)𝝈 𝒂𝟒

𝑲𝒖𝒓𝒕𝒐𝒔𝒊𝒔(𝑲𝒂 ) =

𝑹𝒐𝒐𝒕 𝑴𝒆𝒂𝒏 𝑺𝒒𝒖𝒂𝒓𝒆(𝒂𝒓𝒎𝒔 ) = √

(27)

𝒂𝒑

𝑪𝒓𝒆𝒔𝒕 𝑭𝒂𝒄𝒕𝒐𝒓 = 𝒂

𝑵−𝟏

(28)
(29)

𝒓𝒎𝒔

𝑺𝒉𝒂𝒑𝒆 𝑭𝒂𝒄𝒕𝒐𝒓 (𝑺𝑭 𝒂 ) =

𝟐

∑𝑵
𝒏=𝟏(𝒂 (𝒏) )

𝒂 𝒓𝒎𝒔
𝟏 𝑵
∑𝒏=𝟏 |𝒂 (𝒏)|
𝑵

(30)
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TABLE 2. Selected Extracted Features
Feature Extraction
Method

Wavelet Transform

Empirical Mode
Decomposition

Features
1 st level Detailed Coefficients - Crest Factor
3 rd Level Detailed Coefficients – Skewness
3 rd Level Approximation Coefficients Crest Factor
IMF2 – RMS
IMF4 – RMS, Shape Factor, Kurtosis
IMF6 – Clearance Factor, Impulse Factor,
Kurtosis
IMF7 – Kurtosis
IMF8 – Shape Factor

𝑰𝒎𝒑𝒖𝒍𝒔𝒆 𝑭𝒂𝒄𝒕𝒐𝒓(𝑰𝑭𝒂 ) =

𝒂𝒑
𝟏 𝑵
∑𝒏=𝟏 |𝒂 ( 𝒏)|
𝑵

𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 𝑭𝒂𝒄𝒕𝒐𝒓(𝑪𝑳𝑭𝒂 ) =

(31)

𝒂𝒑
𝟏
𝑵

( ∑𝑵
𝒏=𝟏 √|𝒂( 𝒏) | )

𝟐

(32)

6. RESULTS AND DISCUSSION
A simulated vibration data is obtained for different load
and speed conditions, as described in section 3. While
getting the vibration data single fault is considered on a
single pinion tooth. Figure 4(a-b) shows the TVMS for
the healthy and faulty gear, respectively, for the one
pinion revolution. The contact ratio of gear is around 1.6,
i.e. for 60% of duration two pairs of teeth are in contact
and hence the increase in TVMS in this region. Figure
4(a) shows the TVMS for the healthy gear, which shows
a similar pattern for all the tooth engagements. However,
for the faulty case (Figure 4(b)), when faulty tooth
engages decrease in the TVMS is observed for the
duration of engagement of faulty tooth. The faulty tooth
contact region is highlighted in Figure 4(b). This change
in the TVMS affects the vibration response of the gear.
This variation in vibration response of normal and faulty
gear is clearly shown in Figure 5(a-b), respectively. In
Figure 5(b) the part of the vibration response whenever
faulty tooth engages is highlighted. As the fault is
considered on the pinion, for every pinion rotation this
faulty tooth will come in contact and hence the change in
vibration response. T in Figure 5(b) represents the time
period for one pinion rotation. To improve the exactness
of the simulated data towards the actual data noise is
added. These signals are then processed using the DWT
and EMD, and total 84 statistical features are extracted
from all levels of decomposition of DWT and IMF’s of
EMD. To reduce the dimensionality of the dataset
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Principal Component Analysis (PCA) was employed,
and ML algorithms were tested for a different number of
principal components, and its classification accuracies
were obtained. Figure 7 shows the testing accuracy
obtained for all three ML techniques for a different
number of principal components. This figure indicates
that accuracy obtained using PCA for a different number
of components was between 65 and 78% for all three
classifiers. These accuracy values obtained using PCA
were not satisfactory. Therefore, to reduce the
dimensionality of the dataset, a different method is
utilized. In this, a correlation among the extracted
features is determined. One of the two features having
high correlation coefficients is removed as features
having high correlation coefficient are linearly dependent
and have the same effect as the dependent variable.
Remaining features are then fed one by one to train the
ML algorithm and features giving best results are
selected. Table 2 presents a list of selected features.
The ML algorithms are trained using these selected
features, and ten cross-validation accuracy is obtained.
The ML algorithm’s parameter tuning is done based on
simulated data and a grid search algorithm. For the wider
applicability of the simulation-driven approach, ML
algorithms trained using simulated data is validated by
experimental data generated using the gearbox test rig
having different gear geometric parameters than the one
used to create the simulated data. The classifier accuracy
is a metric utilized in this study for the evaluation of the
classification algorithm. Figure 8 shows training and
testing accuracies obtained for SVM, MLP and RF
machine learning algorithms.
Training accuracy of more than 90% and tes ting
accuracy of more than 87% is obtained for all the three
classifiers. The highest training and testing accuracy of
95 and 90% is obtained using the RF classifier. The
values of accuracies for all three classifiers imply the
applicability of the simulation-driven approach for gear
fault detection. The performance of the proposed
simulation-driven approach is compared with the existing
data-driven approach. ML algorithms are trained and
tested using experimental data in the data-driven

Figure 7. Testing Accuracy of M L algorithms for different
principal components

Figure 8. Accuracies by using Simulation Driven Approach

approach. Figure 9 shows the accuracies obtained using
the data-driven approach. The accuracies obtained for all
the three classifiers using data-driven and simulationdriven approach are comparable, and there is very little
difference in their accuracies. Therefore, the simulationdriven approach can be applied for the gear fault
classification when actual historical data is not available.
Classifier accuracy is considered as a metric for the
evaluation of the ML algorithm. However, for the
complete performance evaluation of the classification
algorithm precision and recall are also evaluated.
Precision is the ratio of correctly classified positive cases
to the total number of positively classified cases and
recall is the ratio of correctly classified positive cases and
the total number of actual positive cases. Figure 10 shows
the values of precision and recall for each classifier. For
all the three classifiers precision and recall values are
more than 87%. The higher values of precision mean the
less number of instances are classified as faulty when it
is normal, that is fewer chances of false alarms for the
maintenance and avoid undue maintenance task. The
higher value of recall increases the chances of positive
alarms as lesser instances are classified as normal when
it is faulty, to carry out the maintenance task when it is
actually required. All the three classifiers show the
considerable values of precision and recall (Figure 10),
which increases the confidence in the simulation-driven
approach presented in this paper for gear fault detection.
Precision and recall values for the RF classifier are
slightly higher than the other classifiers.
Another metric used for the evaluation of the binary
classification is the Area under the receiver operating
characteristic curve (AUC). The curve of true positive
rate Vs false positive rate at different classification
threshold values is known as the Receiver Operating
Characteristic curve abbreviated as ROC. Figure 11
depicts the ROC curve for the three classifiers. The AUC
values are 0.97, 0.92 and 0.98 for SVM, MLP and RF,
respectively. A higher value of AUC means that classifier
is confident that randomly selected positive instance is
positive than the randomly selected negative instances as
positive. The ROC curve (Figure 11) and the AUC values
obtained for three classifiers shows the agreement with
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Figure 9. Accuracies by using Data Driven Approach

Figure 10. Precision and Recall for SVM , M LP and RF

Figure 11. ROC curve for SVM , M LP and RF classifiers

the applicability of the simulation-driven approach for
the gear fault classification.

extensive variety of data of at different operating and
fault condition. Firstly, TVMS is calculated for normal
and faulty gear condition. TVMS is reduced when faulty
gear tooth engages, and this results in the change in
vibration response. ODE15s solver function in Matlab is
employed to solve the equations of motion to obtain the
simulated vibration response. This simulated vibration
data is not having any noise, but in actual practical
application the signal is masked with environmental
noise. Therefore, a pink noise is added to improve the
exactness of the simulated vibration signals to the actual
vibration signals. Pink noise is added because it is present
everywhere in nature, electronics, machinery, and
numerous other fields. These signals are then processed
using the EMD and DWT signal processing techniques.
Features are extracted from simulated data and fed for the
training of ML algorithm. For the wider applicability of
the simulation-driven approach, ML algorithm trained
using the simulated data is validated by using
experimental data collected from a test rig having
different gear parameters. The results show that the
simulation-driven approach gives the considerable
training and testing accuracy for all the three classifiers.
This approach is then compared with the existing data
driven approach and the results obtained are comparable.
However, the performance of the this approach can be
improved by considering the dynamic model with high
degrees of freedom and considering more effect such as
friction, gyroscopic effect etc. In the present era of
Industry 4.0 the proposed method has the potential to
improve the machine learning based condition
monitoring of the gearbox using simulated data.
However, the simulated data cannot replace the
experimental data, but it can serve as a starting point for
the gear fault diagnosis when no historical data is
available. The implementation of this approach will help
in monitoring the condition of the gearbox from the day
of installation.

8. REFERENCES
1.

7. CONCLUSION
Condition monitoring and fault diagnosis of the gearbox
using the machine learning techniques utilize the datadriven approach, but the requirement of inservice/experimental data for the training of ML
algorithm has prevented its widespread application in the
industry. Also, for the better training of ML algorithm
high diverse data is required. The present paper
implements a simulation-driven approach for the spur
gear fault detection and validates this approach using the
experimental data. Simulated vibration response is
generated using a gearbox dynamic model to produce the

221

2.

3.

4.

Salameh, J. P., Cauet, S., Etien, E., Sakout, A., & Rambault, L.,
“Gearbox condition monitoring in wind turbines: A review”,
Mechanical Systems and Signal Processing, Vol. 111, (2018),
251-264. DOI: 10.1016/j.ymssp.2018.03.052
Wang, K., “Intelligent predictive maintenance (IPdM) system–
Industry 4.0 scenario”, WIT Transactions on Engineering
Sciences,
Vol.
113,
(2016),
259-268.
DOI:
10.2495/IWAMA150301
Karimzadeh, A., & Shoghli, O., “Predictive Analytics for Roadway
Maintenance: A Review of Current Models, Challenges, and
Opportunities”, Civil Engineering Journal, Vol. 6, No. 3, (2020),
602-625. DOI: 10.28991/cej-2020-03091495
Damuluri, S., Islam, K., Ahmadi, P., & Qureshi, N. S., “Analyzing
Navigational Data and Predicting Student Grades Using Support
Vector Machine”, Emerging Science Journal, Vol. 4, No. 4,
(2020), 243-252. DOI: 10.28991/esj-2020-01227

222
5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

V. C. Handikherkar and V. M. Phalle / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 212-223
Liang X, Zuo MJ, Feng Z., “Dynamic modeling of gearbox faults:
A review”, Mechanical Systems and Signal Processing, Vol. 98,
(2018), 852-876. DOI: 10.1016/j.ymssp.2017.05.024
Lei Y, Yang B, Jiang X, Jia F, Li N, Nandi AK., “Applications of
machine learning to machine fault diagnosis: A review and
roadmap”, Mechanical Systems and Signal Processing, Vol. 138,
(2020), 106587. DOI: 10.1016/j.ymssp.2019.106587
Samanta, B., “Gear fault detection using artificial neural networks
and support vector machines with genetic algorithms”,
Mechanical systems and signal processing, Vol. 18, No. 3,
(2004), 625-644. DOI: 10.1016/S0888-3270(03)00020-7
Samanta B, Al-Balushi KR, Al-Araimi SA., “Artificial neural
networks and genetic algorithm for bearing fault detection”, Soft
Computing, Vol. 10, No. 3, (2006), 264-271. DOI:
10.1007/s00500-005-0481-0
T yagi, S., Panigrahi, S. K., “A DWT and SVM based method for
rolling element bearing fault diagnosis and its comparison with
Artificial Neural Networks”, Journal of Applied and
Computational Mechanics, Vol. 3, No. 1, (2017), 80-91. DOI:
10.22055/JACM.2017.21576.1108
Sanz J, Perera R, Huerta C., “Gear dynamics monitoring using
discrete wavelet transformation and multi-layer perceptron neural
networks”, Applied Soft Computing, Vol. 12, No. 9, (2012), 28672878. DOI: 10.1016/j.asoc.2012.04.003
Shen Z, Chen X, Zhang X, He Z., “A novel intelligent gear fault
diagnosis model based on EMD and multi-class T SVM”,
Measurement, Vol. 45, No. 1, (2012), 30-40. DOI:
10.1016/j.measurement.2011.10.008
Shao R, Hu W, Huan X, Chen L., “Multi-damage feature
extraction and diagnosis of a gear system based on higher order
cumulant and empirical mode decomposition”, Journal of
Vibration and Control, Vol. 21, No. 4, (2015), 736-754. DOI:
10.1177/1077546313482342
Li, X., Han, L., Xu, H., Yang, Y. and Xiao, H., “Rolling Bearing
Fault Analysis by Interpolating Windowed DFT Algorithm”,
International Journal of Engineering, Transactions A: Basics,
Vol.
32,
No.
1,
(2019),
121-126.
DOI:
10.5829/ije.2019.32.01a.16
Dhamande LS, Chaudhari MB., “Compound gear-bearing fault
feature extraction using statistical features based on timefrequency method”, Measurement, Vol. 125, (2018), 63-77. DOI:
10.1016/j.measurement.2018.04.059
Attaran, B., Ghanbarzadeh, A. and Moradi, S., “A Novel
Intelligent Fault Diagnosis Approach for Critical Rotating
Machinery in the T ime-frequency Domain”, International
Journal of Engineering, Transactions A: Basics, Vol. 33, No. 4,
(2020), 668-675. DOI: 10.5829/IJE.2020.33.04A.18
Bajric R, Zuber N, Skrimpas GA, Mijatovic N., “Feature
extraction using discrete wavelet transform for gear fault
diagnosis of wind turbine gearbox”, Shock and Vibration, (2016),
DOI: 10.1155/2016/6748469
Han T , Jiang D., “Rolling bearing fault diagnostic method based
on VMD-AR model and random forest classifier”, Shock and
Vibration, (2016), DOI: 10.1155/2016/5132046

18.

Cerrada M, Zurita G, Cabrera D, Sánchez RV, Artés M, Li C.,
“Fault diagnosis in spur gears based on genetic algorithm and
random forest”, Mechanical Systems and Signal Processing, Vol.
70-71, (2016), 87-103. DOI: 10.1016/j.ymssp.2015.08.030

19.

Patil S, Phalle V., “Fault Detection of Anti-friction Bearing using
Ensemble Machine Learning Methods”, International Journal of
Engineering, Transactions B: Applications, Vol. 31, No. 11,
(2018), 1972-1981. DOI: 10.5829/ije.2018.31.11b.22

20.

Bartelmus W., “Mathematical modelling and computer
simulations as an aid to gearbox diagnostics”, Mechanical
Systems and Signal Processing, Vol. 15, No. 5, (2001), 855-871.
DOI: 10.1006/mssp.2001.1411

21.

Howard I, Jia S, Wang J., “The dynamic modelling of a spur gear
in mesh including friction and a crack”, Mechanical Systems and
Signal Processing, Vol. 15, No. 5, (2001), 831-853. DOI:
10.1006/mssp.2001.1414

22.

Abouel-seoud SA, Dyab ES, Elmorsy MS., “Influence of tooth
pitting and cracking on gear meshing stiffness and dynamic
response of wind turbine gearbox”, International Journal of.
Science and Advanced. Technology, Vol. 2, No. 3, (2012), 151165. DOI:
Mohammed, O. D., Rantatalo, M., &Aidanpää, J. O., “Dynamic
modelling of a one-stage spur gear system and vibration-based
tooth crack detection analysis”, Mechanical Systems and Signal
Processing, Vol.
54-55, (2015), 293-305. DOI:
10.1016/j.ymssp.2014.09.001
Parey A, El Badaoui M, Guillet F, T andon N., “Dynamic
modelling of spur gear pair and application of empirical mode
decomposition-based statistical analysis for early detection of
localized tooth defect”, Journal of Sound and vibration, Vol. 294,
No. 3, (2006), 547-561. DOI: 10.1016/j.jsv.2005.11.021

23.

24.

25.

He Q, Li P, Kong F., “Rolling bearing localized defect evaluation
by multiscale signature via empirical mode decomposition”,
Journal of Vibration and Acoustics, Vol. 134. No. 6, (2012). DOI:
10.1115/1.4006754

26.

Handikherkar V.C., Phalle V.M., “Vibration Analysis Based
Spalling Defect Severity Assessment of Spur Gearbox Using a
Dynamic Model”, Developments and Novel Approaches in
Nonlinear Solid Body Mechanics, Vol. 130, (2020), 363-375.
DOI: 10.1007/978-3-030-50460-1_20
Wu S, Zuo MJ, Parey A., “Simulation of spur gear dynamics and
estimation of fault growth”, Journal of Sound and Vibration, Vol.
317, No. (3-5), (2008), 608-624. DOI: 10.1016/j.jsv.2008.03.038
Chaari F, Baccar W, Abbes MS, Haddar M., “Effect of spalling
or tooth breakage on gearmesh stiffness and dynamic response of
a one-stage spur gear transmission”, European Journal of
Mechanics-A/Solids, Vol. 27, No. 4, (2008), 691-705. DOI:
10.1016/j.euromechsol.2007.11.005
Bak, P., Tang, C., &Wiesenfeld, K., “Self-organized criticality: An
explanation of the 1/f noise”, Physical Review Letters, Vol. 59, No.
4, (1987), 381. DOI: 10.1103/PhysRevLett.59.381
Chen, B., Yan, Z., & Chen, W., “Defect detection for wheelbearings with time-spectral kurtosis and entropy”, Entropy, Vol. 16,
No. 1, (2014), 607-626. DOI: 10.3390/e16010607

27.

28.

29.

30.

223

V. C. Handikherkar and V. M. Phalle / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 212-223

Persian Abstract
چکیده
نظارت بر شرایط مبتنی بر یادگیری ماشین ( (M Lو تشخیص عیب تجهیزات صنعتی سناریوی فعلی برای نگهداری در دوره  Industry-4.0است .استفاده از تکنیک های
 M Lبرای تشخیص خودکار عیب  ،خرابی غیرمنتظره سیستم را به حداقل می رساند .با این حال  ،این تکنیک ها به شدت به داده های تاریخی تجهیزات برای آموزش آن متکی
هستند که کاربرد گسترده آن را در صنعت محدود می کند .از آنجا که داده های تاریخی ب رای هر ماشین صنعتی در دسترس نیست و تولید داده ها به صورت آزمایشی برای هر
شرایط خطا قابل استفاده نیست .بنابراین  ،این چالش برای استفاده از چرخ دنده با نقص دندان حل می شود .در این مقاله  ،الگوریتم های  M Lبا استفاده از داده های ارتعا ش
شبیه سازی شده گیربکس آمو زش داده شده و با داده های تجربی آزمایش می شوند .داده های شبیه سازی شده برای گیربکس با شرایط کارکرد و خطای مختلف تولید می شود.
از یک مدل دینامیکی گیربکس برای تولید داده های ارتعاش شبیه سازی شده برای شرایط دنده نرمال و معیوب استفاده شده است .یک نویز صورتی به داده های ش بیه سازی
شده اضافه می شود تا دقت داده های درست را بهبود بخشد .عالوه بر این  ،این داده های شبیه سازی شده با استفاده از تجزیه حالت تجربی و تغییر شکل موجک گسسته
پردازش می شوند و ویژگی ها استخراج می شوند .این ویژگی ها سپس به آموزش تکنیک های مختلف  M Lکام الً ثابت مانند ماشین بردار پشتیبان  ،جنگل تصادفی و پرسپترون
چندالیه منتقل می شود .برای تأیید این روش  ،الگوریتم های  M Lآموزش دیده با استفاده از داده های تجربی آزمایش می شوند .نتایج بیش از  ٪87دقت با هر سه الگوریتم را
نشان می دهد .عملکرد مدل آموزش دیده با استفاده از منحنی دقت  ،فراخوان و  ROCارزیابی می شود .این معیارها نتایج مثبتی را برای کاربرد این روش در تشخیص عیب
دنده نشان می دهد.
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1. INTRODUCTION1
Poor thermal characteristics of working fluids such as
water, ethylene glycol, and oil are the main obstacle of
the convectional heat transfer. In order to assess high
thermal conductivity, the idea of adding metallic and
non-metallic particles to common fluids was already
existed. Because of the low development of technology
in the past, they added coarse particles with average
diameters of the millimeter and micrometer to base fluids
to improve their thermal characteristics. Adding coarse
particles to the convectional fluids causes to increase
pressure drop, gravitic sedimentation, clog the entrance
of channels and pipes and erosion of the walls. One of the
innovative ways to overcome these problems is adding
the metallic – nonmetallic nanoscale particles to the base
fluids and make nanofluids. Nanofluids are combinations
of nanoparticles with a maximu m volume fraction of 5%
added to the base fluids. Additionally, the average
diameters of those particles are lesser than 100n m.
Furthermore, the general types of nanoparticles which
used in nanofluids are oxides of metallic and metallic
*Corresponding
Author
Institutional
f.mobadersani@mee.uut.ac.ir (F. Mobadersani)

particles such as alumina, Cu, CuO, magnetite and
organic particles such as carbon nanotubes. In addition to
high stability of nano size particles in base fluid, using
nanofluids leads to increase thermal conductivity of fluid
significantly [1-6]. Many researchers have investigated
the influences of adding those particles on applications
such as drug targeting, heat exchangers, power plants and
etc. Gravndyan et al. [7] have investigated the effects of
ribs mounted on channel surface utilizing Ti2 O/water
nanofluid. They reported in all values of Reynolds
number and ribs aspects ratios, increasing volume
fraction of nanoparticle raise the average Nusselt
number. In another study, Ahmadi et al. [8] reported,
despite pressure drop
increases,
augmenting
nanoparticles volume concentration has positive impacts
on thermal conductivity. Thermal conductivity increase
with temperature increment is reported in Bahiraei and
Mashaei investigation [9]. They reported that by utilizing
small nanoparticle, effects of temperature on thermal
conductivity increase. Ho et al. [10] experimentally
investigated the effects of nanoparticle volume fraction
on heat transfer efficiency in a microchannel. The results

Email:

Please cite this article as: F. Mobadersani, S. Bahjat C. Y., Magnetohydrodynamic (MHD) Flow in a Channel Including a Rotating Cylinder ,
International Journal of Engineering, Transactions A: Basics Vol. 34, No. 01, (2021) 224-233

F. Mobadersani and S. Bahjat C. Y. / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 224-233

indicate that in a special Reynolds number by raising
nanoparticle volume fraction, the average Nusselt
number enhances. In addition, they obtained 53%
increment in average Nusselt at Re=1641 and volume
fraction of 1% in comparis on with the pure water.
Additionally, Heydari and Kermani [11] studied effects
of blocks attached to the bottom wall of the channel
utilizing nanofluid. Their results show that in all values
of Reynolds number and volume fractions of
nanoparticles, augmenting numbers of blocks enhances
top wall average Nusselt number. Khanafer et al. [12]
presented a numerical simulation of nanofluid inside a
cavity for various Grashof numbers. They reported
increases in volume fraction of nanoparticles at any
Grashof number enhances the average Nusselt number,
although intensity of increasing is severe in higher
Grashof numbers. Santra et al. [13] studied the influences
of Reynolds number and volume fraction of
nanoparticles on the flow and heat transfer in two parallel
plates utilizing nanofluid as Newtonian and non Newtonian fluid. Their results show that the
enhancement of the average Nusselt number due to
increasing volume fraction in consideration of non Newtonian fluid is higher than Newtonian fluid. Roslan
et al. [14] numerically investigated square enclosure with
a inner rotating cylinder utilizing different types of the
nanoparticles. They reported Ag particles shows better
efficiency in convection heat transfer with comparison to
Ti2 O, Cu and Al2 O3 . In addition, their results illustrate
cylinder rotation in any direction in case of R=0.2,
(dimensionless radius of the cylinder) has negative
impacts on the average Nusselt number.
Hydrodynamical study of electrical conductive
liquids under the influence of magnetic field is called
Magnetohydrodynamics. In the other word, MHD is the
investigation of the flow-structure by applying a uniform
magnetic field and considering effects of Lorentz force.
Lorentz force is the magnetic force which rises from the
electrical conductivity of fluids and acts as a braking
force. MHD flows has a wide range of industrial
applications such as crystal growth, metal casting,
polymer industry, and liquid metal cooling blankets for
fusion reactors[15-19]. Aminossadati et al. [20] reported
by applying a uniform magnetic field, horizontal velocity
profile along centerline of the channel decrease whereas
at the vicinity of the walls increase. As well as, they
indicated that raising Hartmann number augments the
convective heat transfer. Heydari et al. [21] numerically
investigated the effects of nanoparticles concentration
and effects of Lorentz force in the horizontal channel.
Their results demonstrate that exerting magnetic field
leads to reduce temperature layer thickness and
consequently accelerate heat removal from the surface.
Additionally, they reported raising nanoparticles volume
fraction enhances the temperature layer thickness.
Selimefendigil and Oztop [22] studied numerically
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mixed convection lid-driven enclosure with a inner
rotating cylinder. Their results show that existing
magnetic field has negative impacts on convective heat
transfer. Furthermore, augmenting Richardson number
results in average Nusselt number enhancement.
Hosseini et al. [23] reported, the uniform magnetic field
affects the velocity profile and forces it to be uniform. On
the other hand, the magnetic field increases velocity
gradient near the walls which results in convective heat
transfer improvement. Oztop et al. [24] numerically
investigated the effects of Grashof and Hartmann
numbers in lid-driven cavity. Their results indicate that at
any Grashof number, the existence of a magnetic field
causes convective heat transfer decrement. Aminfar et al.
[25] numerically investigated the effects of magnetic
fields in straight duct utilizing ferrofluid by considering
both FHD and MHD approach. They concluded that by
increasing the strength of Lorentz force, the velocity
profile becomes flat and velocity gradient near the walls
enhances. Consequently, the Nusselt number and friction
coefficient rise due to increasing the strength of Lorentz
force. Ma et al. [26] investigated flow in channel with the
extended surface under the influence of a uniform
magnetic field utilizing hybrid nanoparticles. They
observed that Lorentz force strongly affects the structure
of flow and weaken the strength of the recirculation
zones. Besides, augmenting the magnetic field results in
better convection heat transfer. Mahmoudi et al. [27]
concluded that applying a uniform magnetic field leads
to reduction in convection heat transfer. Additionally, in
all values of Hartmann and Rayleigh numbers, by raising
volume fraction of nanoparticles the average Nusselt
number enhances.
To the best of our knowledge, there is no prior study
on the MHD flow in the vertical channel with an inner
rotating cylinder utilizing nanofluid. The goal of our
study is to investigate the effects of magnetic field and
cylinder rotation on convective heat transfer.
2. MATHEMATICAL FORMULATION
Schematic view of the study domain is represented in
Figure 1. Consider two parallel vertical plates with wide
H and length L=3.5H that Cu-H2 O nanofluid flows
through it. A rotating cylinder has been considered
between the plates. The left wall of the channel is
assumed to be adiabatic, while the right wall maintained
at constant higher temperature T h . No-slip boundary
conditions are imposed on the left and right walls.
Nanofluid with temperature of T in (Th >Tin ) and velocity,
Vin , flows through the domain. An adiabatic cylinder
with a diameter of d=0.4H is placed in the channel with
the coordinance (0.5H, 0.5L) and rotates at constant
angular velocity  .Uniform horizontal magnetic field
applies to the channel. In addition, the gravitational
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acceleration acts in the opposite y-direction. The
geometry is assumed to be long enough to ignore end
effects at the z-direction and can be considered as 2D
dimensions. Ultrafine nanoparticles are assumed to have
uniform shape and size. In addition, fluid phase and
nanoparticles are assumed to be in thermal equilibriu m
with no-slip velocity between them. Thermophysical
properties of the water and nanoparticles are taken to be
constant except for density which changes linearly with
Boussinesq approximation.
The thermophysical
properties of water and nanoparticles are shown in Table
1. According to the above assumptions , the continuity,
momentum, and energy equations for the laminar,
Newtonian fluid, incompressible and steady state flow by
considering Boussinesq approximation with negligible
viscous dissipation and Joule heating can be written as:
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Thermal conductivity of the nanofluid by using uniform
spherical shape of nanoparticles according to Wasp [32]
can be expressed as:
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Electrical conductivity of the nanofluid due to the
Maxwell [33] model is:
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2. 1. Non-dimensional Equations
By defining
non-dimensional parameters and substituting in the
equations of (1-4), the dimensionless equations can be
written as follows:
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Density and the specific heat capacity and the thermal
expansion of the nanofluid are defined, respectively as
[28-30]:
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where ϕ is volume fraction of nanoparticles and the
subscripts ‘bf’, ‘p’ and ‘nf’ denote the base fluid,
nanoparticle and nanofluid, respectively.
Furthermore, dynamic viscosity of the nanofluid
according to the Brinkman [31] model is represented as:
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Figure 1. Schematic diagram of vertical channel with an
inner rotating cylinder
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TABLE 1. Thermophysical properties of water and Cu
nanoparticles
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X

Cylinder:   ,   0


where η is the normal vector to the surface and non dimensional rotational speed of the cylinder can be
d
obtained from:  
.
2Vin

Local Nusselt number along the vertical hot wall of the
channel is:

 k nf

x
k f (1   b )

(16)

Furthermore, by integrating the local Nusselt number
along the hot wall, the average Nusselt number can be
expressed as:

L

L
2H



Nulocal dY

2 Flift

 nf Vin d
2

(20)

where w, f, R, ω and Ω are weight function, residual,
location variables and entire domain, respectively. Using
weighted residual scheme, governing PDEs are
simplified to integral equations, which are then solved in
a matrix by the Newton-Raphson iteration method. The
relative error for each field variable (Γ) should satisfy:


n 1


n 1

n

 10

5

(21)

where n represents the iteration number. The velocity
components and pressure are discretized by utilizing P2P1 Lagrange finite elements. In addition, Lagrange
quadratic finite element was used to discretize
temperature. Unstructured triangular grids are employed
to the domain, which consisted higher resolution near the
walls and the cylinder to augment precision at positions
of higher gradients.
3. 1. Validation
To ensure the accuracy of the
numerical solution, the problem of Park et al. [34] is
modeled to validate the present code results.
Figures 2 and 3 demonstrate the comparison of the
streamlines and the isotherm contours versus different
Rayleigh numbers for the present work and those of Park
et al. [34] Furthermore, Figure 4 illustrates the Nusselt
number variation along the walls of the cavity at Ra=103 .
According to these figures, the results of the present
computational code are precise enough and are in
excellent agreement with those of [34].

(17)

0

Lift and Drag coefficients over the cylinder due to the
Magnus and the flow separation effects are respectively
presented as follows:
CL 

Non-dimensional governing Equations 12-15 along with
the corresponding non-dimensional boundary conditions
are solved by using the Galerkin finite element method.
Modification of the computed field variables and leading
the residual to be zero over the computational domain is
accomplished by using weighted functions.



Inlet condition: U  0, V  1,   0

2H

3. NUMERICAL PROCEDURE
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2. 2. Boundary Conditions
Non-dimensional
boundary conditions of the channel with an inner rotating
cylinder are:
Left wall:

Nu local 
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(18)

3. 2. Grid Independency
In this study, to find
out the solution mesh independency, the domain
discretized to various numbers of elements. Figure 5
demonstrates the average Nusselt number in terms of
element numbers of 2090, 4608, 7434, 11372, 52032 and
195692. According to this figure, by considering finer
elements, results converge to a specific value and do not
change significantly by increasing the numbers of
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Present work

Park et al. [34]

Ra=104
Ra=105
Ra=106
Figure 2. Comparison of streamlines for present work and that of Park et al. [34] in a square cavity with hot and cold inner stationary
cylinder for different range of Rayleigh numbers

Present work

Park et al [34]

Ra=104
Ra=105
Ra=106
Figure 3. Isotherm contours comparison in square cavity with cold and hot inner stationary cylinder with present work and Park et
al. [34] versus varying Rayleigh numbers

Figure 4. Comparison of the Nusselt number between
present work and Park et al. [34] at Ra=103

Figure 5. Average Nusselt number versus elements number
for Ha = 60 and Ω = -10
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elements. As the figure shows, the average difference
between Nusselt numbers for 52032 and 195692 grids is
less than 0.15%. Thus, the 52032 grid is used in the rest
of the simulations.
4. RESULTS AND DISCUSSION
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Figure 8 reveals the effects of Hartmann number
variation on the local Nusselt number. As this figure
shows, at the entry region of flow, by raising the
Hartmann number, the local Nusselt number increment.
This is due to the velocity increment at the vicinity of
walls, resulting in improvement in the convective heat
transfer.

The study aims to investigate the effects of Hartmann
number (0 ≤ Ha ≤ 60) and non-dimensional angular
velocity of the cylinder (-10 ≤ Ω ≤ 10) on the fluid flow
and heat transfer in the channel. Simulation results are
carried out for constant parameters of Re = 200, ϕ =0.04
for all cases.
4. 1. Effects of Hartmann Number
Figure 6
illustrates the effects of different Hartmann numbers on
the flow structure and isotherm contours. Constant
parameters of Ω = 3 and varying Ha = 0, 20, 40, 60 are
considered for these simulations. As the streamlines
show, in the case of no magnetic field (Ha = 0), a large
vortex is formed before the outlet on the hot wall. This
vortex is formed because the separation occurs after the
cylinder. As it can be observed, by raising the Hartmann
number, due to the flow momentum reduction, the flow
structure changes to a uniform configuration and the
vortices eliminate disappear. In addition, there are two
stagnation points in the flow field. The first stagnation
point is at front of the cylinder and the second one is
located at the left side of the cylinder, due to the
counterclock-wise rotation of the cylinder. It can be seen,
by augmenting the Hartmann number that locations of the
stagnation points change and move toward the centerline
of the channel. Despite the flow around the cylinder, the
flow far away from the cylinder is not affected by the
cylinder rotation in the higher Hartmann numbers. As
evident from Figure 6, the cylinder rotation in the center
of the channel causes to temperature boundary layer
clings to the hot wall and consequently accelerate the
convection heat transfer. As it is obvious from
streamlines, the cylinder counterclockwise rotation
conducts fluid flow from the hot wall to the adiabatic wall
and leads to temperature layer thickness increment.
Furthermore, at the front of the cylinder, the isotherms
are squeezed gradually toward the hot wall by
augmenting the Hartmann number. Similarly, the Lorentz
force suppress the vorticities behind the cylinder, with
this in mind that the size of the recirculation zones
restrain as the Hartmann number increase.
Effects of the Hartmann number on the velocity
profile at y/L=0.125 are depicted in Figure 7. As the
figure shows, the Hartmann number increment results in
flattering of the velocity profile at the mid-section of the
channel, and accordingly, the velocity gradient adjust the
walls increases. Similar conclusions have been reported
in previous works as well. [20-21, 23, 25]

Ha = 0
Ha = 20
Ha = 40
Ha = 60
Figure 6. Streamlines and isotherm contours for numerous
values of Hartmann number for Ω = 3

Figure 7. Influences of the Hartmann number on velocity
profile at Y = 0.125 for Ω = 3
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by increasing Hartmann number that leads to improve
convection heat transfer efficiency.

Figure 8. Local Nusselt number variation along the hot wall
against varying Hartmann number for Ω = 3

However, at the location of the cylinder, the flow
structure is in the opposite of the entrance region. In
where, the flow section area is smaller which leads to
higher velocity on the hot wall and applying the magnetic
field causes to reduce the velocity so as the Nusselt
number. Furthermore, as shown in Figure 7, at the back
of the cylinder, further raising in Hartmann number
yields in local Nusselt number enhancement. This
phenomenon corresponds to suppression of the vortices

4. 2. Effects of Non-dimensional Angular Velocity
of the Cylinder
Figure 9 demonstrates the effects
of the cylinder rotation on the structure of flow and the
isotherm contours for different non-dimensional angular
velocity. Positive and negative values of Ω represent
counterclockwise and clockwise rotation of cylinder,
respectively. As shown by streamlines, in the case of Ω =
0, there is one stagnation point at the channel which takes
place in front of the cylinder. This point appears when
free stream encounters the cylinder. In addition, by
enhancing non-dimensional velocity, second stagnation
point appears at the left of the cylinder due to the
counterclockwise rotation of the cylinder. Nonetheless,
the density of the streamlines at the right side of the
cylinder increases as the non-dimensional angular
velocity increases, and hence the local velocity at this
region rises. Furthermore, in the cases of CCW , the
cylinder rotation diverts fluid flow from the hot wall to
the adiabatic wall, which causes a recirculation zone to
form behind the cylinder. In the cases of CW, however,
the aforementioned influences are in opposite with CCW
cases. According to the isotherms, in the direction of
CCW, at the location of the cylinder, the cylinder rotation
pushes isotherms to the hot wall which leads to a thin

Streamlines

Isotherms

Ω = -9
Ω = -6
Ω = -3
Ω=0
Ω=3
Ω=6
Figure 9. Impacts of the cylinder rotation on streamlines and isotherm contours for Ha = 30

Ω=9
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temperature layer. In addition, as mentioned in the
previous section, the cylinder rotation forms a vortex
behind the cylinder and this phenomenon widens the
isotherms behind the cylinder.
However, in the cases of CW rotation of the cylinder,
due to the streamlines, the net effect of the inlet velocity
and the cylinder rotation causes the creation of a
stagnation point before the cylinder. Therefore, the
dominant heat transfer mechanism in this region is
conduction. Moreover, due to the streamline compression
after the cylinder on the hot wall, thickness of the
isothermal lines decrease and therefore the convective
heat transfer mechanism share increases.
The variations of the local Nusselt number alongside
the hot wall with respect to the effects of
counterclockwise rotation of the cylinder are
demonstrated in Figure 10. As the results show, before
the cylinder, any increment in Ω has positive effects on
the Nusselt number. It is due to the rotational velocity
increment of the cylinder that pushes fluid flow to the hot
wall and reduces the thermal boundary layer thickness.
Oppositely, at the behind of the cylinder due to vortex
generation on the hot wall, raising Ω leads to reduce local
Nusselt number.
Influences of the clockwise rotation of the cylinder on
the local Nusselt number are illustrated in Figure 11.
According to this figure, at the front of the cylinder,
increment in angular velocity yields to the Nusselt
number reduction. Because the net fluid flow velocity
decreases by raising angular velocity that causes to
thicken the thermal boundary layer. in contrast to the
front region, at the back of the cylinder, increment in
angular velocity has positive effects on the Nusselt
number. The reason for the mentioned influence is
related to pushing fluid flow to the hot wall by the
cylinder which makes the thermal boundary layer thin
and increases convective heat transfer.
Figure 12 represents the effect of Ω on the average
Nusselt number for different Hartmann numbers. As this
figure depicts, in the condition of no magnetic field (Ha
= 0), in the ranges of -2 ≤ Ω ≤ 0 and 0 < Ω ≤ 3, any
change in the rotational speed of the cylinder has negative
impact on the average Nusselt number. Additionally, in
higher values of Ω, due to the thermal boundary layer
thickness reduction in the back of the cylinder, the
average Nusselt number for both cases of CCW and CC
rotations enhances. Furthermore, as the magnetic field
augments, the effects of Ω on the average Nusselt number
is insignificant. For instance, at Ha = 45 and 60, the
effects of Ω on the average Nusselt number have almost
been eliminated and its variations are independent of Ω.
4. 3. Lift and Drag Coefficients
The effects of
the non-dimensional angular velocity with varying
Hartmann number on the lift coefficient are shown in
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Figure 10. Effects of non-dimensional angular velocity of
the cylinder in direction of counterclockwise rotation on the
local Nusselt number for Ha = 30

Figure 11. Variation of non-dimensional angular velocity of
the cylinder in direction of clockwise rotation with the local
Nusselt number for Ha = 30

Figure 12. Average Nusselt number variation versus the
cylinder rotation against various Hartmann numbers
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Figure 13. As this figure illustrates, any increase in Ω in
terms of CCW and CW rotations of the cylinder causes
to decrease and increase lift coefficient, respectively. In
contrast to CW rotation, as Ω rises in CCW direction, the
flow at the right side of the cylinder accelerates which
forces the pressure gradient to lower and consequently,
the lift force becomes higher. Moreover, as the magnetic
field strength increases, the magnitude of CL at both
rotation directions decrease. This phenomenon
corresponds to the momentum reduction due to the higher
Hartmann number that leads to a decrease in lift force.
Moreover, the negative values of the lift coefficient
represent the opposite direction of the lift force.
Additionally, it is worth to mention that, the value of the
lift coefficient at stationary case of the cylinder (Ω = 0)
is zero and does not changes with the Hartmann number.
It is due to symmetric fluid flowing on the stationary
cylinder.
Figure 14 demonstrates the effect of varying Ω on the
drag coefficient for different Hartmann numbers. As
shown in this figure, in the case of no magnetic field (Ha
= 0), any enhancement in Ω magnitude, in turn, increases
the drag coefficient. Moreover, by increasing Ω, the
rotational cylinder causes to guide the flow to the back of
the cylinder that leads to creating a negative pressure
gradient and therefore the drag force increases. Similarly ,
as the magnetic field is increased, for lower numbers of
Ω (-5≤ Ω ≤5) drag coefficient increases. It is worth to
say that applying the magnetic field eliminates wake
regions behind the cylinder. As Figure 14 shows, any
increment in the Hartmann number results in a uniform
distribution of the drag coefficient. In other words, the
Hartmann number decreases the dependence of the drag
coefficient on non-dimensional velocity. This
phenomenon is due to the braking action of the Lorentz
force that controls fluid flow and restrains fluctuations.
5. CONCLUSION
Heat transfer and fluid flow of the straight vertical
channel with adiabatic rotating cylinder utilizin g
nanofluid affected by uniform magnetic field are
numerically studied. Effective parameters such as
Hartmann number and direction of rotation are examined .
Following points can be concluded from this study:
 Magnetic field reduces the velocity of the core flow
while it increases the velocity near walls, and
therefore enhances the convection heat transfer.
 In absence of the magnetic field, the cylinder
rotation causes vortex to form behind the cylinder
near the walls. However, by applying magnetic field
the vortex weakens.
 The highest Nusselt numbers achived at Ω = -10 in
the case of no magnetic field and enhancement due
to the motionless cylinder is 51%.




In higher Hartmann numbers, the average Nusselt
number does not change remarkbaly with Ω .
Magnitude of the drag and the lift coefficients of the
cylinder increased in higher Ωs. In addition,
applying the magnetic field leads to a decrease in
lift coefficient and reduces the dependency of the
drag coefficient to Ω.
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Persian Abstract
چکیده
 در کار حاضر جر یان و انتقال حرارت نانوس یال در ی ک کانال عمودی.امروزه تحلیل انتقال حرارت در کانال ها و محفظه ها مورد توجه بسیاری از پژوهش گران قرار گرفته است
⸲ میدان مغناطیسی ی کنواخت به سیال اعمال شده و تاثیر جهتهای مختلف چرخش استوانه. به صورت عددی مطالعه گرد یده است، که شامل ی ک استوانهی چرخان می باشد
 نتا یج نشان میدهد که با افزا یش عدد هارتمن⸲ در سرعتهای دورانی کم استوانه⸲ عدد ناسلت متوسط افزا یش م ی.عدد هارتمن و سرعت دورانی استوانه بررسی شدهاست
 عالوه برآن⸲ مطالعهی ضرا یب درگ و برآ نشان میدهد. برخالف آن⸲ در اعداد هارتمن باالتر⸲ عدد ناسلت متوسط تغ ییرات چشمگیری با سرعت زاو یهای بیبعد ندارد.یابد
 به همین ترت یب⸲ توز یع تقر یباً ی کنواخت ضر یب درگ در اعداد هارتمن.که در عدد هارتمن ثابت⸲ بیشتر ین ضر یب درگ در بیشتر ین سرعت زاو یهای استوانه اتفاق میافتد
. نتا یج عددی با گزارشهای گذشته مقا یسه شده و ا ین مقا یسه تطابق بسیار مناسب بین آنها را نشان میدهد.بزرگتر مشاهده میشود
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A B S T R A C T
An innovative design of a supersonic rotor pressure-exchange ejector is introduced in this paper. In this
design, momentum is exchanged between supersonic primary flow and secondary flow using an idle
rotor. A CFD code developed to model the 3-D compressible, viscous and turbulent flow of air inside
the new design of ejector. Roe approach and Spallart-Allmaras methods used to analyze flow inside the
ejector. The flow inside the ejector was modeled by using a structured grid and air was employed as the
working fluid in both primary and secondary streams. The Mach number of the motive flow was set at
2. Momentum exchanged between t he primary and secondary flows because of direct contact between
those. In addition to that, rotation of idle rotor and mechanical blades entrained the secondary flow to
the ejector. Enthalpy, entrained mass flow rate and created vacuum presented for the f low inside the
ejector for different configurations of the rotor and ejector until an optimum case was achieved. Also,
uniformity of the flow at discharge section compared between ejectors. For the optimum case with the
presented geometry, the ultimate rotor speed of 50000 rpm was obtained and an increase of 47% in
entrainment ratio achieved with respect to the stationary blades. T o study the flow field in more details,
the contours of the Mach number and stagnation pressure were compared according to the different
sections of computational domain.
doi: 10.5829/ije.2021.34.01a.26

NOMENCLATURE
𝑄
𝐸, 𝐹, 𝐺
𝐸𝜈 , 𝐹𝜈, 𝐺𝜈
𝑥, 𝑦, 𝑧
𝑡
𝑢, 𝑣, 𝑤
𝑝
𝑊𝑖𝑗
𝑑

Primitive variable matrix
Inviscid fluxes
Viscous stresses and heat fluxes
Cartesian coordinates
T ime
Cartesian velocity components
Pressure
Vorticity tensor
Distance from nearest wall

1. INTRODUCTION1
Ejectors are widely used in different industries. This
device can convert low-grade energies into power. In
addition to the ability of creating compression without
using any moving parts, ejectors have the advantage of a
simple
structure causing their manufacturing,

𝑒
𝑞𝑖

T otal energy per unit mass
Heat flux

Greek Symbols
ρ
𝜏𝑖𝑗
𝜐
𝜐𝑡
𝜐̅
𝛺

Density
Viscous stress tensor
Kinematic viscosity
T urbulent viscosity
Working variable in Spalart-Allmaras turbulence model
Magnitude of vorticity

installations and operations to be simpler than those of
other compression systems.
One of the major applications of ejectors is in Ejector
Refrigeration Systems (ERS). Le Blanc and Parson
developed the first steam jet refrigerator in the early
1900s. It has experienced great popularity during the
early 1930s for the air conditioning systems of large
buildings. Ejectors are also utilized in vacuum systems
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like steam surface condensers. In this way, ejector
reduces the pressure and temperature in condenser and
therefore, smaller sizes of condensers can be employed
to perform the same duty of condensation. Moreover,
ejectors are also applied for evacuation of vessels
containing toxic or flammable gases.
The streams passing through ejectors include high
and low energy streams in which a high pressure flow is
converted into a high speed flow after passing through
the convergent-divergent motive nozzle of an ejector.
This flow entrains a secondary flow through the suction
nozzle and after exchanging power and mixing high and
low energy streams in the mixing chamber, there will be
an intermediate pressure in the discharge nozzle. In other
words, ejectors can entrain a secondary flow and increase
its pressure through a high energy flow at the primary
nozzle.
In spite of all the benefits of ejectors, they have low
efficiencies. Therefore, many researches are being
conducted on ejectors to improve their efficiencies and
entrainment ratios. Some of these studies are reported
hereunder.
Suvarnakuta et al. [1] have used the computational
fluid dynamics (CFD) to investigate the performance of
a steam ejector employed in a refrigeration system to
increase its functionality and coefficient of performance
(COP). They modeled a 2D-axisymmetric two stage
ejectors and performance compared with the available
single stage ejector refrigeration system. CFD results
provided high entrainment ratio of 77.2% and 21.9%
decrease in back pressure of ejector system. In this
research, they achieved high refrigeration capacity and
low condensing pressure.
Meyer et al. [2] established an experimental setup of
a small-scale steam jet ejector. They studied the
Coefficient of Performance (COP) of their ejector with
changing the primary and secondary throat diameters,
boiler temperature, motive nozzle discharge position and
condenser pressure.
XChen et al. [3] provided a literature review on the
recent development of ejectors and refrigeration systems.
They reported several useful researches in their review
articles, including refrigerant selections, mathematical
modeling and numerical simulation of ejector systems,
geometric optimizations, modification of operating
conditions and combinations with other refrigeration
systems.
Hong et al. [4] presented a computational and
experimental program for designing a rotorvane/pressure-exchange ejector for thermally driven
ejector refrigeration systems. In their research, careful
management was performed to control the entropy rise
through the oblique shocks and boundary layers. They
focused on the selection, design and optimization of their
ejector rotor and blades. In addition, total pressure
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distribution for different blade spin angles and different
rotor speeds were compared.
Gould and Garris [5] worked on the computer
simulation and theoretical analysis of a steam pressure
exchange ejector for an automobile. Waste heat from the
internal combustion engine exhaust was captured to run
the boiler of the steam ejector refrigeration system. In
their study, theoretical and numerical results compared
with the experimental data from an existing ejector
refrigeration system for the automobile.
Chenghua et al. [6] used CFD methods to study the
entropy production and pressure loss in a supersonic
rotor-vane ejector. The expansion shock waves at the
rotor tails induced the secondary flow and enhanced the
mixing of two flows at a short distance. They showed that
turbulence effects were weak and negligible. They had
also studied effects of vane configuration and speed on
ejector efficiency.
2. TURBO-EJECTOR
To resolve the problem of low efficiency and small
entrainment ratio in ejectors, a new configuration was
presented for them. In this configuration, an integrally
turbine-compressor blade was located in front of the
primary flow. In fact, the rotor blades played the roles of
both turbine and compressor blades. Figure 1 shows a
schematic view of the desired turbo-ejector. In this
model, a high pressure-flow enters the motive nozzle and
expands to supersonic speed after passing through the
convergent-divergent primary nozzle.
Same as the turbine, admission of the high-velocity
flow to the inner part of the blades caused the cascade to
rotate around the frictionless shaft. Thus, the outer part
acted as a compressor blade and entrained the flow from
the suction chamber. In this way, two different natures of
flow entrainment were employed. The first was the shear
stresses at the tangential interface between the primary
and secondary flows as a result of turbulence and
viscosity, and the work of normal pressure forces. This is
the same scenario that appears in common ejectors. The
second was the solid vanes that transferred momentum

Figure 1. A schematic view of turbo-ejector
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and energy to the fluid in contact, like the turbomachines.
In this study, a CFD code named HORMOZ 3-D was
developed for analyzing and modeling 3-D turbulent
compressible flow inside the introduced turbo-ejector.

General form of the Spalart-Allmaras turbulence
model with the assumption of turbulence flow at the
entrance to the blades is:

3. GOVERNING EQUATIONS

̅
𝐷𝜐
𝐷𝑡

To model the flow inside the turbo-ejector, the system of
partial differential equations for the conservation of
mass, momentum and energy, known as the NavierStokes equations, were employed. The complex nature of
the governing equations limits the analytical solutions to
simple flows and configurations. Therefore, numerical
techniques are required for more complex problems. The
control volume procedure used in Roe’s method [7, 8, 9]
was applied to model a three-dimensional compressible
flow inside the turbo-ejector. The Spalart-Allmaras
method was also employed with some modifications to
model the turbulent flow inside the domain [10].
In the three-dimensional Cartesian coordinates, the
conservative form of the equations is given in a vector
form as follows:
𝑄𝑡 + (𝐸 − 𝐸𝜐)𝑥 + (𝐹 − 𝐹𝜐)𝑦 + (𝐺 − 𝐺𝜐)𝑧 = 0

(1)

where 𝑄 is the primitive variable matrix, 𝑡 time and 𝑥, 𝑦,
𝑧 are the three directions in the Cartesian coordinate.
Matrices 𝐸, 𝐹 and 𝐺 are inviscid flux terms, and Eυ , Fυ
and Gυ represent viscous terms. Matrix 𝑄 and inviscid
flux terms are:
𝜌𝑢
𝜌𝑢 2 + 𝑝
𝜌𝑢𝑣
𝜌𝑢𝑤

𝜌
𝜌𝑢
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,
𝜌𝑤
𝑝
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𝜏 𝑧𝑧
{𝑢𝜏 𝑧𝑥 + 𝑣𝜏 𝑧𝑦 + 𝑤𝜏 𝑧𝑧 − 𝑞𝑧 }

(2)
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and
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]

(6)

= √2𝑊𝑖𝑗𝑊𝑖𝑗

𝑊𝑖𝑗 is the vorticity tensor. To solve the equation, 𝜐̅ was
set to zero for the wall boundary conditions. Other
constant parameters were set as below:
𝜎 = 2/3, 𝐶𝑏1 = 0.1355, 𝐶𝑏2 = 0.622,
𝐾 = 0.41, 𝐶𝑤1 =
2,𝐶𝜐1 = 7.1

𝐶𝑏1
𝐾2

+

(1+𝐶𝑏2)
,𝐶𝑤2
𝜎

= 0.3, 𝐶𝑤3 =

(7)

As stated before, one of the major roles of ejectors is
to transfer power from high-energy (motive) zone to the
low-energy (suction) zone. In other words, it is favorable
to have a uniform distribution of stagnation enthalpy at
the discharge section. To count the uniformity, two
parameters of 𝐻0,𝑜𝑢𝑡𝑙𝑒𝑡 (summation of stagnation
enthalpy at the discharge section) and 𝐻0,𝑛𝑜𝑛−𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦
(summation of enthalpy deviation from the average
value) are defined as follows:

𝐶𝑝𝑇0 )

(3)

(4)

where turbulent kinematic viscosity is :

𝑜𝑢𝑡𝑙𝑒𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝐻0,𝑛𝑜𝑛−𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 = ∑ 𝑚̇ (

where 𝑒 is total energy per unit mass.
The viscous terms are:
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{ 𝑢𝜏 𝑦𝑥 + 𝑣𝜏 𝑦𝑦 + 𝑤𝜏 𝑦𝑧 − 𝑞𝑦}

̅ 2
𝜐

𝐶𝑤1𝑓𝑤 [ 𝑑]

𝐻0,𝑜𝑢𝑡𝑙𝑒𝑡 = ( ∑ 𝑚̇ 𝐶𝑝 𝑇0 )

𝑝

{𝜌(𝑒 + 𝜌)𝑤}

0
𝜏 𝑥𝑥
𝜏 𝑥𝑦
𝐸𝜈 =
,
𝜏 𝑥𝑧
{𝑢𝜏 𝑥𝑥 + 𝑣𝜏 𝑥𝑦 + 𝑤𝜏 𝑥𝑧 − 𝑞𝑥 }
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= 𝐶𝑏1Ω
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𝐻0,𝑜𝑢𝑡𝑙𝑒𝑡
𝑀̇𝑜𝑢𝑡𝑙𝑒𝑡

(8)

−
(9)

𝑜𝑢𝑡𝑙𝑒𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

The above equations were employed to compare the
enthalpy distribution in different turbo-ejector models. It
is also noticeable that the above mentioned stagnation
enthalpies were based on the absolute velocities in the
ejector.
Entrainment ratio is defined as:
𝐸𝑛𝑡𝑟𝑎𝑖𝑛𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 =

𝑀̇𝑠𝑢𝑐𝑡𝑖𝑜𝑛 𝑧𝑜𝑛𝑒
𝑀̇𝑚𝑜𝑡𝑖𝑣𝑒 𝑧𝑜𝑛𝑒

(10)
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where 𝑚̇ and 𝑀̇ are mass flow rates at each cell and at the
specified section, respectively.
Navier-Stokes equations were written in the Rotating
Reference Frame (RRF) for both stationary and moving
parts. Explicit discretization was used for Navier-Stokes
equations and turbulence modeling.
For the code validation, the experiment results of
some internal and external flows were compared with the
code solutions. Also, convergence history and grid
independency were reviewed and checked for the
solutions achieved from this code.
4. TURBO-EJECTOR GEOMETRY
To analyze the flow in turbo-ejectors, the domain
between two adjacent blades, including inlet and outlet
zones, was chosen as shown in Figure 2. A structural grid
with the dimensions of 105 × 40 × 40 in X, Y and Z
directions was employed as displayed in the following
figure (Figure 2).
In this research, the following geometries were
analyzed and studied for the flow inside the turbo-ejector.
Rotor had the inner and outer blade diameters of 6 cm
and 10 cm, respectively with the width of 2 cm. The
lengths of the stationary zone at the blade upstream and
downstream were 1cm and 5cm, respectively. The blade
orientations with respect to the rotation axis were 10° and
20° and the flow direction at the entrance was in the
positive 𝑋 direction which is the rotation axis . Figure 3
represents a schematic view of four turbo-ejector rotors
with different configurations.
All these rotors were located in the ejectors with
similar configurations and some comparisons were made
between those to find the best solution for the turboejector.
5. CODE VALIDATION
To validate the in-house developed code, grid
independencies were checked for different cases and the
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Figure 3. A schematic 3-D and 2-D views of four rotors with
different configurations
A: Pitch angle 10°; B: Pitch angle 20°; C: Pitch angle 10°
with conical hub angle of 28°; D: Pitch angle 20° with
conical hub angle of 28°

same results achieved for pressure, density, temperature
and velocity components in the flow field. In addition,
graphs of convergence history depicted the smooth
convergence of the code to the final solutions. As a
sample, convergence history for Ejector B is represented
in Figure 4, where the vertical axis (Error) is the
difference between two alternative iterations for the
summation of the desired parameter in the whole domain
and the axial axis is the number of iterations.
As shown here, this case is converged in less than
30000 iterations for the grid dimensions of 105 × 40 ×
40 in X, Y and Z directions.
In addition to above, this code was checked and
proved for some other internal and external flows. A
sample is shown in Figure 5 that is the supersonic flow
on a cone with different attack angles [11].
Mach number for air at the entrance to the cone was
2.72 and as shown in Figure 6, a structured grid with the
dimensions of 30 × 70 × 20 in axial, radial and
circumferential directions was employed.
Figure 7 shows the results for pressure coefficient on
the cone body in circumferential direction for the various
angles of attack as 𝑎 = 0°~30°.
Results
showed acceptable conformity
of
experimental and numerical results.

100.00

Density
U
V
W
P

Error

10.00

1.00
0.10

0.01
0.00

0

Figure 2. Computational domain of ejector and the structured
grid

10000

20000
30000
Iteration
Figure 4. Convergence history of the flow in Ejector B
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6. BOUNDARY CONDITIONS

Figure 5. Cone geometry and the location of pressure probes

Air was the working fluid for both the admitted and
entrained sections of the ejector. Mach number at the
entrance to the admission zone was 2 with the static
pressure and temperature of 100KPa and 300K,
respectively. The stagnation pressure and temperature at
the entrance to the entrained part of the turbo-ejector
were 100KPa and 300K, respectively. The onedimensional Riemann characteristic equation was used to
find the entrained flow velocity [12, 13]. For the outlet
section, the supersonic flow parameters were
extrapolated from the properties inside the domain and
back pressure of 100Kpa was set for the subsonic region.
Periodic boundary conditions were considered for the
side walls of the inlet and outlet zones and no slip
condition was set for the flow on the blade walls.

7. RESULTS

Figure 6. Structured grid on the cone with dimensions of
30 × 70 × 20 in axial, radial and circumferential directions
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In this part, all Ejectors A, B, C and D were analyzed and
flow parameters compared between ejectors. Then, the
best case was chosen to study the flow field in more
details. High energy admission to the ejector caused the
rotor to reach its final speed when began to rotate idly
around its axis. To find the final speed using CFD
analysis, the speed was increased from zero and the
resultant momentum on the rotor in axial direction
(rotation axis) was calculated in each stage. The final
speed occurred when the resultant momentum on the
rotor equaled zero. Figure 8 shows a sample of
momentum variation with regard to the rotor speed for
Ejector B. As shown in this figure, final speed of 50000
rpm was achieved, where axial momentum on the rotor
became zero.
Figure 9 shows the variations of enthalpy non uniformity, 𝐻0,𝑛𝑜𝑛−𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 , with regard to the rotor
speed for all the ejectors. In this diagram, speed increased
from zero to the final speed of ejector.
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Figure 7. Circumferential pressure distribution for the cone
at various angles of attack
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Generally, results for grid independency, convergence
history and different case studies depicted the acceptable
solutions of this code.
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Figure 8. Variations of the torque on the rotor of ejector B
with respect to its speed
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Figure 11. Variation of suction static pressure for the
ejectors with respect to the rotor speed

As shown in this figure, non-uniformities for Ejectors
A and B are less than Ejectors C and D. In other words,
Ejectors A and B have more uniform distributions of
stagnation enthalpy at the outlet section compared to
those of Ejectors C and D. Also, Ejector B displayed a
slightly better operation than Ejector A.
One of the modifications on ejectors is to suction
more flow through suction nozzle and to create more
vacuum in this region. Figures 10 and 11 represent and
compare the mass flow rate and suction pressure in
entrained region between different configurations of
ejectors.
As shown in Figure 10, the highest entrained flow
appears in Ejector B. It is such that the motive mass flow
rates are the same for all ejectors. Results show that mass
flow rate for Ejectors A and B are higher than those for
C and D. This means that conical hub and created oblique
shock wave has reduced the entrained mass flow rate
through suction zone.
Suction pressure in the region of entrained flow is
presented and compared for all ejectors in Figure 11.

As shown in this figure, the same as previous results,
Ejectors A and B have created higher vacuum (lower
suction pressure) with respect to Ejectors C and D.
Entrainment ratio of Ejectors for speed variations
from zero to final speed is prototyped in Figure 12.
As shown in this figure, increase in rotor speed and
blade rotation cause enhancement of the entrainment
ratio. It means that mass flow rate in suction side of the
ejector increases by raising the rotor speed from zero to
the final speed. As a sample for Ejector B, the
entrainment ratio was 0.36 for the rotor final speed of
50000 rpm. It is such that, an increase of 47% in
entrainment ratio achieved with respect to the stationary
blades of this ejector.
All above results obtained in Figures 9, 10, 11 and 12
prove that Ejector B has shown better results than other
ejectors. Thus, the CFD results of Ejector B were focused
on.
To study the ejector in more details, some sections
depicted in Figure 13 were selected for reporting flow
properties inside the domain.
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Figure 10. Variation of suction mass flow rate for the
ejectors with respect to the rotor speed
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Figure 9. Variation of stagnation enthalpy non-uniformity
for the ejectors with respect to the rotor speed
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Figure 12. Entrainment ratio variations with respect to the
rotor speed for all ejectors
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Figure 13. A schematic view of some selected sections

As can be seen, Plane XY is located at the middle of
the domain in axial direction. Planes XZ1 and XZ2 are at
middles of admission domain and suction zone in radial
direction, respectively. In the same manner, Planes YZ1
and YZ2 are at the middles of the blade section and
discharge zone in circumferential direction, respectively.
In Figure 14, the streamlines on some planes are
displayed based on the absolute velocities. As shown in
this figure, the secondary flows appear in the blade and
discharge zones in the axial direction. These secondary
flows can mix the high and low energy streams in the
flow field and improve the uniformity of enthalpy at the
discharge section. In addition, there is a tendency of the
motive flow to expand towards the suction zone on Plane
XY.
The contours of the absolute Mach number on two
different planes in the axial direction are prototyped in
Figure 15. Creations of the oblique shock waves at the
edges of the blades in the admission zone are shown in
Plane XZ1. As can be seen in plane XZ2 that is located
in the entrained zone, Mach number increases gradually
from the inlet to the outlet section of the ejector.
However, as shown in this figure, there are some
secondary flows that are mixing the primary and

Figure 14. Streamlines on the planes XY, YZ1 and YZ2

Figure 15. Contours of M ach number on Planes XZ1 and
XZ2 inside the domain

secondary streams at the downstream of the blades. The
detailed contours of Mach number on Plane XY are
shown in Figure 16. Mach number at the entrance to the
ejector is 2 for motive flow and nearly 1 for the suction
flow. The secondary flows are also shown at the
downstream of the blade. In this figure the contour of
Mach number for the rotor with zero speed is compared
with its final speed. As shown, the Mach number of the
entrained flow at the inlet to the ejector is about 0.4 for
Plane XY in the second case when the rotor is fixed. In a
way that same value of about 1 has been obtained for the
rotor final speed of 50000 rpm. In other words, rotation
of the blades has increased the Mach number of the
entrained stream to the sonic flow and thus, a higher
entrainment ratio has been achieved.
Counters of the stagnation pressure on three sections
of the inlet, outlet and Plane XY are displayed in Figure
17. This figure shows the variation of total pressure
through ejector. Contours of 𝑃0 in the inlet section
represent the huge difference between momentums of the
motive and suction flows. Similar results for Plane XY
indicate the momentum exchange between the high and
low energy streams when passing through the turbo ejector.

Figure 16. Contours of M ach number on Plane XY inside
the domain the for stationary and rotating blades

M. Sarvalishah et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 234-242

241

9. REFERENCES
1.

2.

3.

Figure 17. Contours of stagnation pressure on planes XY,
inlet and outlet

𝑃0 distribution is also depicted in the outlet section of
the ejector. Comparison between inlet and outlet sections
shows the momentum exchange between primary and
secondary flows. However, the flow at the discharge is
not uniform and more power exchange can occur at the
downstream of the ejector.

4.

5.

6.

Chenghua, C., Qiang, P., Xingyou, Y., & Juan, Z., “Numerical
simulation of flow mechanism of unsteady supersonic rotor-vane
ejector”, Journal of High Power Laser and Particle Beams, Vol.
26, (2014), 039001, doi: 10.2514/6.2001-858.

7.

Chackravarthy, S. R., Szema, K. Y., “Euler Solver for T hreeDimensional Supersonic Flows with Subsonic Pockets”, Journal
of Aircraft, Vol. 24, No. 2, (1987), 73-83.
Farhanieh, B., Amanifard, N., Ghornanian, K., “Numerical
Investigation on Compressible Flow Characteristics in Axial
Compressors Using Multi-Block Finite Volume Scheme”,
International Journal of Engineering, Transactions A: Basics,
Vol. 15, (2001), 91-104.

8. CONCLUSION
8.

In this investigation, a new configuration has been
presented for an ejector equipped with an idle rotor. To
analyze the flow inside the rotor, a CFD code of
HORMOZ 3-D was developed to model the 3-D
compressible, viscous and turbulent flow. Four ejectors
with different rotor configurations were modeled and the
best case was selected to study the flow in more detail.
Entrainment ratio variations with respect to the rotor
speed were reported for the ejectors. The rotor speed
ramped to the final speed where the torque on the rotor
was zero and a speed of 50000 rpm was achieved for
Ejector B. At this speed, the streamlines and contours of
Mach number and stagnation pressure on different
sections of the flow field were examined. The contours
clearly revealed the creations of compression and
expansion oblique shock waves. Results indicated that
motive flow at the outlet of the ejector, still have more
power to be exchanged with the entrained flow, while
some further exchange power could occur downstream of
the rotor to provide better efficiencies. In addition, higher
efficiencies could result from rotor geometry
optimization.

Suvarnakuta, N., Pianthong, K., Sriveerakul, T ., &Seehanam,
W.,” Performance analysis of a two-stage ejector in an ejector
refrigeration system using computational fluid dynamics”,
Journal of Engineering Applications of Computational Fluid
Mechanics,
Vol.
14,
(2020),
669-682,
doi:
10.1080/19942060.2020.1756913
Meyer, A. J., Harms, T . M., Dobson, R. T ., “Steam jet ejector
cooling powered by waste or solar heat”, Journal of Renewable
Energy,
Vol.
34,
(2009),
297-306,
doi:
10.1016/j.renene.2008.03.020
Chen, X., Omer, S., Worall, M., Riffat, S., “Recent Developments
in ejector refrigeration technologies”, Journal of Renewable and
Sustainable Energy Reviews, Vol. 19, (2013), 629-651, doi:
10.1016/j.rser.2012.11.028
Hong, W. J., Alhussan, Kh., Zhang, H., Garris, C. A., “A novel
thermally driven
rotor-vane/pressure-exchange ejector
refrigeration system with environmental benefits and energy
efficiency”, Journal of Energy, Vol. 29, (2004), 2331-2345, doi:
10.1016/j.energy.2004.03.050
Gould, D., Garris, C., “T heoretical analysis of the pressure
exchange ejector for an automotive car conditioning
applications”, George Washington University, Master of Science
thesis, (2009).

9.

10.

11.

12.
13.

Bagheri-Esfe, H.,DehghanManshadi, M., “ A Low Cost
Numerical Simulation of a Supersonic Wind-tunnel Design”,
International Journal of Engineering, Transactions A: Basics,
Vol. 31, No. 1, (2018), 128-135, doi: 10.5829/ije.2018.31.01a.18
Allmaras, S. R., Johnson, F. T., Spalart, P. R., “Modification and
Clarification for the Implementation of the Spalart -Allmaras
T urbulence Model”, 7 th international conference on
Computational Fluid Dynamics, Big Island, Hawaii, (July 9-13,
2012), 2012.
R. Yahalom, “An experimental investigation of supersonic flow
past yawed cones”, College of engineering, University of
Calofornia, Berkeley, Report No. AS-71-2, (1971).
Adel Zaki, M., “Physics Based Modeling of Axial Compressor
Stall”, Georgia Institute of T echnology, PHD thesis, (2009).
Niazi, S., “Numerical Simulation of Rotating Stall and Surge
Alleviation in Axial Compressors”, Georgia Institute of
T echnology, PHD thesis, (2000).

M. Sarvalishah et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 234-242

242

Persian Abstract
چکیده
در این تحقیق یک طرح جدید از اجکتور پرهدار فرا صوتی ارائه شده است که در آن از یک روتور هرزگرد برای انتقال ممنتم از جریان فرا صوتی اولیه به جریان ثانویه کمک
گرفته شده است .برای بررسی و مدل سازی جریان درون این نوع اجکتور یک کد  CFDتولید شده که قادر است جریان سهبعدی ،تراکمپذیر ،گرانرو و متالطم را درون اجکتور
شبیهسازی کند .در این کد از روش  Roeو مدل تالطمی  Spallart-Allmarasبرای مدلسازی جریان تراکمپذیر و متالطم درون اجکتور استفاده شده است .برای این کار
از یک شبکهی سازمان یافته استفاده شده و هوا به عنوان جریان اولیه و ثانویه به کار گرفته شده است .عدد ماخ هوا در خروجی نازل جریان اولیه و در ورودی به پره های روتور
 2میباشد .این جریان عالوه بر این که با جریان ثانویه در تماس است و انتقال ممنتم از طریق تماس آنها رخ می دهد ،سبب چرخش روتور هرزگرد نیز میشود که در پی آن
جریان ثانویه به کمک پره های مکانیکی به درون اجکتور مکیده می شود .در این تحقیق چندین هندسه متفاوت از اجکتور بررسی شده و میزان آنتالپی ،جریان مکش شده و فشار
مکش برای حالت های مختلف مقایسه شده است .همچنین  ،معیاری برای مقایسه و اندازه گیری میزان یک نواختی جریان در خروجی از اجکتورها ارائه شده است .طبق نتایج به
دست آمده در بهترین حالت از گزینه های مورد بررسی ،سرعت روتور  50000دور بر دقیقه بوده و نسبت مکش در مقایسه با همان اجکتور با روتور ثابت  %47 ،افزایش نشان
می دهد .برای بررسی جریان با جزئیات بیشتر ،کانتورهای ارائه شده میزان تغییرات عدد ماخ و فشار کل را در مقاطع و صفحات مختلف از اجکتور نشان میدهد.
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Perforated composite panels are widely used in many engineering applications as subcomponents of
complex structures including aircraft, ships, and other transport vehicles. In many of these applications,
the primary objective of using the panel is to resist buckling. In this present study, a finite element
analysis is performed adopting popular commercial software code Ansys on the buckling behavior of a
simply supported quasi-isotropic symmetric composite panel with central circular cutouts, reinforced
with stiffeners on both sides of the cutouts under uniaxial, biaxial and combined loading conditions. The
main objective is to achieve the elastic buckling response of the perforated composite panels considering
some important aspects of the stiffener as follows: (1) effect of the presence of reinforcement, (2) effect
of stiffener area, (3) effect of stiffener thickness, (4) effect of stiffener material and (5) effect of fiber
orientation angle. It is observed that reinforcement can significantly improve the critical buckling load
of a panel, which is already reduced due to cutouts. Then, increasing the area of the stiffener does not
have a major impact on the buckling stability of the panels. However, increasing the thickness can play
a crucial role to strengthen the buckling stability. Finally, it is found that in comparison to aluminum and
titanium alloys, epoxy-carbon is more practical as a stiffener material with correct fiber orientation angle
(90°), considering the low weight increment and higher buckling achievability.
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1. INTRODUCTION1
Composite panels are often used as fundamental
structural components in both the transportation and
infrastructure industries. Cutouts are frequently found in
these panels to meet the specific requirements based on
applications like maintenance, pipe and cable access,
hydraulic lines, weight reduction, etc. However, due to
cutouts, in-plane compressive loading capability (also
known as critical buckling) of thin-walled panels,
reduces significantly with increasing cutout diameter [13]. Besides, various cutout shapes (circular, elliptical,
square, triangular, etc.) present in the panel can
significantly affect the critical buckling load [4], in some
cases up to 50% [5]. In general, both circular and
elliptical cutouts provide optimum buckling load [6]
while their location in the panel is also crucial [7].
Among other important parameters, boundary and
loading conditions have a great influence in the buckling
*Corresponding
Author
Institutional
rayhan,saiaf@mail.nwpu.edu.cn (S. B. Rayhan)

load assessment of composite panels [8-11]. For instance,
buckling load of a rectangular panel with clamped clamped type boundary condition is twice that of
clamped-simply supported condition, irrespective of
various linearly varying in-plane compressive loads [12].
Furthermore, square panels with partial edge
compression showed completely different behavior
compared to those with full edge compression [13].
It is not always feasible to determine buckling
strength of composite panels due to the complex setups
(e.g., poor hand layup manufacturing process of
composite panels [14], shear loading [15], etc.) and costs
involved. On the other hand, readily available analytical
formulas are not always applicable for panels, especially
with cutouts [16]. Therefore, commercial finite element
analysis (FEA) packages, namely, Abaqus, Ansys, MSC
Nastran, etc., are widely adopted to conduct various
parametric studies on the buckling strength of panels [1722]. In most cases, the predicted buckling [23, 24] and
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post-buckling [25] strength using FEM agrees quite well
with the experiments. However , in some particular
instances, the discrepancy may reach up to 30% due to
imperfections found in the tested specimen, material and
experimental boundary conditions [26].
As described earlier, cutouts are inevitable in panels,
which eventually decrease the in-plane compressive
loading capability of structures. Therefore, it is common
in offshore structures to adopt various reinforcement
types to strengthen the buckling load capability of
isotropic panels, which are mainly selected based on
loading conditions [27]. Apart from that, perforated
composite panels can also be strengthened with flange
reinforcement, ring reinforcement, flange and ring
reinforcement, and double ring reinforcement. It is
reported that for composite panels under shear loading,
double ring reinforcement is most effective; when
considering both stress reduction and buckling stability
[28]. Subsequent research reveals that the critical
buckling load of a composite C-section flange can be
increased by 20.9% with a reinforcing L-shape stiffener
[29]. More recent investigation on the reinforcement of
composite perforated panels suggests that longitudinal
and planer type stiffener can improve the buckling load
capacity of panels by 2.8 and 1.9 times in contrast to the
panel without the stiffener, respectively [30].
While several contributions] are made to investigate
the critical buckling load of the panels, only a few studies
are reported to reinforce the cutouts and improve the
buckling stability of the panels [1-13, 17-21, 23-30].
Moreover, no investigations are found to address the
effect of reinforcement parameters like area and
thickness of stiffener, stiffener material and fiber
orientation angle of composite stiffener on the buckling
stability of the panels. Therefore, the main objective of
this current research is to study the critical buckling
improvement of simply supported composite panels,
while reinforcing planer type stiffeners on both sides of
the panel around the cutout under three different loading
conditions, namely uniaxial, biaxial, and combined
loading, based on commercial finite element code Ansys.

each stiffener attached on both sides of the panel is
0.1875 mm (the same as a single ply thickness of
composite laminate).
First, to study the effect of the area of the stiffeners,
the horizontal sides are increased by 5 mm intervals up to
30 mm while the lengths of the vertical sides are kept
fixed. Then, the vertical sides are lenghthened by similar
5 mm intervals while the lengths of the horizontal sides
are kept constant. Next, both the horizontal and vertical
sides are lengthened together in such a way that the area
increase matches the area of the stiffeners in the previous
steps of lengthening the horizontal or vertical sides. In
summary, the buckling load due to cutout reinforcement
is studied in the cases of incremental lengthening of the
horizontal side of the planer stiffener, incremental
lengthening of the vertical side of the planer stiffener, and
incremental lengthing of both sides simultaneously
(Figure 2). In addition, when investigation is conducted
on the stiffener thickness, the initial area of the stiffener,
that is, 10 mm + d + 10 mm, is kept constant while the
thickness is increased as doubled, tripled and quadrupled
for both the affixed stiffeners. Similarly, during the
investigation of the area increment of stiffener, the
initially assumed thickness of the stiffener is kept fixed ,
to be precise, 0.1875 mm. Finally, to study the effect of

a.

2. PROBLEM STATEMENT
A quasi-isotropic symmetric layup [0°/45°/-45°/90°]2s is
considered as a composite panel with a dimension of 300
mm (length, a) × 200 mm (width, b) × 3 mm [total
thickness of the panel, 0.1875 mm (= t ply ) × 16] along
with central circular cutouts having a diameter (d) of 20
mm, 40 mm, 60 mm, 80 mm, 100 mm and 120 mm. The
cutouts are reinforced from both sides of the panel with
square planer type stiffeners. These stiffeners have the
same circular cutouts as the panels to which they are
affixed. The length of each side of the stiffener is defined
as 10 mm + d + 10 mm (see Figure 1). The thickness of

b.
Figure 1. Composite panel with circular cutouts and
reinforced stiffeners; a: 2D view of the composite panel with
stiffener and dimensions, b: 3D view of the stiffeners bonded
with composite panels
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place far before the damage is initiated in the composite
panels [32-34].
The material of the composite panel is assumed to be
epoxy-carbon while for reinforced stiffener, aerospace
type aluminum alloy T3-2024 is adopted. To compare the
effect of the stiffener material on the buckling behavior
of the perforated panel, apart from aluminum alloy, the
same composite material of the panel with ply orietation
of 0°,30°,45°,60°, 90°, and titanium alloy is chosen. The
mechanical properties of all the materials used for this
case study are given below in Table 1.

a.

3. FINITE ELEMENT PROCEDURE

b.

c.
Figure 2. Area increment plan of stiffeners; a: Horizontal
side increment plan, b: Vertical side increment plan, c:
Simultaneous horizontal and vertical side increment plan

the material, both initial thickness and stiffener area are
kept constant. The following assumptions are made to
carry out the critical buckling investigations of the
perforated panel:(1) The Planer stiffener is perfectly bonded with the panel
around the cutouts. This assumption is valid since the
study is limited to critical buckling which occurs in the
elastic zone and does not have any effect on the
connection until the sudden post-buckling collapse takes
place in the plastic region [31].
(2) This investigation is limited to critical buckling only.
Further first ply failure, damage, etc. are not sought since
critical buckling itself is a type of failure which takes

Commercial FE code Ansys is employed to investigate
the eigenvalue buckling of the reinforced composite
panel. Meshing the structure to prepare for finite element
analysis is one of the most crucial steps since poor
meshing adoption often leads to inappropriate results and
special consideration should be taken for structures with
discontinuity, for instance, the panel with holes.
Therefore, for meshing the panel and the stiffener,
mapped face meshing with quadrilateral shell elements is
applied. Since the cutouts are sensitive, meshing is more
refined towards the cutout (Figure 3). Besides, for each
cutout ratio, the mesh element number is kept in such that
increasing the element number would not lead to any
further change in eigenvalue buckling.
For the boundary conditions of the panel, all edges are
considered as simply supported since most aerospace
panels are simply supported [35]. Three loading cases are
considered for the panel, namely, uniaxial, biaxial, and
combined loading (shear and uniaxial together), (see
Figure 4).

3. VALIDATION OF THE PRESENT STUDY
The present finite element analysis results are validated
with available experimental data for various composite
panels with central circular cutouts found in literature
[36], (see Table 2). It can be observed that most of the
current finite element predictions are closer to the
experimental results than the author’s finite element
results.

TABLE 1. M echanical properties of Epoxy -Carbon Unidirectional, Aluminum and Titanium Alloy
Density, P (Kg/m3 )

E11 (GPa)

E22 =E33 (GPa)

G 12 =G 13 (GPa)

G 23 (GPA)

V12 =V13

V23

Epoxy-Carbon

1490

121

86

4.7

3.1

0.27

0.4

Aluminum Alloy

2780

73.1

27.481

0.33

T itanium Alloy

4620

96

35.3

0.36

Mate rial
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percentage of buckling stability of a panel increases
significantly compared to the same panel without having
stiffeners (see Figure 6). The highest buckling
achievement occurs for a combined loading case with the
cutout ratio 0.6. In this case, reinforcing the panel
improves buckling stability by 26%. However, for biaxial
loading, the increment percentage is relatively low
compared with other loading cases. Besides, for the
cutout ratio of 0.1, reinforcement does not greatly affect
the critical buckling load; it only changes by an increment
of around 5% for all loading cases.

(a)

(b)
Figure 3. Composite panel meshing with stiffeners; a:
Composite panel meshing with refinements, b: Closure view
of stiffener meshed body

(a)

(b)

5. NUMERICAL RESULTS AND DISCUSSIONS
5. 1. Effect of Reinforcement
Firstly, a
comparative study of perforated composite panels with
and without reinforcement is carried out to investigate the
influence of stiffeners on the critical buckling load for
cutout ratios (d/b) 0.1 to 0.6 as shown in Figure 5. It is
observed that for all loading cases, stiffened panels show
better critical buckling stability than panels without
having stiffeners. The studies also revealed that, as the
cutout ratio increases, due to the reinforcement, the

(c)
Figure 4. Boundary conditions of the panel; a: Uniaxial
loading, b: Biaxial loading, c: Combined loading

TABLE 2. Comparison of buckling loads with central circular cutouts
Plate length by plate
thickness

Laminate Code Boundary Condition Author FE results, N
[90°/45°/-45°/0°] s

75

Experimental results, N Present Study, N

377.4

410

458.2

[90°/45°/-45°/0°]as

540.65

465

510.77

[90°/45°/-45°/0°] s

185.2

215

222.78

277.3

240.6

262.2

94.2

89.1

101.7

133.7

144.69

125.1

1608.7

1326

1571

2120.3

2209

2000

792.7

759

755

1096.7

1244

1033.9

414.5

358

395.76

520.8

518

488

Clamped-Clamped

Clamped-Pinned

[90°/45°/-45°/0°]as
[90°/45°/-45°/0°] s

Pinned-Pinned

[90°/45°/-45°/0°]as
[90°/45°/-45°/0°] s

Clamped-Clamped

[90°/45°/-45°/0°]as
[90°/45°/-45°/0°] s
37.5

Clamped-Pinned
[90°/45°/-45°/0°]as
[90°/45°/-45°/0°] s
[90°/45°/-45°/0°]as

Pinned-Pinned

25

Uniaxia l Loading
(Without Stif fene r)

20

Uniaxia l Loading
(With Stif fener)
Biaxial Loading
(Without Stif fene r)

15

Biaxial Loading
(With Stif feners)

10

Combined Loading
(Without Stif fene r)

5
0.1

0.2

0.3

0.4

0.5

27

Buckling Load (KN)

Buckling Load (KN)
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Uni. H. Incr.
Uni. H. & V. Incr.
Bi. V. Incr.
Comb. H. Incr.

21
18
15
12
1600

Cutout ratio (d/b)

Increment of buckling
load in %

Uniaxia l loading case
Biaxial Loading Case
Combined Loading Case

24.00%
20.00%
16.00%
12.00%

2000
2400
Area (mm 2 )

2800

3200

(a)

Buckling Load (KN)

Figure 5. Buckling load of perforated panels with and
without stiffeners

28.00%

Uni. V. Incr.
Bi. H. Incr.
Bi. H. & V. Incr.
Comb. V. Incr.

24

9
1200

Combined Loading
(With Stif fener)

0.6

247

27

Uni. V. Incr.
Bi. H. Incr.
Bi. H. & V. Incr.
Comb. V. Incr.

24
21
18

15
12

9
2300

8.00%

Uni. H. Incr.
Uni. H. & V. Incr.
Bi. V. Incr.
Comb. H. Incr.
Comb. H. & V. Incr.

2900

3500

4100

4700

5300

Area (mm 2 )

4.00%

0.1

0.2

0.3

0.4

0.5

(b)

0.6

Uni. H. Incr.
Uni. H. & V. Incr.
Bi. V. Incr.
Comb. H. Incr.
Comb. H. & V. Incr.

Cutout ratio, d/b

26
23
20
17
14
11
8
3500

4300

5100
5900
Area (mm 2 )

6700

7500

(c)

Buckling Load (KN)

5. 2. Effect of Increasing the Area of Stiffeners
Since the reinforcement has a positive impact on the
buckling load of perforated panels, a further investigation
is performed by increasing the area of the stiffener to
check whether additional area provides better stability to
the panels. The results suggest that for any loading
condition, increasing the area horizontally, vertically, or
simultaneously does not have a major effect on the
buckling behavior of reinforced panels with cutout ratio
0.1 and 0.2 as shown in Figures 7(a) and 7(b). Similar
trends can be observed for cutout ratios 0.3 and 0.4
except for the uniaxial loading case, where the maximu m
increment of the vertical area provides an increment of
8% critical buckling value to the panel as illustrated in
Figures 7(c) and 7(d). This trend continues for cutout
ratios 0.5 and 0.6 too, where buckling strength can be
further increased by 12 and 13.5%, respectively; for the
highest increment of the area, as shown in Figures 7(e)
and 7(f). For the other two loading conditions, the
increment of the area of any form has minor effects on
the overall critical buckling value of the panel observed
in Figures 7(e) and 7(f).

Buckling Load (KN)

Figure 6. Cutout ratio vs. buckling load increment under
various loading conditions

Uni. V. Incr.
Bi. H. Incr.
Bi. H. & V. Incr.
Comb. V. Incr.

26

Uni. H. Incr.
Uni. H. & V. Incr.
Bi. V. Incr.
Comb. H. Incr.
Comb. H. & V. Incr.

Uni. V. Incr.
Bi. H. Incr.
Bi. H. & V. Incr.
Comb. V. Incr.

23

20
17
14
11
8
4900

5700

6500

7300

8100

Area (mm 2 )
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mm × 8 reinforced stiffeners provide a rise in buckling
load with the increase of cutout ratios. However, no such
increase is observed for the combined loading case.
Finally, it is important to note that increasing the
thickness of stiffeners is most beneficial for strengthing
stability of combined loaded panels.
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5. 4. Effect of Stiffener Material and Fiber
Orientation
Reinforcement on a composite panel
will definitely add up weights to the structure which
should be minimized to achieve the desired strength of
the panel. Material plays an important role to achieve the
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(f)
Figure 7. Effect of area increment of stiffener on the
buckling load of panels; (a) Cutout ratio, d/b=0.1, (b) Cutout
ratio, d/b=0.2, (c) Cutout ratio, d/b=0.3, (d) Cutout ratio,
d/b=0.4, (e) Cutout ratio, d/b= 0.5, (f) Cutout ratio, d/b=0.6.

5. 3. Effect of Thickness of the Stiffener
Unlike
the previously discussed case, increasing the thickness of
the stiffeners has a major impact on the critical buckling
load of the composite panels illustrated in Figures 8(a),
8(b), and 8(c). Even though, for cutout ratio 0.1, no
significant load increase is observed. However,
improvement of the buckling stability starts to take place
from cutout ratio 0.2. For cutout ratio 0.3, for a thickness
of 0.75 mm (×2) stiffener, the increment can be achieved
up to 22.9, 27.1, and 29.87% for uniaxial, biaxial and
combined loading, respectively. The highest impact on
the critical buckling load due to increasing the thickness
occured for cutout ratio 0.6 when doubling the thickness
from 0.1875 to 0.375 mm for both the stiffeners will
strengthen the buckling capacity of panels by 16.1, 13.67
and 22% for uniaxial, biaxial and combined loading
cases, respectively. For a thickness of 0.75 mm (×2)
stiffener, buckling strength can be increased further up to
49.5, 43.4 and 70% for uniaxial, biaxial and combined
loading cases, respectively. Besides, for the uniaxial
loading case, when the thickness of the stiffeners is
0.1875 mm × 6 and 0.1875 mm × 8, buckling load
increases with the cutout ratios. A similar conclusion can
be made for the biaxial loading caseas well , when 0.1875
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Figure 8. Buckling load at various thickness of stiffeners
and cutout ratios at various loading conditions; (a) Uniaxial
loading, (b)Biaxial loading; (c) Combined loading
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Figure 9. Stiffener material and fiber orientation angle on
the buckling load at various loading condition; (a) Uniaxial
loading, (b) Biaxial loading; (c) Combined loading
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weight increment, epoxy-carbon is more practical than
titanium alloy because of its lower density.
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convenient strength to weight ratio of a panel. Therefore,
a detailed study is carried out on the stiffener material and
it can be observed that, in case of composite stiffener,
fiber orientation angle has a strong influence on the
critical buckling load of composite panels. For all the
loading cases and cutout ratios, changing the fiber
orientation angle from 0° to 90°, leads to a sharp increase
in the critical buckling load of the panels (see Figure 9).
In comparison with the aluminum alloy, for all loading
cases and cutout ratio, 90° fiber orientation performs
slightly better than the alloy except for cutout ratio 0.6
when aluminum alloy provides a better stability to the
uniaxial and combined loading cases up to 4.5 and 3.8%,
respectively. Along with aluminum alloy and epoxy carbon, titanium alloy is also investigated which
outperforms both of them providing better stability to the
panels. However, as described earlier, a strength to
weight ratio must be maintained for lightweight
structure; therefore, a comparison of weight increment
and buckling load increment in percentage for all cutout
ratios is shown in Figure 10. Interestingly, up until cutout
ratio 0.3, for all loading cases, epoxy-carbon provides
almost similar buckling strength to the panel compared
with titanium alloy. However, for cutout ratio 0.4 and
greater, titanium alloy provides increasingly more
stability to the panels. This is most severe for uniaxial
and combined loading cases and cutout ratio 0.6, when
using titanium alloy provides almost 16.29 and 13%
more stability to the panels. Nevertheless, looking at the
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Figure 10. Effect of stiffener material weight and
corresponding buckling increment; (a)Increment of
Buckling load (in %) and weight increment (in %) at various
cutout ratios under uniaxial loading case, (b) Increment of
buckling load (in %) and weight increment (in %) at various
cutout ratios under biaxial loading case, (c) Increment of
buckling load (in %) and weight increment (in %) at various
cutout ratios under combined loading case

6. CONCLUSION
A large number of simulations are carried out to
investigate the effect of planer type stiffener as
reinforcement to the quasi-isotropic perforated
composite panels. Based on the investigations, key
findings are outlined as follows.
1. Buckling stability of panels with smaller cutout ratios
(0.1 and 0.2) does not improve greatlydue to
reinforcement. Even increasing the stiffener thickness or
choosing strong material like titanium alloy fails to
increase the stability of the panels significantly. In
summary, planar type stiffeners should not be chosen
asreinforcement for smaller cutouts.
2. Planer reinforcement improves the buckling stability
of the simply supported panels with central circular holes
under any loading conditions.
3. The percentage of buckling stability that is due to
reinforcement increases with increasing cutout area.
4. Increasing the area of the stiffener does not have a
significant effect on the critical buckling load of the
reinforced panels.
5. Increasing the thickness of the stiffener has a major
impact on the critical buckling load of the panels.
For the uniaxial loading case, when the stiffener
thickness is tripled and quadrupled, the critical buckling
load of the panels increases with the cutout ratio.
6. In the case of choosing composite (epoxy-carbon) as
stiffener material, fiber orientation has a great impact on
the overall buckling stability of the panels.
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Polytechnical University, China (CSC grant No.
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Persian Abstract
چکیده
پانل های کامپوزیت سوراخ دار به طور گسترده ای در بسیاری از برنامه های مهندسی به عنوان زیرمجموعه های سازه های پیچیده از جمله هو اپیما  ،کشتی و سایر وسایل نقلیه
حمل و نقل مورد استفاده قرار می گیرند .در بسیاری از این برنامه ها  ،هدف اصلی استفاده از پانل مقاومت در برابر کمانش است .در این مطالعه حاضر  ،تجزیه و تحلیل عناصر
محدود با استفاده از کد نرم افزار محبوب تجاری  Ansysدر مورد رفتار کمانش یک صفحه مرکب متقارن شبه ایزوتروپیک متقارن با برش های دایره ای مرکزی  ،تقویت شده
با سخت کننده های دو طرف بریدگی تحت تک محوری  ،دو محوری و شرایط بارگیری ترکیبی هدف اصلی دستیابی به پاسخ کمانش االستیک صفحات کامپوزیت سوراخ دار
با در نظر گرفتن برخی از جنبه های مهم ماده سخت کننده به شرح زیر است ) 4( ، :اثر ماده سخت کننده و ( ) 5اثر زاویه جهت الیاف .مشاهده شده است که آرماتورها می توانند
بار بحرانی کمانش یک صفحه را بهبود بخشند  ،که در حال حاضر به دلیل بریدگی کاهش یافته است .سپس  ،افزایش سطح ماده سخت کننده تأثیر زیادی در پایداری کمانش
صفحات ندارد .با این حال  ،افزایش ضخامت می تواند نقشی اساسی در تقویت ثبات کمانش داشته باشد .سرانجام  ،مشخص ش د که در مقایسه با آلیاژهای آلومینیوم و ت یتانیوم
 ،با توجه به افزایش وزن کم و قابلیت کمانش باالتر  ،اپوکسی کربن به عنوان یک ماده سفت کننده با زاویه جهت الیاف صحیح ( 90درجه) عملی تر است..
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Extensive recent researches have been underway to model the fracture mechanics degradation based on
continuum damage mechanics (CDM) technique. CDM theory is a powerful tool for solving problems
such as large plastic deformations that the fracture mechanics is unable to solve. This model is derived
by means of the thermodynamics internal variable theory and based on the experimental results on
material properties. In this paper, the reliability of rectangular plates containing a central circular hole
under static tensile load using the CDM approach for ductile fracture has been studied. To investigate
the initiation and evolution of damages, anisotropic damage expressed by second order damage tensor is
used to derive constitutive equations. T hen, these relationships together with material constants are
implemented with subroutine in ABAQUS software. The reliability assessment has been investigated
using first order reliability method (FORM) and second order reliability method (SORM). Based on the
FORM and SORM, the limit state functions and random variables have been obtained according to the
energy density release rate. The probability of failure of each plate with different hole sizes is estimated
based on the anisotropic damage theory, and the results are compared with the isotropic damage model.
Finally, the sensitivity analysis of the coefficient of variation is performed.
doi: 10.5829/ije.2021.34.01a.28

NOMENCLATURE
b
D

Isotropic hardening exponents
Scalar damage variable

X
Y

Random variable
Energy density release rate

Dc

Critical damage

DH
E
f

Hydrostatic damage
Young modulus of elasticity
Yield function of plastic criterion

Greek Symbols
α
β
Г

Damage exponent
Reliability index
Gibbs free energy

F
FD
FP
g

Dissipative potential function
Damage potential function
Plastic potential function
Performance function

ε
εp
εpD
εpR

Uniaxial total strains
Plastic strain
Damage threshold plastic strain
Rupture plastic strain

k
p
P

Curvature of the performance function
Accumulated plastic strain
Probability of failure

η
Φ
λ

hydrostatic sensitivity parameter
Cumulative distribution function
Plastic multiplier

R
R
R∞

Isotropic hardening
Reliability
Saturated isotropic hardening parameter

ν
ρ
σ

Poisson ratio
Mass density
Uniaxial and tensorial stresses

s
S

Uniﬁed damage law exponent
Energetic damage law parameter

σeq
σY

Von Mises equivalent stress
Yield stress
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1. INTRODUCTION
Ductile failure and its criteria are very important in
fracture mechanics due to the importance of its
engineering, and extensive researches have been done in
this field [1]. Low weight metals under ductile fractures
are assumed as a criterion for an anisotropic ductile
fracture. This criterion considers the interactions between
surfaces with shear connections and shear stress [2]. In
this regard, comprehensive mathematical model has been
extracted from the point of theoretical and experiment al
views to evaluate ductile fracture of anisotropic materials
[3]. In structural systems, there are uncertainties in the
system parameters that mus t be considered to describe
the behavior of the system. In these systems, load
variation and distribution, boundary conditions, material
properties, and constants, environmental conditions and
etc. are uncertainties that cause the random behavior of
structures. Therefore, it is very important to study the
reliability and consider the source of the uncertainties,
and these propagation effects on the system reliability.
It is very common to use classical fracture mechanics
models to demonstrate material degradation, and great
efforts have been made to develop new models of fracture
mechanics [4-7]. Most research and studies have been
done to demonstrate the fracture behaviors under various
stress shearing loads. In these studies, anisotropic states
were investigated in the various directions of the tension
test angles, and the results are examined from different
angles [8]. Despite some successful applications of
fracture mechanics, the results show that it is difficult to
apply the theory of classical fracture mechanics to
practical applications. As a result, damage models have
been developed as an alternative method for modeling
material degradation based on the irreversible
thermodynamic process. In this context, accurate and
correct failure modeling is one of the main topics in the
formation of the metal. For this purpose, various
categories have been extracted for failure states and
modes during metal formation. In this regard, ductile
fracture was no exception to this rule and has been
studied in numerical, experimental and analytical forms
[9]. Mechanical behavior based on the uniaxial tensile
tests of the anisotropic in the ductile fracture and plastic
deformation has been investigated as well [10].
Kachanov [11] proposed the concept of damage
models for the first time and expressed the isotropic
damage model with a scalar variable, which defined the
surface density of microvoids per unit volume [12, 13].
In this model, it is assumed that the start of microvoids in
the rupture process from the very beginning of loading
consists of two stages. The first stage is the regular
growth of microvoids and the second stage is the
acceleration of fracture. Therefore, the probability of
growth of microvoids is more than the surface of the body
if there is an aggressive environment. As a result, the

scalar damage variable was specified as the ratio of the
surface area of the damage to the whole surface. This
theory is determined by considering the equivalence
between the state of a body with not damaged fancied and
the real damaged state. Later, the effective stress concept
was proposed by Rabotnov [14] in continuum damage
mechanics (CDM).
Many researchers have used continuum mechanics
and scalar damage variables to properly solve many
mechanical problems [15, 16]. Van Do [17] investigated
the evolution of damage and the onset of failure in
notched specimens using finite element model (FEM )
analysis and CDM approach. The simulations were
compared with the numerical and experimental results of
earlier works and good agreements were found between
them. Using the concepts of CDM approach, Majzoobi et
al. [18] investigated the equivalent plastic strain to the
failure of notched aluminum specimens and introduced a
relation to express the effect of triaxial stress coefficient
in the medium range of stress triaxiality. Razanika et al.
[19] proposed an enhanced CDM formulation based on
novel damage driving energy, which includes that
involves both stored energy and dissipative
contributions. The applicability of proposed model was
validated by FEM analysis. Bonora et al. [20] have shown
that the strain required to initiate damage in ductile
materials decreases exponentially with increasing stress
triaxiality. As a result, they combined this feature with
the concepts of CDM approach, and provided a
phenomenological relationship for the dependence of the
damage threshold strain on stress triaxiality. Ganjian i
[21] also proposed a generalized ductile fracture model
for ductile materials coupling with stress triaxiality and
Lode angle parameter using CDM approach.
Nevertheless, in practical problems, it has been
shown that the damage behavior of all materials are in
fact anisotropic. On the other hand, by careful attention
to isotropic damage models, it can be understood that
these models have less ability to describe material
damage than anisotropic damage models. In addition, in
multiaxial loading, the results of the isotropic damage
models in comparison to anisotropic damage models are
very significant. Therefore, to describe the behavior of
materials, it has been suggested that damage tensors be
used as damage state variables, but the use of damage
tensors is complex [22]. In this context, some recent
studies have been done and the most practical of them is
the hybrid numerical and experimental assessment in
order to determine the behavioral characteristics of the
plasticity of anisotropic and ductile fracture upon the
high-strength materials [23]. To study the effects of
anisotropic plasticity on ductile fracture, Keshavarz and
Ghajar [24] proposed modified CDM approach based on
the isotropic and anisotropic damage. Developed CDM
formulations were implemented in Abaqus software by
subroutine and the results have been verified with
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experimental results. For accurate investigation, various
tensile tests on different loading directions have been
performed. In these studies, the mechanical model of the
anisotropic damage with respect to the states of the stress
and anisotropy are predicted and simulated the material
fracture by some researchers.[25, 26]. Surmir et al. [27]
coupled nonlinear kinematic hardening model with
anisotropic damage model to predict ratcheting strain of
different loading paths.
This paper represents a method for reliability analysis
of a plate containing a central circular hole using CDM‐
based anisotropic damage model coupled with the FEM
for the first time. A performance function using the
energy density release rate based on the anisotropic
damage is formulated within the basic thermodynamic
framework. This proposed reliability relationship can be
used to predict the fracture probability of structure
systems. The second law of thermodynamics has been
used to determine the internal energy of materials with
Gibbs free energy. Then, by using Gibbs free energy, the
variables that can be used to show the growth of material
damage are introduced. In the framework of irreversible
thermodynamic
processes,
thermodynamically
associated variables are obtained using the dissipation
potential function. Therefore, the finite element
simulation of material behavior based on the evolution of
damage and constitutive equation by the CDM approach
during failures is implemented by a subroutine in
ABAQUS software. The results of the FEM are
compared with experimental results reported by other
researchers and the FEM models of the notched tension
tests are validated. Finally, using the FORM and SORM ,
the limit state functions and random variables will be
obtained according to the CDM approach.
2. RELIABILITY ASSESSMENT
Reliability is defined as the capability of an item or
equipment to perform the required activities successfully
within a specified and predefined time period and
operating conditions [28]. In fact, reliability refers to the
probability of the proper function of a system or item
without failures in specific and predetermined conditions
for a given length of time. There are several ways to
analyze the structural reliability of a system, the most
important of which are FORM and SORM methods [29].
In reliability assessment, the failure probability
measurements of a system or structure have been
evaluated based on the respective failure rate/function. In
this study, FORM and SORM has been used to obtain the
probability of ductile fracture of the rectangular plate
containing various hole size which is subjected to
uniaxial tensile loading.
2. 1. First Order Reliability Method (FORM)
In
the FORM model, the function of the limit state is based
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on the first order Taylor expansion, which is expressed
by the following relation [30]:
g (X )  Z (X )  S ( X )

(1)

Here, X denotes the random variables of the limit state
function, while Z and S are resistance and load,
respectively, which are assumed to be functions of
random variables.
In the FORM, at first, random variables are
transferred using Rosenblatt’s transformation of the main
random space (X) into the normal standard space (U) with
zero mean and standard deviation 1. The main goal in the
FORM is to obtain the most probable point (MPP), i.e.,
U∗ as the minimal distance of the limit state surface to the
origin in the normal standard space. This shortest
distance is called the index of reliability or (β). So, in this
method, while g(X) is less than zero and failure occurs,
then the Pf
(failure likelihood) and subsequently
reliability R, by using the reliability index is estimated as
follows:
R  1  Pf  1          

(2)

where Φ is the cumulative distribution function of
standard normal distribution.
2. 2. Second Order Reliability Method (SORM)
In the case of nonlinear limit state function, the
probability of failure should be less than that of the linear
one. In FORM approach, because of the MPP using first
order approximation, the curvature of the nonlinear state
function is ignored. Therefore, SORM approach was
studied to consider curvature information. So, SORM
uses second order Taylor expansion to calculate the
failure probability as following [30]:





Pf  P g  x   0  Φ    

n 1

1   k

i

1/2

(3)

i 1

In this relation, k i denotes the performance function of the
ith main curvature at the MPP.
For linear limit state functions, FORM solution is
exact. For non-linear failure functions, the exact
calculation of the failure probability or the reliabilit y
generally involves mathematical and computational
difficulties. Based on the number of random variables
and the linearity (or not) of the failure function, FORM
can be seen to have limitations for non-linear failure
functions having a large number of random variables.
Nevertheless, accuracy of SORM due to its
approximation of the performance function is generally
more than that of FORM. However, since SORM
requires the second order derivative, it is not as efficient
as FORM when the derivatives are evaluated numerically
and its use is complex and expensive. On the other hand,
several algorithms have been proposed for approximation
of the most probable failure point and the β index,
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therefore the decision as to which is the most effective
algorithm depends on the limit state function of interest.
3. MECHANICS OF THE CONTINUUM DAMAGE
Classical fracture mechanics models that were originally
developed for demonstrating material degradations
required prior knowledge of location and geometry of the
microcracks, which is difficult to assess before they are
formed. The CDM approaches were proposed to create
an alternative towards modeling material degradation
based on the thermodynamics framework. The procedure
of the CDM approach is to illustrate first the damage state
of a material in terms of properly specified damage
variables (D) and then to explain mechanical behavior of
the damaged material and further development of the
damage by the use of these damage variables. Therefore,
CDM approach provides a tool that can simulate damage
from the beginning of loading to final fracture.
State of damage is one of the main factors that effects
on mechanical properties of materials, which is
determined by the density, distribution, type and
direction of microvoids. According to the size and
orientation of microvoids, some of them will start to
develop under specified loading and environmental
conditions. The CDM approach provides a new glance
for the initiation and evaluation of damage. The CDM
approach uses the concepts of continuum physics by
defining internal field or damage variables to describe the
process of material defeat and fracture.
The change of internal field of material generally
depends on the direction of stress and/or strain, and
therefore it can be said that the internal field is an
anisotropic phenomenon. Therefore, a proper description
of material behavior necessitates vectorial or tensorial
damage variables. In the CDM approach, using the strain
equivalence hypothesis and equivalence between the
ﬁctitious undamaged state of a body and the real damaged
state, the 2nd order damage variable D by means of the
effective
area
reduction
is
defined
as
(ij  Dij )n j  S  ni  S , where δS is total surface area
with normal n, and  S is surface of effective area with
normal n , while δij represent the Kronecker delta [31].
It is worth mentioning that, effective area is an area where
internal force is applied. So, based on the stress σ applied
to the total surface area, the effective stress n on this
effective area according to the tensor of the 2nd order
1
damage is expressed as  ij   ik (1  D)kj .
The CDM approach is related to thermodynamics,
and the irreversible thermodynamic theory is used as a
logical framework for explaining the damaged elasticplastic material behavior. As a result, Gibbs free energy
must first be defined for anisotropic damage. Then, the
dissipation function is expressed to characterize the

estimation of state variables and determine the load level
that denotes the elastic region.
3. 1. Gibbs Free Energy
The free energy stored in
the damaged material is determined by various factors
such as strain, damage and dislocation structure state,
etc. Therefore, the Gibbs free energy function according
to the principle of strain equivalence between the
undamaged and damaged configuration, with the
deﬁnition of the anisotropic damage, may be considered
as follow [32]:
 

31  2   H2
1 
H ij  Djk H kl  liD 
2E
2E 1   D H

(4)

In the above equation, ν, E, and η represent Poisson ratio,
Young’s modulus, and hydrostatic sensitivity parameter,
respectively, while DH  Dkk 3 is hydrostatic damage,

 H   kk 3 hydrostatic stress,  ij deviatoric stress, and
D

H ij  (1  D)ij1 2 effective damage tensor.

Based on the thermodynamic formulation, the
equation of constitutive elasticity and effective stress of
the material under damage has the following form:
 ije  

e 1  


 ij   kk  ij
 ij
E
E



D
 ij  H ik  kl
H lj



D



H

1  DH

(5)

ij

(6

The rate of released density energy (Y) is depended
with the damage variable D, that can be extracted from
the function of Gibbs free energy as follows:
Y ij  


1  D
1
2

 kp H pq  qlD A klmn
H mi
H 2jn
D ij
E


 1  2 
2E

 H2

1   D H 

(7)

2 ij

with Aklmn  (1 2)(H km ln  H ln km  H kn lm  H lm kn ) .
It is worth noting that the role of the rate of released
density energy in the CDM approach that is a similar role
as the rate of released strain energy G in the mechanics
of the fracture.
3. 2. Dissipative Potential Function
Based on the
standard thermodynamics principles, the total dissipation
potential function F may be presented by the plastic
deformation function FP in sum with damage function
FD . By taking account of isotropic hardening R and yield
stress σY, the plastic dissipation potential function based
on the von Mises criterion is determined by [32]:

F p  eq  R  Y

(8)
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where eq  (H  D H )eq shows the effective von Mises

In above,  represents the principal components in

equivalent stress. Isotropic Hardening indicates the
density of the dislocations , and exponential isotropic
hardening is written as R  R (r )  R [1  exp(br )] ,

absolute form, s denotes the law unified damage, and S is
defined as the parameter of the law of energy damage. On
the other hand, Y is the elastic density of the effective
energy that can be expressed as follows:

where r is isotropic hardening state variable, while R∞
and b represent saturated isotropic hardening parameters
and isotropic hardening exponents , respectively. Based
on the thermodynamic rules, the evolution equation of
the isotropic hardening variable is obtained in the form:
r  

F
F
 

R
R
p

(9)

 ijp

D
F
F p 


 H ik e klp H lj 


 ij
 ij

(10)

4. DAMAGE MECHNISM
4. 1. Damage Threshold
Experimental results
from measuring damage in plastic region show that
mechanical damage occurs when the plastic strain in the
material reaches the irreversible or accumulated plastic
strain  pD [33]. It can be said that this damage threshold
accumulated plastic strain is almost the properties of
materials. On the other hand, the strain rate of
accumulated plastic p is defined according to the yield
criterion. So, exposed on the anisotropic damage and
based on the von Mises criterion with Equation (10), it
can be expressed as follows [32]:
H H eq

 eq

(11)

r

4. 2. Damage Evolution
According to
thermodynamic relations in the framework of CDM
approach, the evolution equations of the damage variable
are governed by damage dissipation function. As result,
it may be written as follows [32]:
Dij  

FD
;
Y ij

r   pD

(12)

Based on the experimental results damage dissipation
function can be postulated as follows [34]:

   Y

Y 
FD  
 S


s

e





ij

d p
dr

(13)
ij

(14)

where Rv is known as the eﬀ ective stress triaxialit y
2
function and can be written as 𝑅̃ 𝑣 = (1 + 𝑣) + 3(1 −
𝜎
̃𝐻 2
)
𝜎
̃𝑒𝑞

3

with  H   H (1  DH ) . Then, by using

Equations (9), (11) and (12), the damage evolution law is
given by:
Y
Dij  ( )s  p
S

;
ij

 p   pD

(15)

If damage occurred in one of the plane and causes critical
conditions, it is defined as the condition of fracture in
material. As a result, the onset of the fracture occurs
while the damage vector in norm state ( Dij n j ) or the

with e klp  (3 ijD 2eq )(r ) .

p



2𝑣)(

where  is plastic multiplier. So, by using Equation (9),
the constitutive equation of the strain rate of the plastic
that is stated as:

 eq Rv
1
e
E ijkl  ije  kl

2
2E
2

Y   ij d  ije 

damage biggest principal value ( D I ) reaches Dc (i.e.
max DI  Dc ; I  1,2,3 ). In other words, from the point
view of the rate of released density energy, the main
criterion of fracture in a material with damage can also
be defined as follows:
Y I Y Ic ; I  1, 2,3

(16)

5. PROPOSED METHODOLOGY
The finite element simulation of material behavior based
on the evolution of damage and constitutive equation by
CDM approach during failures is carried out by
subroutine in ABAQUS software. In the proposed
subroutine, the rate of released density energy is
calculated, and the amount of damage growth in each of
the principal directions is obtained and checks if damage
has reached the specified critical damage or not. In the
event of damage in the principal direction, the equations
and behavior of the material are affected based on the
updated damage mode.
A rectangular plate containing a circular hole located
in the center of the plate with the principal coordinate is
shown in Figure 1. If the damage is anisotropic for the
uniaxial tension at direction-1, then D2  D3  D1 2 and
D H  2D1 3 . Therefore, eﬀ ective equivalent stress,

eﬀ ective stress triaxiality function, and evolution law
lead to:
 eq 

2 1
1 1

3 1  D1 3 1  D 2

(17)
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TABLE 1. Statistical properties and material characteristics of
aluminum alloy 2024-T3 [32, 35]

Figure 1. Geometry of the plate containing a central circular
hole

Rv 

2
1     31  2 
3

 2   2
1 
  1 
D1  


3
1

D
1

D 2  


1



2

Y
D1  ( )s  p
S

(18)

(19)

Random variables

Mean
value

Coefficient
of Variation

Distribution
type

Critical damage, Dc

0.209

8×10 -2

Normal

Young’s modulus, E
(GPa)

75

5×10 -2

ʺ

Energetic damage law
parameter, S

1.7

10 -2

ʺ

hydrostatic sensitivity
parameter, η

3

10 -2

ʺ

Poisson’s ratio, ν

0.3

5×10 -2

ʺ

Rupture plastic strain,
εpR

0.33

5×10 -2

ʺ

Damage threshold
plastic strain εpD

0.031

5×10 -2

ʺ

Using initial condition    pD , D  D0 and fracture
condition    pR , D  Dc , the integration of the
damage evolution equation in direction-1 gives:
Y
DC  ( )s ( pR   pD )
S

(20)

Due to the symmetric conditions of the model, a quarter
of the specimen was modelled in the FEM, to save
computing
resources. Consequently, symmetric
boundary conditions are applied to the model and a unit
displacement is applied to tits free edge. The specimens
have been meshed with four-node S4R elements, and the
meshes near the notches were refined, as shown in Figure
2. The meshes were refined until the maximu m
equivalent stress converged. In order to analyze the
reliability, a proper function for the limit state is required
in accordance with the system structure. For this purpose,
the fracture criterion introduced in the previous section is
used to forecast damage in ductile materials based on the
CDM approach. Therefore, when the rate of released
density energy exceeds its threshold in each principal
direction, the fracture will occur. So, the function for the
limit state of this condition can be expressed as :
g  X  Y Ic Y ; I  1,2,3

(21)

(a)
(b)
Figure 2. M esh design of notched specimens (a) 5 mm, (b)
10 mm

According to Equations (7) and (20), in the function
of the limit state, the uncertainty sources and the random
variables vector is equal to:
X  ( , E , , Dc ,  pD ,  pR ) .
For the aluminum 2024 plate under tensile loading,
mechanical properties and their statistics data (i.e. the
mean value and coefficient of variation), are presented in
Table 1. Sensitivity index is another parameter that is
used to evaluate the failure probability of the random
variables, which is obtained using Equation (22), in
which SIX is the sensitivity index of random variable Xi
[36, 37].

SI X i 

 g (X

 X i







)



 g (X )  


 X i  

(22)

6. STATISTICAL STUDY OF RESULTS
This paper studies the fracture probability and reliabilit y
evaluation of a plate containing a central circular hole
with various sizes of diameters under uniaxial tens ile
loading. To calibrate the FEM, the simulation results
are compared with the experimental data in [38] and [39].
Figure 3 demonstrates this comparison for forcedisplacement responses between experiment and
simulation at direction-1 for the notched specimen with a
diameter of 10 mm which shows good agreement.
Therefore, the FEM models of the notched tension tests
are validated. The evolution of the damage variable
obtained in the simulation for the specimens containing
holes with diameters of 5 and 10 mm in direction-1 is
shown in the contour plots in Figure 2. It can be seen that
the maximu m damage is detected near the edge of the
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notch. As the specimen is gradually pulled, the maximu m
damage zone moves slowly towards the free edge of the
specimen and localizes there.
Table 2 shows comparisons of the probability of
failure between the isotropic and anisotropic damage
model based on the FORM and SORM for various sizes
of diameters. Under the same conditions and the same
critical ratio (D/DC) for both cases of damage models, the
failure probability in the damage model of anisotropic is
higher than that in isotropic one. In addition, as can be
seen, the SORM indicates a higher probability of failure
than FORM, and by increasing diameter size, the
probability of failure for both methods increases.
The effect of change in the critical ratio (D/DC) on the
failure probability of a plate under uniaxial loading for
various sizes of diameter in the principal directions -1 and
-2 are depicted in Figures 5 and 6, respectively. The
results show that the probability of failure in direction-1

Figure 3. Comparison of force–displacement responses
between experiment and simulation
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TABLE 2. Comparison of probability of failure between
isotropic damage model and anisotropic damage model using
FORM /SORM (x10-2)
Isotropic damage

Anisotropic damage

d (mm)
FO RM

SO RM

FO RM

SO RM

2

4.8951

5.1994

5.5837

5.8025

3

5.7938

6.1994

6.3987

6.6496

5

7.9279

8.3672

8.9951

9.3477

8

8.3898

8.7268

9.4816

9.8533

10

8.6908

9.0315

9.7182

10.0992

is greater than direction-2, and as the diameter increases,
the probability of failure increases. Figure 7 shows the
relationship between the probability of failure and the
variation coefficient for a plate under uniaxial loading. It
is obvious that the critical damage Dc, rupture the strain
of plastic εpR and the damage threshold plastic strain εpD
have the lowest sensitivity; however, by increasing the
coefficient of variation, other variables become more
sensitive to the dispersion of the data.
Sensitivity analysis was performed according to
Equation (22) and the sensitivity index for each random
variable was obtained. As it is obvious in Figure 8,
among the random variables determined in the problem,
the critical damage Dc, rupture plastic strain εpR have the
highest sensitivity index and it can be said that these two
variables have the most effect on the reliability of
rectangular plates under uniaxial tensile loading. Other
available variables have lower sensitivity index, and, in
other words, the least effect on the reliability of the
problem.
At the end, it should be noted that these results are
obtained for a plate containing a central hole made of
aluminum under specific uniaxial loading based on
anisotropic damage and it may be different for other of
conditions. Therefore, the proposed method provides a

(a)

(b)
Figure 4. Damage contour plots, (a) 5 mm, (b) 10 mm

Figure 5. The effects of the changes in the critical ratio
(D/DC) on Probability of failure in direction-1
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multiaxial loads and various material types are suggested
to analyze the reliability of structural systems based on
the CDM approach.
As a general conclusion, this study proposed a
method for calculating the reliability of the structural
system, but the result depends on the choice of
performance function, selection of variables, and its
approximation algorithm to obtain reliability.
7. CONCLUSION and FUTURE WORK
Figure 1. The effects of the changes in the critical ratio
(D/D C) on Probability of failure in direction-2

Figure 2. Relationship between the probability of failure and
coefficient of variation for random variables of uniaxial
loading

tool that can provide probability of damage from the
beginning of the loading to final fracture. On the other
hand, in this study, anisotropic damage is used which can
simulate mechanical behavior in practical applications
because of multiaxial loading. Therefore, use of

This paper introduces a framework for analyzing the
reliability of a plate containing a hole on center under
tensile loading using the theory of damage on anisotropic
elastic-plastic based on the FORM and SORM models.
Reliability analysis was performed using the FORM
and SORM. At first, based on the thermodynamic
framework by the CDM approach, constructive
equations, and the development of ductile elastic and
plastic damage are obtained. It is then implemented using
a subroutine code in the ABAQUS software to drive the
stress-strain relationship and the onset of fracture. The
probability of fracture of a plate containing a central
circular hole with different diameters has been compared
between the anisotropic and isotropic damage models.
Results show that while the model of damage follows an
anisotropic path, the probability of failure is higher. And,
in different directions in the principal coordinates, this
probability of failure is different. Next, based on the
sensitivity analysis of variables, the critical damage and
rupture plastic strain have the most sensitivity index. In
the future work, we will extend the CDM approach more
precisely over the notched composite laminates and
isotropic damage under uniaxial loading to evaluate
reliability analysis.
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Persian Abstract
چکیده
در دهههای اخیر  ،مدلهای تخر یب بر اساس رو یکرد مکانی ک آسیب پیوسته توسط پژوهش گران در زمینهی مکانی ک شکست مورد توجه قرار گرفته است .تئوری مکانیک آسیب
پیوسته ابزاری قدرتمند برای حل مسائلی مانند تغییر شکل های مومسان بزرگی است که مکانی ک شکست قادر به حل آن نیست .ا ین مدل در چارچوب تئوری متغیر داخلی
ترمود ینامی ک استخراج میشود و بر اساس نتا یج تجربی که بر روی خواص ماده انجام شده است توسعه داده میشود .در این مقاله ،قابل یت اطم ینان یک صفح هی مستطیل شکل
حاوی سوراخ دا یرهای مرکزی تحت بار کششی ایستا  ،با استفاده رویکرد مکانی ک آسیب پیوسته برای شکست نرم بررسی شده است .برای بررسی شروع و پ یشروی آسیب  ،از
مدل آسیب ناهمسان گرد بیان شده توسط تانسور مرتبهی دوم برای استخراج معادالت سازگاری استفاده میشود .سپس ،ا ین روابط به همراه ثابتهای ماده با استفاده از زیربرنامه
در نرم افزار آباکوس اجرا میشوند .ارز یابی قابلیت اطمینان با استفاده از روش قابلیت اطمینان مرتبهی اول )  (FORMو روش قابلیت اطمینان مرتبهی دوم )  (SORMانجام
شده است .بر اساس روش قابلیت اطمینان مرتبهی اول/دوم  ،تابع عملکرد و متغیرهای تصادفی با توجه به نرخ آزادسازی چگالی انرژی ب هدست آمده است .احتمال خرابی صفحه
با اندازهی سوراخهای مختلف بر اساس تئوری آسیب ناهمسان گرد محاسبه و نتا یج با مدل آسیب همسان گرد مقا یسه میشوند .سرانجام ،تحلیل حساسیت بر روی ضریب
تغ ییرات انجام میشود.
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In thermal protection of healthy tissues during hyperthermia with the phase-change micro/nanomaterials, the impossibility of performing a similar experiment with the theo retical parameters is
inevitable because of different errors such as modeling, measuring, particle deposition area, etc. These
errors may affect the practical thermal protection from damaging the healthy tissue or not destroying the
tumor tissue. T o perform a numerical procedure, the electrical potential is obtained solving the Laplace
equation and the Pennes Biothermal equation is used to find the temperature distribution in the tissue
using the finite difference method. T he Pennes equation is transiently resolved by considering
intracellular conductance, blood perfusion, and metabolic heating. Consequently, the deviation and the
uncertainty of each parameters in the thermal protection including the concentration of the phase change
material, the radius of microcapsules, the latent heat, the melting point, the temperature range of phase
change of micro/nanoparticles, and the concentration and the radius of the superparamagnetic materials
are investigated. According to the results of the uncertainty analysis, the radius of the superparamagnetic
materials is the most important parameter so that a 20% deviation from the numerical value changes the
temperature of the tissue up to 4 °C.
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1. INTRODUCTION1
Based on the statistics released by the International
Agency for Research on Cancer (IARC), about 110,000
cases of cancer occurred in Iran and about 56,000 of them
have passed away [1]. These statistics demonstrate the
importance of research on cancer and its treatment [2-4].
Hyperthermia that is known as thermotherapy is a
technique for cancer treatment. In this treatment,
cancerous tissue or the whole body through the use of
electromagnetic energy are exposed to temperatures
between 41-43 ºC to damage or kill the cancer cells.
Higher than this temperature range, the heat would kill
tumor and healthy cells, and this known as thermal
ablation. Nowadays, hyperthermia is always used
together with other forms of cancer treatment methods
which allows more synergy with different proceedings of
conventional treatments [5].
The treatment of cancer, based on nanotechnology is
a specific form of interstitial thermotherapy with the
*Corresponding Author Email:
(A. A. T aheri)

advantage of selective heat deposition to the tumor cells
[6]. This technique is made by the injection of SuperParamagnetic Materials (SPMs) into the tumor tissue and
then applying an external magnetic field which leads to
heat generation. Delivery of the treatment agent to the
target area is the key points to effective treatment [7].
Despite the advantage of selective heat deposition,
overheating of healthy tissues are possible that could
cause burn, blister, and pain [6, 8]. The electromagnetic
field can itself, causes cancer depending on how they are
produced [9] or improve body behavior [10]. Also, the
nanoparticles should not have a toxic effect on the body
[11, 12]. Cobalt ferrite (CoFe2O4) is one of these
nanoparticle that can be used in hyperthermia [13].
Phase-Change Materials (PCMs) store energy at a
constant temperature so that, an increase in tissue
temperature during the hyperthermia will be low.
Additionally, because of the low thermal conductivity of
the PCMs, they prevent heat conduction from the
cancerous tissues to the healthy tissues [14]. Sezgin et al.
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[15] investigated hyperthermia in combination with
chemotherapy mediated by gold nanoparticles. They
concluded that the presence of nanoparticles increases
the treatment efficacy. Lv et al. [14] injected the PCM
around the tumor by the goal of protecting healthy tissues
during the hyperthermia. The results showed that the
PCM can significantly reduce the temperature around the
tumor tissue. Lv et al. [16] also proposed a new model
for utilizing of the micro/nanomaterials in the living
tissue using Monte Carlo’s method. Deng and Liu [17]
investigated uncertainty analysis during induction
hyperthermia using SPM. They concluded that
uncertainty analysis should be applied when designing
the treatment plan. Majchrzak et al. [18] studied
induction hyperthermia with choosing a two dimensional
model and applying the electromagnetic field using
Boundary Element Method (BEM). They examined
different voltages and frequencies and showed that the
optimum value for these parameters must be determined
to achieve the optimal treatment.
Majchrzak and Paruch [19, 20] applied the Finite
Element Method (FEM) to examine the effect of location
and size of the external electrodes on the temperature
distribution in the tumor tissue. Zhao et al. [21]
conducted a study about hyperthermia using magnetic
nanoparticles on the laboratory mice. Experimen t al
results showed that within the first 5-10 minutes the
temperature of the tumor center reached about 40 ºC.
Taheri and Talati [22] obtained the temperature
distribution in the tissue by injecting electromagnetic
micro/nanomaterials
and
then
applying
the
electromagnetic field. The results showed that inserting
the nanoparticles into the tumor significantly increases
the temperature in this tissue and transmits the maximu m
temperature to the tumor center. Taheri and Talati [23]
also investigated the uncertainty of the effective
parameters during hyperthermia with SPM nanoparticles.
They concluded that uncertainties in the measurement of
some parameters, such as strength of electromagnetic
field, radius, and area of the micro/nanoparticle severely
affect the temperature distribution in the tissue. In other
work, Taheri and Talati [24] examined the hyperthermia
cancer treatment by considering the two-dimensional
transient model of biological tissue with SPM and PCM.
Results showed that the use of the PCM reduces the
temperatures up to 3°C. Nemati et al. [25] showed that by
deforming the spherical SPMs into the cubes (octopods)
ones, their specific rate of absorption could be increased
by 70%. Wang et al. [26] obtained an optimal
temperature distribution for a 3D triple-layered skin
structure that is embedded with multi-level blood vessels
considering electromagnetic radiation heat source. The
effects of geometric structures of vascular trees and blood
flow are investigated by Li et al. [27]. They derived a
fractal model for the effective thermal conductivity of the
living biological tissue and found that the blood flow

highly affects the effective thermal conductivity. Despite
the thermal protection of PCMs, the incompatibility of
the practical parameters with the numerical estimations
could make it problematic for the treatment procedure.
Therefore, for designing a decent therapeutic pattern in
laboratory conditions, the possible deviations from the
numerical values should be examined.
In this study, the deviation and the uncertainty
analysis of each effective parameters in thermal
protection including the concentration, the radius of
microcapsules, the latent heat, the melting point, the
temperature
range
of
phase
change
of
micro/nanoparticles, and also the effect of the
concentration and the radius of superparamagnetic
materials are investigated. For this purpose, the
distribution of electrical potential within the tissue is first
obtained using Laplace equation. As the potential
distribution is determined, the heat production in the
different regions of the tissue will be obtained. This heat,
together with the metabolic heat of the body, enters into
the biothermal equation of Pennes. This equation
provides a transient temperature distribution in the tissue,
taking into account the conductivity of the tissue as well
as blood perfusion. After determining the temperature
distribution, the uncertainties of each of the important
parameters with a 20% tolerance have been investigated.
The rest of the paper has been compiled in this way.
Section 2 expresses the problem geometry with details of
the governing equations. Uncertainty analysis is defined
in section 3 and numerical procedure with mesh
independency and verification tests are provided in
section 4. Numerical results are presented in section 5
and general conclusions are given in section 6.
2. THEORETICAL MODEL
Here, three regions with different properties including
healthy tissue without PCM, tumor with SPMs, and
healthy tissue with PCMs are considered. Figure 1 shows
these regions by Ω1 , Ω2 , and Ω3 , respectively.
To prevent damage caused by overheating, two pads
cool down the surface of the skin. Also, paraffin wax with
a melting temperature of 38-42 ºC is assumed as the PCM
and injected around the tumor with high concentration
(see Figure 1). Details of geometric information and
thermophysical properties of three regions are reported in
section 5. If the permittivity of the dielectric is constant,
the potential within the tissue, φ could be determined
using the Laplace equation [16]:
2 (x , y )  0
 (x , y )  U ,
 (x , y )
 0,
q

(1)
(x , y ) h
(x , y ) h

(2)
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where U is the voltage of the electrodes, q is the direction
normal to the boundaries, and Ω h is area of the
electrodes. The strength of the electric field is determined
as [16]:
E(x , y )   (x , y )

(3)

Heat generation in the tissues without SPM particles
depends on the electrical conductivity and strength of the
electric field E. Thus, volumetric heat generation in these
regions could be determined for electric field E, roughly
[16]:
Qr   i

E(x , y )
2

2



 i  E x


2

 Ey 

2

2
(x , y )  1,3 .

(4)

where σi is the electrical conductivity of the region .
Properties in each subdomain are constant but different
from other subdomains . Subscripts of 1, 2, 3 and 4 are
used to show the features of the healthy tissue, cancerous
tissue, SPMs, and PCMs, respectively. Also, subscripts 5
and 6 are used to show the effective properties of the
cancerous tissue filled with SPM particles and the
effective properties of healthy tissue filled with PCM
particles. The heat generated in the tumor tissue with
SPM could be gained using [16]:
2
 3n r 3  
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fR
2
0


(x , y )  2 .

(5)

where 𝜇 0 is the permeability of the free space
( 0  4 107 T  m  A1 ), f is the frequency of the
electromagnetic field, R is the radius of the magnetic
induction
loop,
  is the susceptibility of
electromagnetic nanoparticles, σ5 is the effective
electrical
conductivity in
the tumor
tissue,
3  4 n3r33 / 3 is the SPM ratio in a volume of tissue,
r3 is the radius of the SPM micro/nanoparticles, and n 3 is
the concentration of the SPM micro/nanoparticles in the
tumor tissue.
Pennes equation determines the temperature
distribution within the tissue [14]:
c

T (x , y , t )
    k (x , y )T (x , y , t ) 
t
 b (x , y )cbT (x , y , t )  b (x , y )cbT a
 Q m (x , y , t )  Q r (x , y , t )

Figure 1. The regions of healthy tissue without PCM Ω 1,
tumor with SPM Ω2, and healthy tissue with PCM s Ω 3

The heat capacity c4 and the thermal conductivity k4
are estimated by [14]:
c 4s ,

c  c 4l
 Ql
c4  
 4s
,
2
 (T l T s )
c 4l ,

(7)

T Ts

T Ts
Ts T Tl

(8)

T Ts

where c4s , c4l , k 4s , and k 4l are the heat capacity of liquid
and solid PCM, the thermal conductivity of liquid and
solid PCM, respectively, and Ql indicates the latent heat
of the PCM [14]. Also, the effective electrical and
thermal properties of the tissues with SPMs and PCMs
are estimated as follows [9]:
c 2  (1  5 )c 4  5c 5 ,
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where Ω is the solution domain, c and cb are the heat
capacity of the tissue and blood respectively, Ta is the
temperature of the supplier artery which is assumed to be
constant, T is the temperature of tissue, k is the thermal
conductivity, ωb is the blood perfusion, Qm is the heat
generation and resulted from the body metabolism, and
Qr is the heat source comes from the electromagnetic
field.

Ts T Tl

k 4s ,
k  k

4l
k 4   4s
,
2

k 4l ,

2  

(6)

T Ts
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(11)

1
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The boundary conditions for Equation (6) are defined as
follows [14]:
T
 hf (T f T ),
y
T
k
0
x
k

y  0 m, y  0.04 m ,

(12)
x  0 m, x  0.08 m .

where h f is the heat convection coefficient between the
surface of the skin and water and Tf is the temperature of

266

A. A. Taheri and M. Taghilou / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 263-271

the water. The details of discretization of equations and
temperature distribution in the tissue are given in
literature [22, 23], and the uncertainty analysis of thermal
protection using PCM is studied here.
3. UNCERTAINTY ANALYSIS
The errors occur in the measurement of parameters are
one of the important reasons that cause the difference
between the results of the numerical results and the
laboratory ones. Generally, the temperature could be
defined by [17]:
T  f (w 1 ,w 2 ,...,w m )

(13)

where 𝑤1 , 𝑤2 , …, 𝑤𝑚 indicate m parameters in the
problem. Accordingly, the total uncertainty for
temperature of the tissue can be obtained using the
following equation [17]:
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where f and w are the sensitivity coefficient and the
w

uncertainty of the parameter, respectively.
4. NUMERICAL SOLUTION
Pennes Biothermal equation can be discretized by the
finite difference method with a second-order accuracy
considering Δx=Δy.
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where s denotes the time increment, Fo  k t / c x 2 is the
Fourier number and W  b cb t / c . Also, the
discretized form of the boundary conditions are written
as follows:
 h xT f
  h xT f 
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,

T Ms , j  T Ms 1, j .

The average of absolute error in each iteration (p) for the
potential equation [28] is computed by.
M

p 

N

 T
i 1 j 1

p 1
i,j

T i p, j

M N

(17)

The calculations stop, if the average of the absolute error
falls below the concurrency criterion of 10-6 . The mesh
independency is investigated for the temperature
difference between two cases, tissue with PCM and tissue
without PCM. For the same condition, Figure 2a displays
the temperature difference on the vertical lines passing
through the x=0.02 m and x=0.04 m and Figure 2b plots
the temperature differences on the horizontal lines
passing through the y=0.01 m and y=0.02 m for
dx=0.0008 (101×51), dx=0.0005 (161×81), dx=0.0004
(201×101), and t= 500 seconds. As can be seen, with the
change in the mesh resolution, the res ults do not change
significantly, which results in mesh independency of the
numerical results. Numerical validation has already been
performed by the authors [19] for R  4.2 108 m and
n  4.8 106 m [15]. Figure 3 shows the flowchart for
implementation of the numerical process.
5. RESULTS AND DISCUSS
The solution domain is rectangular with a dimension of
0.08×0.04 m2 . The heating area Ω h is limited to 0.032 ≤
x≤.048 m, y=0 and 0.032 ≤x≤0.048m, y=0.04 m, and
tumor area Ω 2 is limited to 0.032 ≤ x≤.048 m, 0.16 ≤
y≤.048m. The PCM area Ω 3 is specified in Table 1.
It is recognized that the presence of malignant tumor
in the tissue changes the blood perfusion, heat capacity
and heat of metabolism in the region of the tumor. For
the healthy tissue and tissue with the tumor the magnetic
and thermal properties are reported in Table 2. Also, the
blood temperature is Ta =37 °C and the heat capacity of
blood is cb =4200 kJ/m3 .K. The boundary condition on the
surface of the skin is the third kind with h f =45 W/m2 .K
and Tf =20 °C, and other boundary conditions are assumed
to be insulated [18]. The radius of the magnitude
induction loop is R=0.01 m, voltage of the electrodes is
U=8 V, and frequency of the electromagnetic domain is
f=1 MHz. The thermophysical and electrical properties of
the SPM and PCM are reported in Table 3. The
susceptibility of electromagnetic nanoparticles is  "  18 .
Experimental results show that the nanoparticle size for
cancer treatment should ideally be in the range of 10 to
100 nm [29].
The difference of temperature distribution between
two cases, tissue with PCM and tissue without PCM is
shown in Figure 4. According to this figure, it is observed
that the injection of the PCM reduces the tissue
temperature by more than 2 degrees, which justifies the
use of PCM to control the temperature of the tissue
during the hyperthermia.
To investigate the uncertainty analysis, a 20%
tolerance has been assumed for each parameter. The
positive or negative value of the uncertainty is so chosen
to have the worst effect on thermal protection. Therefore
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Figure 2. Investigation of the mesh independency at t=500 s for a) sections along the x-axis and b) sections along the y-axis
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Figure 3. Flowchart of the numerical process for reaching the uncertainty analysis
TABLE 1. The area in which the PCM is injected into the tissue
3  A

B

A  {(x , y ) 0.022  x  0.058 m, 0.011  y  0.032 m}

B  {(x , y ) 0.03  x  0.05 m, 0.015  y  0.032 m}
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TABLE 2. M agnetic and thermal properties of healthy tissue and tissue with tumor [18]
k (W/m.K)

c (J/m 3 .K)

σ (S/m)

ωb (1/s)

Q m (W/m 3 )

0.5

4.2×10 6

0.4

0.0005

4200

0.6

6

0.48

0.002

42000

Healthy tissue
T issue with tumor

4.2×10

TABLE 3. Thermophysical and electrical properties of SPM and PCM [14]
k (W/m.K)

c (J/m 3 .K)

σ (S/m)

Ts (°C)

Tl (°C)

Q l (J/m 3 )

r (nm)

n (m -3 )

40

2.072×10 7

25000

---

---

---

10

1×10 19

k s=0.35

cs=2.56×10 6
cl=2.2×10 6

10 -11

38

42

1×10 8

10

1×10 23

k l=0.1

SPM
PCM

all uncertainty values for the PCM are selected negative
except the melting temperature, and uncertainty values
for the SPM are selected positive. The uncertainty
analysis of the concentration of micro/nanoparticles is
shown in Figure 5. It is seen that the maximu m
temperature change in this case is only 0.22 °C, which is
negligible.
The uncertainty analysis for the radius of the
microcapsules is shown in Figure 6. The micro capsulation of phase-change micro/nanoparticles should
0.07
be in such a way that their radius not to be lower than the
numerical
value. It is seen that the difference from the
0.06
0.05

numerical values is not perceptible so that a change of
20% of this parameter can affect the temperature
distribution by about 0.5°C.
Figure 7 shows the uncertainty analysis of the latent
heat estimation. It is seen that a small deviation from the
numerical values would not affect the results, and its
impact can be ignored.
Uncertainty analysis of the melting temperature of
micro/nanoparticles is shown in Figure 8. According to
this figure, an imprecise estimation of the melting
temperature affects the thermal protection over 1.1 °C.
0.07
Hence to gain a similar results between the numerical and
experimental
data, the melting temperature should be
0.06
estimated more accurately.
0.05

Temperature ('C)

0.04

0

0.02

0.04
x (m)

0.07

0.06

0. 0
5

0.1
5

0.08
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Figure 7. Temperature changes in the tissue due to a 20%
change in the latent heat of the PCM
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Figure 8. Temperature changes in the tissue due to a 20%
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Figure 10. Temperature changes in the tissue due to a 20%
change in the concentration of the SPM

Figure 9 shows the temperature changes in the tissue
due to a 20% changes in the, solidus and liquidus
temperatures of the phase-change micro/nanoparticles
(the range of phase-change). Based on this figure, the
deviation from the numerical values for the solidus and
liquidus temperatures is so small, and there is no
sensitivity to determine it precisely in the laboratory. As
was shown in the previous study [23], the concentration
and radius of SPM can also affect the thermal protection
of the healthy tissue during the hyperthermia, thus the
0.07
uncertainty
analysis for these parameters are presented.
Figure 10 shows the temperature changes after 20%
0.06
change
of the concentration of the SPM. According to

this figure, any small deviation from numerical values is
negligible because the temperature change in the healthy
tissues around the tumor is not significant.
Uncertainty of the radius of the SPM
micro/nanoparticles has increased the temperature in the
tumor tissue and also in the healthy tissues about 4˚C and
3˚C, respectively. This shows that the radius of the SPM
micro/nanoparticles should be estimated accurately. The
uncertainty of the radius of SPM micro/nanoparticles is
0.07
shown in Figure 11. A summary of uncertainty analyzes
is given in Table 4. These results are also graphically
0.06
plotted in Figure 12.
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Figure 9. Temperature changes in the tissue due to a 20%
change in the solidus and liquidus temperatures of the PCM
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TABLE 4. Temperature variations in the tissue due to 20% changes in effective parameter at t=1000 (s)
Maximum Temperature variation ° C
Concentration
of the PCM

Micro-capsulation
radius of the PCM

Late nt
heat of
the PCM

Melting
temperature
of the PCM

Range of solidus and
liquidus temperatures
of the PCM

Concentration
of the SPMs

Radius of
the SPM

Healthy
tissue

0.22

0.47

0.17

1.15

0.065

0.6

3.2

T umor
tissue

0.17

0.57

0.14

0.98

0.025

1.12

4.1

Re gion
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Melt temperature of PCMs
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3.

4.

5.

6.

Maximum temperature change

Figure 12. Temperature variations in the tissue due to 20%
changes for the effective parameters at t=1000 (s)

7.

6. CONCLUSION
8.

In the present study, the inevitable deviation of the
laboratory values with the numerical ones is investigated
for the SPM and PCM. The results show that the
deviation of some quantities affect the protection of
healthy tissues during the hyperthermia and therefore
need more precision in measurement of parameters for
the practical condition. According to the obtained results,
the deviation of the concentration, the radius of micro capsulation, the latent heat and the range of the melting
temperature have no significant effect on the thermal
protection of healthy tissues. But the melting temperature
of the PCM, the concentration of the SPM and the radius
of SPM must be measured more accurately to gain the
equal numerical and experimental results.
According to the results, a 20% difference between
the numerical and laboratory values can cause a
significant temperature change in the tissue.
Uncertainties in measuring the concentration of the PCM,
the radius of the micro-capsulation, the latent heat of the
PCM, the melting temperature, the concentration of the
SPM, and the radius of the SPM cause temperature
change about 0.22 °C, 0.55 °C, 0.16 °C, 1.1 °C, 1 °C and
4 °C, respectively. Therefore, the radius of the SPM, the
melting temperature and the concentration of the SPM
should be more accurately measured.
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Persian Abstract
چکیده
 انحراف از مقادیر نظری در شرایط آزمایشگاهی به دلیل خطاهای،) PCM (  نانو تغییر فاز ده نده/در محافظت گرمایی از بافت های سالم در طول هایپرترمیا به وسیله مواد میکرو
 این انحراف ها میتوانند محافظت گرمایی عملی را با آسیب به سلولهای سالم یا عدم تخریب. جابجایی ذرات و غیره اجتنابناپذیر است، اندازه گیری،مختلف مانند مدلسازی
 توزیع پتانسیل با حل معادله الپالس و برای یافتن توزیع دما در بافت معادله، با استفاده از روش اختالف محدود، برای انجام روش عددی.سلولهای تومور تحت تأثیر قرار ده ند
 در نتیجه. پرفیوژن خون و گرمای متابولیک بدن به صورت گذرا حل شده است، معادله پنس با در نظر گرفتن رسانش درون بافت.زیست گرمایی پنس استفاده شده است
 دمای ذوب و گستره تغییر فاز، گرمای نهان، شعاع میکروکپسوله کردن،انحراف و عدم قطعیت هر یک از عوامل موثر در محافظت گرمایی شامل غلظت مواد تغییر فاز دهنده
 شعاع، مطابق نتایج به دست آمده از آنالیز عدم قطعیت. ) بررسی شده استSPM (  نانوذرات تغییر فاز دهنده و همچنین تأثیر غلظت و شعاع مواد سوپر پارامغناطیس/میکرو
. درجه سیلسیوس بر روی دمای بافت تاثیرگذار باشد4  از مقدار عددی این پارامتر میتواند تا میزان% 20  پر اهمیت ترین پارامتر است و انحرافSPM s
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Fused Deposition Modelling (FDM) is an additive manufacturing process to build 3D objects on a
horizontal plane from bottom to top. In the conventional FDM process, the printing of curved objects
causes the staircase effect and results in poor surface finish. In this work, the FDM process integrated
with a 6-DOF Industrial robot is used to print the curved objects by generating non-linear tool paths to
avoid the staircase effect. A standard NACA 0015 aircraft wing having curved surfaces is printed
without staircase effect at a uniform deposition rate using an industrial robot. T he wing is sliced into
concentric curved layers either in the form of convex or a concave shape. A new methodology is
developed by combining the non-linear toolpaths with the change in extruder orientation to print
curved objects at a uniform deposition without any staircase effect. ABB Robotstudio simulation
software is used for simulating the printing process and simulation results are validated by printing the
portion of the wing using the Industrial robot with an FDM extruder as an end effector. T he
experimental results showed that the aircraft wing is printed successfully with uniform deposition at
constant velocity without any staircase effect.
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NOMENCLATURE
FDM
DOF

Fused Deposition Modelling
Degrees of Freedom

PLA
ST L

Polylactide
Standard T riangle Language

NACA
CAD

National Advisory Committee for Aeronautics
Computer-Aided Design

MAT LAB
T CP

Matrix Laboratory software
T ool Centre Point

1. INTRODUCTION1
Fused Deposition Modelling (FDM) is a widely used
additive manufacturing technology. It is less expensive
compared to other 3D printing processes. FDM
machines consist of an extruder (generally having two
nozzles) and a horizontal printing bed. The degree of
freedom for the conventional FDM machine is limited
to three. Those are the movement of the extruder along
the X and Y axes, and the movement of the bed along
the Z-axis. In the conventional FDM machine, the
orientation of the extruder is always perpendicular to the
*Corresponding Author Email: sriharsha.arigela@gmail.com
(S. Harsha Arigela)

printing bed and the object is printed in a layered
fashion from bottom to top.
The processing steps involved in the conventional
FDM process are shown in Figure 1. The first step
involved in the FDM process is to generate or create a
virtual model or CAD model of the physical object. This
CAD model is converted into STL (Standard Triangle
Language) format. In the STL format, the entire surface
of the object is approximated by triangles. The object in
STL format is sliced into horizontal layers based upon
the layer thickness. In the third step, the toolpath is
generated for each layer in terms of G and M code
instructions to the machine to print the desired object.
The post-processing step is the removal of support
material.

Please cite this article as: S. Harsha Arigela, V. Kumar Chintamreddy, Fused Deposition Modeling of an Aircraft Wing using Industrial Robot
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Figure 1. FDM Process

Figure 2. Staircase effect

In a conventional FDM process, while printing the
objects with curved surfaces, the staircase effect is one
of the common defects. For the curved surfaces, as the
material deposition is carried out in layer-by-layer
fashion, there is a presence of offset between two
adjacent layers as shown in Figure 2. Steps are formed
instead of the desired curved shape that results in poor
surface finish as shown in the figure.
Tyberg and Bohn [1] developed an adaptive slicing
methodology to reduce the staircase effect for curved
surfaces. In this method, the slicing thickness is varied
throughout along the curved surface. When the
curvature is more the slice thickness is reduced to
minimize the offset between the adjacent layers and in
other cases default layer thickness is considered. The
other way to minimize or eliminate the staircase effect
is to adopt the non-linear toolpath generation [2]. For
the conventional FDM machine, a non-linear toolpath
can be generated with the three simultaneous translation
movements in x, y, and z directions. But the orientation
of the extruder cannot be changed and hence it may lead
the extruder to collide with the previously deposited
layers during the printing of curved surfaces. At the
same time, the extruder’s orientation needs to be
maintained perpendicular to the printing surface to get
homogeneous deposition. Due to the limitation of the
orientation using conventional FDM, at some places, the
excess of material will be deposited or an inadequate
amount of material will be deposited. It results in the
variation of part geometry and mechanical properties.
Hence the conventional FDM machines are not suitable
to produce uniform deposition of curved surfaces due to
the limitation of extruder orientation. Shembekar et al.
[3] proposed a collision-free trajectory planning for
printing using a non-planar deposition. It indicated that
collision with the printing surface can be avoided by
properly controlling the trajectory parameters with
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respect to surface curvature. The proposed approach is
implemented by using a 6-DOF robot arm. STL files of
non-planar surfaces were generated with information of
unit normal vectors set and the information on vertices
of each triangle in 3D Cartesian coordinates. By
projecting this data on the 2D Cartesian coordinate
plane, the shape of the projected surface is obtained. In
this way, all the surfaces (slices) were obtained for the
3D structure. Complex 3D structures with various
curvatures like Curved beam, Mini armor chest
protector, Wind turbine blade, Mini Car Bonnet were
successfully fabricated using the proposed collision-free
trajectory and a satisfactory surface finish is
accomplished. Bhatt et al. [4] proposed a robotic cell for
multi-resolution AM (Additive manufacturing with two
different nozzle sizes). The proposed cell consists of
two 6 degrees of freedom (DOF) robot manipulators.
Algorithms were developed for decomposing parts into
multi-resolution layers and generating collision-free
trajectories for these robot manipulators. Euclidean
distance transform (EDT) based layering algorithm is
used to generate non-planar layers required for printing.
EDT is used to construct the 3D transform distance
from the 2D transform distance. Sample specimens like
Mini car bonnet, Mini airplane wing, Composite slider,
and Helix shape slider were printed with non-planar
layers for the exterior regions with the ABB IRB 120
robot. The planar layers were printed for the interior
regions of those specimens with the ABB IRB 2600
robot. While printing the airplane wing with the
proposed slicing technique, non-planar layers for the
outer region and planar layers for the inner region were
generated. This will eliminate the staircase effect but the
mechanical properties of the wing will be the same just
like the same wing printed with the conventional FDM
process. Jensen et al. [5] introduced two new
deposition-strategies for 5 DOF (five degrees of
freedom) and 6 DOF extrusion-based additive
manufacturing (AM) process. The 5 DOF extrusionbased additive manufacturing strategy is called the tool
path projection approach. This approach was inspired by
the texturing of 3D bodies used in computer-generated
imagery (CGI) for generating layers. This approach
follows a sequence in which the surface of the geometry
is unwrapped, and in its flattened form, texturized, and
then the geometry is wrapped back to its 3-dimensional
shape. This is done for each layer. The 6 DOF
extrusion-based additive manufacturing strategy is
called parent-child-approach. This approach allows
local features of the workpiece to be built in different
directions by reorienting the workpiece accordingly,
exploiting the 6DOF of the system. It indicated that the
proposed automated tool path projection method to
generate concentric shell layers as a remedy for the
staircase effect. Ishak et al. [6] integrated six degrees of
a freedom robot arm with a fused deposition modeling
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system for multi-plane and 3D lattice structure printing
applications. The proposed system has the advantage of
printing in multiple planes over a conventional
Cartesian 3D printer platform which is limited to singleplane layering for the printing of 3D objects. 3D lattice
structures and an object with an overhang structure were
printed with the proposed platform. Ahlers et al. [7]
presented a slicer (slices generating algorithm) that is
capable of generating non-planar toolpaths from any
object to avoid the staircase effect. In this work, first
object is sliced with the regular layer generation to
generate the planar layers. And then the top and shell
areas are removed and replaced by nonplanar layers to
generate the needed space for the nonplanar extrusions.
The replacement is done by first finding the layer where
the nonplanar surface should be generated. In this way,
nonplanar layers are generated. Collision prevention
while printing nonplanar layers is also taken care of in
the proposed printing approach. The objects printed
with the nonplanar layers by the proposed approach
have shown better surface quality compared with
objects printed with conventional planar layers. Kubalak
et al. [8] have presented a multi-axis toolpath generation
algorithm and it is implemented on a 6-DOF robotic
arm ME (Material Extrusion) system to fabricate tensile
specimens at different global orientations. ABS tensile
specimens at various inclination angles were printed
using the proposed multi-axis technique. The results
showed that the multi-axis specimens had similar
performances regardless of orientation and were
equivalent to the 3-DOF specimens printed with the
conventional FDM machine. Balogun et al. [9]
developed a generic electrical energy model for the 3D
printing process and indicated the warm-up time for the
FDM machine is considerably high and suggested that
energy efficiency can be improved without cooling
down the 3D printer to room temperature before the
next part is printed. Kumar et al. [10] examined the
tribological behaviour of Ultra High Molecular Weight
Polyethylene (UHMWPE) and Polyether ether ketone
(PEEK) biopolymers which are mostly used for
prosthesis used in Total Knee Replacement (TKR). The
test specimens were fabricated using Direct Laser Metal
Sintering (DMLS) and indicated that PEEK is a suitable
material for TKR due to less wear rate compared to the
UHMWPE. Kumar et al. [11] developed a robotic
manipulator to recognize the speech and n write letters
by using a pen as an end effector. In this work, a
dynamic time warping (DTW) algorithm is used for
recognizing the sound signal and to generate the
executable command to move the robot in its
workspace. Moradi et al. [12] statistically analysed 3D
printing of PLA (Polylactic acid) by the Fused
Deposition Modelling process. The honeycomb pattern
is selected in this work for infill. It indicated that layer
thickness is the major control variable. It also indicated

that the infill percentage and extruder’s temperature had
a significant influence on the tough fracture of printed
parts. Moradi et al. [13] investigated the influence of
layer thickness, infill percentage, and extruder
temperature on the failure load, thickness, and build
time of bronze polylactic acid (Br-PLA) composites 3D
printed by the fused deposition modeling (FDM). The
failure load and build time were considered as objective
functions. In this work, a comparison was made
between PLA and Br-PLA in terms of failure load.
Moradi et al. [14-17] investigated the post-processing of
3D printed PLA (polylactic acid) parts. To remove the
defects of workpieces printed by the FDM process, a
post-processing operation is introduced in this work that
uses a low power CO2 laser. Optimum values of the
process parameters were obtained in this work from the
DOE analysis.
In the FDM process, an alternative slicing technique
is needed to generate nonplanar layers for objects
having curved surfaces to eliminate the staircase effect.
In the conventional FDM machine, due to limited
degrees of freedom (3), it is not possible to print the
curved objects without staircase effect. The objective of
the present work is to develop a new slicing
methodology to print the objects having curved surfaces
without staircase effect using the Industrial robot. The
curved surface object is sliced into nonplanar layers that
are concentric to the shape of the object. These
nonplanar layers are printed by generating non-linear
toolpaths using the Industrial robot with an FDM
extruder as the end-effector. To obtain uniform and
homogeneous deposition along the nonplanar layers, the
extruder needs to move with constant velocity and its
orientation needs to be maintained perpendicular to
printing surfaces. The proposed methodology is applied
to print a segment of an aircraft wing having NACA
0015 [18] Airfoil shape. The NACA aircraft wings are
developed by the National Advisory Committee for
Aeronautics [18]. Data for these Airfoil shapes are
available on the UIUC Airfoil Coordinates Database
[19]. Simulation of the extruder’s movement along the
generated toolpath is carried out in ABB Robotstudio
software for validation. The simulation results showed
that there is no presence of singularity errors and the
generated toolpath is within the range of the robot’s
workspace. The actual printing of the aircraft wing is
done successfully without the staircase effect. The
methodology followed in slicing and printing the
segment of the aircraft wing is presented in this paper.
2. METHODOLOGY
2. 1. Nomenclature of the Wing
A wing is a
type of fin that produces lift force to fly while moving
through the air [20]. The wing has curved surfaces on
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the upper and the lower portions, designed to give an
adequate ratio of lift to drag. The cross-sectional shape
of a wing is called Airfoil. Wings are classified as
symmetric and asymmetric Airfoil-shaped wings. Figure
3 shows the nomenclature of an asymmetric Airfoilshaped wing and Figure 4 shows the nomenclature of a
symmetric Airfoil-shaped wing. The lower surface of
the wing is subjected to higher static pressure compared
to the upper surface. The lift force is generated due to
the pressure difference between these two surfaces of
the Airfoil. The leading edge is situated at the front part
of the Airfoil and it has maximum curvature. The
trailing edge is situated at the rear part of the Airfoil.
These two edges are connected by a straight line called
chord line. Angle “” is called the angle of attack that is
measured between the direction of the relative wing and
chord line. The camber line is constructed by joining the
locus of points midway between the upper and lower
surfaces. If the Airfoil is symmetric, then both the
camber line and the chord line will coincide. In this
work, the symmetric Airfoil NACA 0015 [18] wing is
selected for printing.
2. 2. Selection of Aircraft Wing’s Orientation for
Slicing
In this work, a symmetric Airfoil-shaped
wing as shown in Figure 4 is selected for printing using
the Industrial robot. In the conventional FDM process,
the wing can be sliced into three possible ways with
respect to two reference planes viz. “S” and “R” as
shown in Figure 5.
The reference plane “R” is considered as a plane
parallel to the flat base of the wing as shown in Figure
5. Another reference plane “S” is considered as a plane
containing the chord lines and perpendicular to the
reference plane “R”.

Chord line

Relative wind
Leading edge
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S
R

Figure 5. A portion of the wing with plane “S” passing
through chord line and plane “R” parallel to the wing base

For conventional FDM, the selected aircraft wing
can be sliced and printed in three possible orientations
with minimum support structure with reference to
planes “R” and “S” as shown in Figure 6, Figure 7 and
Figure 8. In all these three cases, slicing is carried out
with a plane parallel to the horizontal printing bed. The
boundaries (shells) for each of these layers are shown in
red color and the infill is shown in yellow color for
these three cases as shown in Figures 6, 7 and 8.
In the first orientation, as shown in Figure 6, the
slicing is carried out parallel to plane “S” and
perpendicular to plane “R”. In this orientation the cross sectional area of each sliced layer is different and it
produces the staircase effect. Due to variation in the
cross-sectional area of each layer, the object may not
have uniform strength. In this orientation, the support
structure is required to build the wing up to the chord
length’s height.

Infill
Direction of
printing

Support
material
Camber line
Upper surface

Shell

Figure 6. Case 1: Slicing perpendicular to plane “R” and
parallel to plane “S”

Max. thickness

Lower surface
Max. camber
T railing edge

Figure 3. Airfoil Nomenclature (asymmetric type) [17]

Direction of
printing

Infill

Upper surface

Shell

Chord line
Delamination

in

this

Lower surface

Figure 4. NACA 0015 (Symmetric type Airfoil) [18]

Figure 7. Case 2: Slicing perpendicular to plane “S” and
parallel to plane “R”
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Shell

Direction
of
printing

Figure 8. Case 3: Slicing perpendicular to both plane “R”
and plane “S”

In the second orientation, as shown in Figure 7, the
slicing is carried out perpendicular to plane “S” and
parallel to the plane “R”. In this orientation, the objects
can be printed without staircase effect and support
structure but the tensile strength is poor along the
direction of printing. Zhao et al. [21] studied the tensile
strength and elastic property of PLA material printed
with different angles and layer thicknesses through the
FDM process. It indicated that the tensile strength and
Young’s modulus of PLA specimen increased with the
increase in the printing angle or decrease in layer
thickness. It also indicated that the specimen printed at
00 angle (i.e. layers are parallel to tensile load direction)
having comparatively less tensile strength compared to
specimen printed at other angles (15o , 30o , 60o , 90o ). At
90o the printed layers are perpendicular to tensile load
direction. Moreover, in this orientation, the aircraft wing
will suffer a serious delamination effect due to the
action of high static pressure (load) on the lower
surface. Perkowski [22] indicated that the part printed
by the FDM process with PLA material will fail, if it is
subjected to the compressive load applied perpendicular
to the direction of printing due to the buckling of layers.
This is caused by the layers delaminating and bending
out of the plane of the applied stress.
In the third possible orientation, as shown in Figure
8, the slicing is carried out perpendicular to both plane
“R” and plane “S”. In this case, the support structure is
required to build up to the maximum thickness of the
wing. The major drawback of this orientation is that the
staircase effect and poor tensile strength along the
direction of printing. The cross -section of each layer is
not uniform and the wing may not have uniform
strength.
In the present work, a new methodology is adopted
for slicing and printing of the wing as shown in Figure 9
using the Industrial robot. The slicing is carried out

parallel to the outer curved surfaces of the wing i.e. in
the concentric form. In this orientation, the support
structure is required up to the chord line’s height. In this
slicing method, each layer is having maximum surface
area contact to adjacent layers and results in
comparatively higher strength in perpendicular
directions along the curved surfaces than the
conventional orientations as shown in Figures 6, 7 and
8. This slicing method also avoids staircase effect. For
the support structure, the slicing is carried out in a
conventional horizontal slicing, and to eliminate the
staircase effect in the lower surface of the wing two
nonplanar layers are required as shown in Figure 9. The
layers of the support structure are represented in red
color and the layers of the wing are represented in green
color as shown in Figure 9. Due to limited degrees of
freedom, in the conventional FDM machine, the change
in orientation of the extruder is not possible to print the
nonplanar layers that are shown in Figure 9. The layers
in this orientation have stronger bonding and minimum
delamination due to nonplanar type and maximum
surface area contact.
The relative merits and demerits of the mentioned
slicing methodologies and orientations are shown in
Table 1.

Planar support
layers

Nonplanar object
layers

Nonplanar
support
layers

Figure 9. Slicing along the contour of the wing (nonplanar
slicing)
TABLE 1. Relative merits and demerits of slicing
Case 1
Case 2 Case 3
Figure 6 Figure 7 Figure 8

Slicing along the
contour of the
wing Figure 9

Staircase
effect

Yes

No

Yes

Strength

Moderate

Poor

Poor

High

No

Linear

Linear

Linear

Both Linear and
Non-Linear

Printing with
Conventional
FDM

Possible

Possible

Possible

Not possible

Extruder’s
Orientation
when printing

No
Change

No
Change

No
Change

Changes when
printing
nonplanar layers

Support
structure

Required

Not
Required
Required

Type of
support
structure

Planar
Layers

Slicing

Not
Required

Planar
Layers

Required
Both planar and
non-planar layers
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2. 3. Steps Involved in Printing the Aircraft Wing
using Industrial Robot
In this work, the aircraft
wing is printed with an Industrial robot using the
extruder as an end effector. In this work, a small
segment of the wing is printed. Various steps involved
in printing the aircraft wing [18] are presented in this
section and they are 1) Layer generation 2) Toolpath
generation 3) Simulation of Printing in ABB
Robotstudio software and 4) Printing using the Robot.
2. 3. 1. Layer Generation
The data points for
the lower surface and upper surface of the Airfoil of
NACA 0015 [18] wing are shown in the following
Table 2. Data for this Airfoil shape is taken from the
UIUC Airfoil Coordinates Database by considering the
value of chord length as 80 mm.
1. Based on the data points, two splines are fitted for
both the lower surface and upper surface respectively.
The obtained Airfoil shape or cross -section of the wing
is shown in Figure 10. These two splines are considered
as base splines.
2. Normal vectors at discrete intervals (0.5 mm) to the
lower base spline are generated. The direction of each
normal vector is reversed (towards the chord line) and
the obtained vectors for the base spline are shown in
Figure 11.

3. On each obtained vector, a new point is determined
at a certain distance from the origin of the respective
vector towards the chord line. This distance is equal to
the layer thickness. The layer thickness considered in
this work is 0.5 mm. Again, one more spline is fitted
through the newly obtained points. Figure 12 shows the
newly obtained spline over the base spline that is
separated by 0.5 mm.
4. By repeating the above step and by considering the
distance as multiples of 0.5 mm, new splines are
created. The extended portion of each spline beyond the
chord length is trimmed off. Following the same
procedure for the upper surface, concentric splines are
generated. Figure 13 shows the final set of splines that
are obtained for the cross-section of the wing.
5. From the obtained set of splines, each spline is
swept along a line segment towards the depth direction
to generate a layer. All the splines are swept in the same
way to generate a set of layers. Figure 14 shows a
generated layer obtained by sweeping a spline.

Figure 10. Airfoil Shape
TABLE 2. Data Points [18]
Lower Surface

Upper Surface

X

Z

X

Z

1

15

8.7016

15

8.7016

2

16

6.808

16

10.5952

3

17

6.0872

17

11.316

4

19

5.1472

19

12.256

5

21

4.5016

21

12.9016

S. No.

6

23

4.0192

23

13.384

7

27

3.356

27

14.0472

8

31

2.964

31

14.4392

9

35

2.76

35

14.6432

10

39

2.7

39

14.7032

11

47

2.8984

47

14.5048

12

55

3.408

55

13.9952

13

63

4.1384

63

13.2648

14

71

5.0376

71

12.3656

15

79

6.0784

79

11.3248

16

87

7.2536

87

10.1496

17

91

7.8952

91

9.508

18

95

8.5752

95

8.828
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Figure 11. Vectors along the Lower surface

New Spline
Base Spline

Figure 12. New obtained spline above the Base spline

Figure 13. Set of splines

Figure 14. Generated layer
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2. 3. 2. Toolpath Generation
The sliced layers
of the aircraft wing consist of concave shapes below the
chord line and convex shapes above the chord line. To
print the concave-shaped layers below the chord line
need supporting structure. The support structure consists
of both planar (flat) and non-planar (curved) type of
layers. Two concave-shaped layers were generated to
support the aircraft wing’s bottom layer to eliminate the
staircase effect at the bottom portion. After completion
of printing the aircraft wing, the entire support structure
is removed. The cross -sectional view of the aircraft
wing with support structure is shown in Figure 15. In
the figure, it can be observed that a support structure
having nonplanar layers are used at the lower surface of
the aircraft wing in order to eliminate the staircase
effect. 3D view of the aircraft wing is shown in Figure
16. In this work, both wing and support structure are
printed using a robot and the tool path is generated
separately for both support structure and wing.
For printing the portion of the support structure with
flat horizontal layers, a CAD model up to that portion is
developed based on data points shown in Table 2. In
this work, a chord line length of 80 mm is considered.
The width of the wing segment is considered as 20 mm.
The CAD model is converted into STL format and it is
sliced into horizontal layers as shown in Figure 17.

80

Support Structure with
curved layers
Chord line

12

Aircraft wing
8.5

110
Support Structure with flat layers

Figure 15. The cross-sectional view of the aircraft wing with
the support structure

20

80

Each layer’s toolpath is generated in a zig-zag
fashion based upon the scan-line polygon filling
algorithm [23]. The fill density of the support structure
is taken as 50% to save the material and time and for
ease of cleaning. The toolpath is converted into rapid
commands (MoveL) for the ABB Industrial robot to
print the support structure. For generating the two
curved (concave-shaped) layers of the support structure,
the proposed layer generation technique in the above
section is used. The toolpath generation for these two
layers is similar to the aircraft wing’s layers, which is
explained in the remaining part of this section.
The tool path for printing the wing is generated by
combining the non-linear motion of the robot wrist
combined with continuous change in orientation. As
shown in Figure 11, the set of layers were generated by
sweeping the splines. In generating non-linear toolpath
for each layer, the extruder needs to move in all the x, y
and z coordinates simultaneously. At the same time, the
orientation of the extruder needs to vary to maintain
perpendicular orientation to layer to get uniform
deposition and to avoid collision with the previously
printed layers. The maximum rotation (roll) along the xaxis considered in this work is ± 450 . Figure 18 shows
the schematic view of the tool (Extruder) moving along
a nonplanar layer in a nonlinear fashion keeping the
orientation perpendicular to the layer. The extruder
keeps on changing the orientation along with the
movement at constant velocity to facilitate
homogeneous deposition of material as shown in the
figure.
Two types of toolpaths that are considered
alternatively for generating the toolpaths while
depositing the material along the curved layers. A
MatLab program is developed to generate these
toolpaths. This MatLab program takes the coordinates
on the layer as input and joins them logically to create
the path. If the tool is required to move from the first
coordinate to the second coordinate, the MatLab
program generates the output in the form of MoveL
(rapid code for the robot) statement which will make the
robot move from the first coordinate to the second
coordinate in a linear fashion. In this way, the toolpath
is created for the entire layer. The first type of the
toolpath is generated in such a way that the tool moves
along the curved layer (treating the movement along the
y-axis) and changes its orientation while moving from

Figure 16. 3D view of the aircraft wing
Extruder nozzle
Nonplanar support layers

Planar support layers

Non-linear toolpath

Figure 17. Front view of the slices of support

Figure 18. Schematic view of the tool moving along a curved
layer
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one position to another. This movement is incremented
along the other axis (x-axis) for generating the toolpath
for that layer. The isometric view of this type of
toolpath is shown in Figure 19. Schematically the
toolpath is drawn along the layer in Figure 19 for
representation purpose. The top view of the actual
toolpath is shown in Figure 20.
The second type of toolpath is generated by
changing the direction of the movement of the extruder
is along the depth direction (x-axis) with constant
orientation. This movement is incremented towards the
curve (towards the y-axis) by changing the orientation
for each increment. The isometric view of this toolpath
is shown in Figure 21. Schematically the toolpath is
drawn along the layer in Figure 21 for representation
purpose. The top view of the actual toolpath is shown
in Figure 22.
These two types of toolpaths are used alternatively
for consecutive layers to produce stronger bonds
between layers and result in an increase in the strength
of the wing. For the outer layers of the wing, the first
type of toolpath is used for printing to avoid the
staircase effect.

z
y
x

Figure 19. Isometric view of Toolpath type 1

x
z

y

Figure 22. Top view of Toolpath type 2

2. 3. 3. Simulation of Printing in ABB Robotstudio
Software
In this work, ABB make IRB 1600 robot
acts as a fused deposition modeling machine with a
higher degree of freedom (6) by attaching the extruder
as an end effector. Before carrying out the actual
printing process, simulation of the toolpath movement is
done in ABB Robotstudio simulation software for
validation. This simulation is helpful for checking out
the presence of any singularity errors. This can be also
useful to check whether all the positions were within the
reach of the robot or not. For simulation, a model of the
extruder is built and attached to the IRB 1600 robot and
it acts as a tool. The tip of the nozzle is defined as the
TCP (Tool Centre Point).
2. 3. 4. Printing using the Robot
A dual nozzle
extruder is attached to the flange of the ABB IRB 1600
robot’s wrist to facilitate Fused deposition modeling.
TCP (Tool Centre Point) is defined at the tip of nozzle
1. This setup is shown in Figure 23.
The toolpath that has been generated in terms of
Rapid commands is given as input to the ABB IRC5
controller. These rapid commands do contain both
motion instructions and digital output signals. The
motions instructions in the form of MoveL (Move
Linear) are used to control the movement of the robot.
As the TCP (Tool Centre Point) is defined at the tip of
the nozzle, the nozzle follows the defined toolpath.

x
z

y

Figure 20. Top view of Toolpath type 1

z
y
x

Figure 21. Isometric view of Toolpath type 2
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Figure 23. Extruder attached to the robot
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The other rapid commands are digital output signals.
These signals are being used to control material
deposition. Here the material used for printing is PLA
(Polylactic acid) with a melting point of 1950 . This
digital output signal is in binary form i.e. either 0 or 1, a
simple off or on. The digital output signal is fed to the
Arduino Uno board’s digital input pin. Here the
Arduino board does contain an L293D Motor Driver for
stepper motor control. A program is dumped into this
Arduino board to rotate the stepper motor at specific
constant rpm if the digital output from the controller is
1. This rotation is only in one direction. If the digital
output signal is 0, the stepper motor stops rotating and
holds its position. When the stepper motor is in ON
state, the material in the form of wire will pass through
the heat block and gets melted and gets deposited
through the nozzle. Once the material leaves the nozzle
and gets exposed to the atmosphere, it gets solidified
instantly within 0.1s. These digital output signals are
passed logically so that wherever there is a need the
material gets deposited in between two specific points
along the toolpath. If not, the material won’t get
deposited. In this way, the stepper motor will be
controlled. Process parameters that were considered for
the FDM process in this work are shown in Table 3.
Layer thickness is one of the important process
parameters for the FDM process. Total printing time is
also affected by layer thickness. In this work, is used to
print layers of thickness 0.5 mm and deposition speed
i.e TCP (Extruder’s nozzle tip) speed is considered to be
40 mm/s. Infill density for support is considered as
50%. This will ensure the easy removal of the support
structure after the printing process is completed. The
aircraft wing is printed with 100% infill density. The
extrusion temperature is maintained at 1950 C. This is
done by using Arduino Atmega 2560 board and Ramps
1.4 Shield. All the time there is continuous feedback
from the heat block to maintain a constant temperature.
To take away excessive heat from the nozzle’s heat
block, a cooling fan is also being controlled by this
Arduino board. Using this same feedback system the
bed temperature is also maintained at 700 C.

TABLE 3. Process parameters
S. No

Process Parameter

The relative advantage of the methodology adopted
to print the aircraft wing in this work over and the
methodology adopted by Bhatt et al. [4] is shown in
Table 4.

3. RESULTS AND DISCUSSION
Simulation is carried out in Robotstudio software to
check the movement of the tool along the d efined
toolpath. The generated toolpath in the form of rapid
commands is uploaded to the software environment.
The movement of the tool speed is maintained at 40
mm/s. Simulation is carried out in two stages. In the
first stage, the simulation of the tool moving along the
toolpath for the support is checked. For this movement,
the tool remains in the same perpendicular orientation to
the planar toolpath throughout the simulation with a
movement speed of 40 mm/s. Tool moving along the
two nonplanar layers in the support structure is also
simulated in this stage at the same speed but with a
change in the tool’s orientation. The toolpath generated
in the robotstudio simulation environment for the
support is shown in Figure 24.
In the second stage, the simulation of the tool
moving along the toolpath for the wing segment is
checked. In this movement, the tool changes its
orientation perpendicular to the non-linear toolpath
throughout the simulation with a movement speed of 40
mm/s. The toolpath generated in the robotstudio
simulation environment for the aircraft wing segment is
shown in Figure 25.

TABLE 4. Relative advantages of the present methodology
Aircraft wing printed Aircraft wing printe d
through proposed
through the
methodology in this methodology presente d
work
by Bhatt et al. [4]
T ype of layers
used to print the
aircraft wing

Non-planar layers only

Both planar and
nonplanar layers

T ype of slicing

Based on Splitting the
part into a set of splines

Based on Euclidean
distance transform

Nozzle diameter

0.5 mm

0.4 mm and 0.8 mm

40 mm/s

25 mm/s

1

2

Value

1

Layer T hickness (For both planar
and nonplanar layers)

0.5 mm

Robot end effector
velocity

2

Deposition speed

40 mm/s

Number of Robots
used

3

Infill density for support

50%

4

Infill density for aircraft wing

100%

5

Nozzle Diameter

0.5 mm

6

Extrusion T emperature

195 0

7

Bed T emperature

70 0

Figure 24. Toolpath for the support
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Figure 25. Toolpath for the Aircraft wing segment

The simulation results showed that the TCP (tip of
the nozzle) followed the toolpath with desired
orientations at every position without singularity errors.
All the positions are within reach. Hence the generated
toolpath for both the support and wing segment is
validated.
After validating the simulation results, the printing
of the segment of the NACA 0015 [18] Airfoil shaped
wing is carried out successfully with the robot without
any singularity errors. The tip of the extruder reached
every desired position with the corresponding
orientation. Figure 26 shows the printed model with the
support structure. Black-colored PLA is used to print
the aircraft wing and yellow-colored PLA is used to
print the support structure.
Thermal stresses will be induced as the non-planar
surfaces were printed. This results in warping of the
support structure. To eliminate this warping Thermo
plasters (acts like fixtures) were used to fix the position
of the support before printing the wing segment. The
support structure is removed once the printing of the
wing segment is completed. The aircraft wing printed
through this proposed slicing method will have good
mechanical properties compared to the aircraft wing
printed with both planar and nonplanar layers through
the methodology presented by Bhatt et al. [4]. Voids
will be created between planar and nonplanar layers if
the aircraft wing is printed through the methodology
developed by Bhatt et al. [4]. This can be overcome by
adopting the slicing technique presented in this paper.
One of the major drawbacks of conventional FDM
machine is that it produces staircase effect while
printing curved surfaces. Therefore, rough surfaces are
obtained. This is due to the limited degree of freedom of
the FDM machine. The orientation of the extruder
remains the same throughout the printing process. If the
orientation doesn’t change, the homogeneous
distribution of the material is not possible while printing
is carried out over curved surfaces. Hence a higher
degree of freedom machine is required to change the
orientation of the robot. Nonplanar layers are supposed

to be generated instead of conventional planar layers to
eliminate the staircase effect. A six-axis industrial robot
is considered in this work to meet the requirement. Nonplanar layers were generated based upon the proposed
nonplanar layer generating strategy and toolpath is
generated for these layers with the extruder having a
perpendicular orientation with respect to the surface to
get the homogeneous distribution of the material. After
validating the simulation results, the printing of the
Airfoil shaped wing is carried out successfully.

4. CONCLUSIONS
1. In this paper, a new nonplanar layer generating
strategy is developed and it is applied to a NACA 0015
[18] aircraft wing to generate nonplanar layers along the
curved surface. Printing is done by using the extruder as
the end effector of the robot.
2. The staircase effect, the major drawback of the
conventional FDM process can be overcome by making
use of the Industrial robot’s extra degree of freedom by
adopting the proposed layer generating and printing
strategy, and hence good surface finish is obtained.
3. Homogenous deposition of material along the non linear toolpaths is possible through the continuous
change of the extruder’s orientation with the help of the
robot, which can’t be done in the conventional FDM
process.
4. Future work can be focused on generating toolpaths
for the wing segment with a variable cross -sectional
area along the depth direction.
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Persian Abstract
چکیده
 چاپ، FDM  در فرآیند متداول. در یک صفحه افقی از پایین به باال استD3  یک فرآیند تولی د مواد افزودنی برای ساخت اشیا سه بعدیFusion (FDM ) مدلسازی رسوب
 برای چاپ اشیاDOF Industrial- 6  یکپارچه شده با یک رباتFDM  از فرآیند،  در این کار. منحنی باعث اثر راه پله می شود و منجر به پایان ضعیف سطح میشودcur اشیا
 که دارای سطوح منحنی است بدون اثر راهNACA 0015  یک بال هواپیمای استاندارد. منحنی با ایجاد مسیرهای ابزار غیر خطی استفاده می شود تا از اثر پله جلوگیری شودcur
 یک روش جدید با. بال به صورت محدب یا مقعر به الیههای منحنی متحدالمرکز تقسیم میشود.پله با سرعت رسوب یکنواخت با استفاده از یک ربات صنعتی چاپ می شود
ABB  از نرمافزار شبیهسازی. منحنی در یک رسوب یکنواخت و بدون اثر پلهای ایجاد شده استcur ترکیب مسیرهای ابزار غیر خطی با تغییر جهت اکسترودر برای چاپ اشیا
 به عنوان اثر نهاییFDM  با اکسترودرIndustrial  برای شبیه سازی فرآیند چاپ استفاده میشود و نتایج شبیه سازی با چاپ بخشی از بال با استفاده از رباتRobotstudio
. نتایج تجربی نشان داد که بال هواپیما با رسوب یکنواخت با سرعت ثابت و بدون هیچگونه اثر پلهای با موفقیت چاپ میشود.تأیید می شود
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The Shendong mining area where is located in the northwest of China has the highest fully mechanized
working face in the world. The purpose of this paper is to understand the causes of abnormal mine
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numerical simulation were used to investigate the influencing factors of abnormal MGPA on the superlarge mining height working face. The results show that the simultaneous breaking movement of
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MGPA in working face. The distance between primary key stratum and coal seam determines MGPA,
but this distance is limited to 115 m above the coal seam. The results of this study are of guiding
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1. INTRODUCTION1
China Shendong mining area is located in northern
Shaanxi province and southeast of the Inner Mongolia
autonomous region, as shown in Figure 1. The
geological reserves of coal seams with thickness over 7
m and 8 m are 976 million tons and 350 million tons,
respectively. Most of these coal seams are characterized
by shallow burial, small d ip angle and h igh hardness [1,
2]. It is suitable for fully mechanized mining with superlarge mining height [3].
To improve production and efficiency, the mining
height of fu lly -mechanized working face in Shendong
mining area has increased from 7 m in 2009 to 8.8 m in
2019, which is the highest mining face in the world [46]. However, an increase in mining height sometimes
causes abnormal M GPA in the working face and leads
to the dynamic pressure problems such as coal wall
caving, roof falling and large shrinkage of hydraulic
*Corresponding Author Email: 1627365221@qq.com (C. Li)

support column [7, 8]. In recent years, many experts and
scholars have studied the law of M GPA and overburden
structure of the super-high working face. Huang et al.
[9] studied the roof advanced breaking position and
influences of large mining height working face in the
shallow coal seam. Their research results can provide
early warn ing for safety problems related to the large
height working face of the shallow coal seam, but there
is still no clear conclusion for the existence of multip le
key strata in overly ing strata [9]. Ju et al. [10]
summarized the law of M GPA in different mining
stages of the world's first 7 m supporting working face
and concluded that the distance between a single key
stratum and coal seam was the main factor affecting the
mining pressure; but did not quantify the factor. By
establishing a simplified dynamic model of surrounding
rock and support, Pang et al. [11] proposed a two -factor
control method to calculate wo rking resistance of
hydraulic support, which was successfully applied to
working face with super-large min ing height of 8 m.
However, the mechanism of overburden movement has
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Figure 1. Location of the Shendong mining area and site photos of the Shangwan coal mine

not been studied in depth [11]. Duan [12] obtained
the law of weighting interval in the min ing period by
monitoring the hydraulic support load of working face,
but he did not investigate its mechanis m. Zhu et al. [13]
studies fracture form of the key stratum in the Datong
mining area and its influencing mechanism on the stope
MGPA, but the difference of geological conditions
makes it not applicable to Shendong mining area [14].
The above results provide some references for
studying the influence of overburden structure on
MGPA in fully mechanized min ing face with superlarge min ing height. However, there is a lack of a
unified recognition of the MGPA of several mines in
Shendong mining area. In addit ion, with the gradually
entering into deep mining, the roof overburden structure
of the coal seam also becomes more co mp lex and the
mining pressure law of the working face will be mo re
complicated [15]. This has caused some troubles to
Shendong Group's unified management of mu ltip le
mines. Therefore, it is necessary to further study the
causes of M GPA difference in super-high wo rking face.
This paper can guide the actual production and
management.

About stope MGPA, Qian Minggao successively
proposed "masonry beam theory" and "key strata
theory", which can well exp lain the movement
characteristics of overlying rocks in goaf [8, 16-18], as
shown in Figure 2. According to the existing theoretical
basis, the corresponding data on-site were monitored.
The monitoring content and its definition are as follows.
First weighting (FW): When the basic roof (key
stratum) of goaf is broken for the first time and caved in
a large area, strong MGPA will be caused in the
working face, which is called FW.
First weighting step distance (FWSD): The distance
between the open-off cut and the breaking line of the
basic roof is called the FWSD.
Period ic weighting (PW): After the FW, when the
working face continues to advance and the span of the
basic roof overhanging surface reaches a certain length,
it breaks and collapses under the action of its weight and
overburden. This phenomenon of periodic basic roof
breaking and caving is called PW.

2. MONITORING & ANALYSIS OF MGPA
2. 1 Theory of MGPA and its Monitoring Content
Under the act ion of mine pressure, the phenomenon of
mine pressure man ifested in the form of surrounding
rock movement and support stress is called M GP, such
as roadway floor heave, deformation of the two ribs,
roof falling, coal wall caving and support stress.

Figure 2. Conceptual model of overburden strata movement
(Ⅰ, Ⅱ, Ⅲ represent the caving zone, fractured zone, bending
subsidence zone. A, B and C represent the area affected by
mining abutment pressure, the rock strata vigorous movement
area and the re-compaction area, respectively)
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Period ic weighting step distance (PWSD): The
distance between the two PW is called PWSD.
Dynamic load coefficient (DLC): The ratio o f
hydraulic support load during weighting to no
weighting.
Colu mn shrinkage of hydraulic support (CSHS) :
Cylinder shrinkage value of hydraulic support when
weighting comes.
2. 2. Monitoring of MGPA
(1) M GPA of panel
12106 in the Shangwan coal mine
The average thickness and buried depth of panel
12106 were 7.3 m and 90.2 m, respectively. The strike
and dip length of panels were 2984 m and 298 m,
respectively. There were two key strata in the overlying
strata. The primary key stratum was med iu m sandstone
with a thickness of 11.5 m, 41.9 m away fro m the coal
seam. The in ferior key stratum was siltstone with a
thickness of 12.4 m, 3.2 m away from the coal seam.
The FW occurred when the working face was
advanced to 43 m, and the FWSD was about 53 m. The
PWSD was 9.5-11.4 m with an average of 10.3 m, and
the persistence length (PL) was 2.5-4.5 m. During PW,
the DLC was 1.16, the CSHS was about 6-8 mm. There
was not coal wall caving or roof falling occurred in the
working face.
(2) MGPA of panel 12401 in the Shangwan coal mine
The average thickness and buried depth of panel
12401 were 8.9 m and 160.6 m, respectively. The strike
and dip length of panels are 5400 m and 260 m,
respectively. There were two key strata in the overlying
strata. The primary key stratum was med iu m sandstone
with a thickness of 8.1 m, 87.2 m away fro m the coal
seam. The in ferior key stratum was siltstone with a
thickness of 13.7 m, 9.3 m away from the coal seam.
The FW occurred when the working face was
advanced to 49 m, and the FWSD was about 51 m.
PWSD was 20.4-22 m with an average of 21 m, and the
PL was 2.5-4.8 m. During PW, the average DLC was
1.08, and the CSHS was about 6-10 mm. There was not
coal wall caving or roof falling occurred in the working
face.
(3) MGPA of panel 52303 in the Daliuta coal mine
The average thickness and buried depth of panel
52303 were 7.0 m and 220.4 m, respectively. The strike
and dip length of panels were 4443 m and 301.5 m,
respectively. There were three key strata in the
overlying strata. The primary key stratum was coarse
sandstone with a thickness of 13.4 m, 101.7 m away
fro m the coal seam. The inferio r key stratum 1 was fine
sandstone with a thickness of 6.9 m, 21 m away fro m
the coal seam. The inferior key stratum 2 was siltstone
with a thickness of 9.1 m, 83.5 m away fro m the coal
seam.
The FW occurred when the working face was
advanced to 62 m, and the FWSD was about 71 m.
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During the FW, there were so me problems in the middle
of the working face, such as coal wall caving and roof
falling. The depth of coal wall caving was 200-400 mm.
PWSD was 13.3-26.1 m with an average of 16 m, and
the PL was 2.5-4.7 m. During PW, the average DLC
was 1.55, and the CSHS was about 300-500 mm. The
MGPA was severe, and the maximu m depth of coal wall
caving and roof falling can reach 1000 mm and 800
mm, respectively.
(4) MGPA of panel 12511 in the Bulianta coal mine
The average thickness and buried depth of panel
12511 were 7.8 m and 252.1 m, respectively. The strike
and dip length of panels are 3193.3 m and 319 m,
respectively. There were four key strata in the overlying
strata. The primary key stratum was med iu m sandstone
with a thickness of 28.9 m, 186.7 m away fro m the coal
seam. The inferio r key stratum 1 was mediu m sandstone
with a thickness of 11.2 m, 5.1 m away fro m the coal
seam. The inferio r key stratum 2 was mediu m sandstone
with a thickness of 19.1 m, 28.1 m away fro m the coal
seam. The inferior key stratum 3 was siltstone with a
thickness of 24.6 m, 106.1 m away from the coal seam.
The FW occurred when the working face was
advanced to 40 m, and the FWSD was about 52 m. The
CSHS is about 100 mm at most. PWSD was 7.2-16.8 m
with an average of 10.6 m, and the PL was 2.5-4.2 m.
During PW, the average DLC 1.48. The mine ground
pressure was strong, but the support colu mn did not
appear the phenomenon of large shrinkage.
2. 3. Comparative Analysis of MGPA
The M GPA
characteristics of the above four working faces is shown
in Table 1.
It can be seen from Table 1 that the four working
faces were all super-large mining height working faces,
but there were great differences in the intensity degree
of M GPA. In general, the M GPA of the deep-buried
working face was more obvious than that of shallow
buried working face [8, 12, 19]. After entering PW, the
working faces were greatly different fro m each other. At
the same time, we can also see that the panel 52303 of
the Daliuta coal mine showed stronger MGPA in all
mines. According to the basic geological data, with the
increase of burial depth, the number of the key strata of
overburden increases correspondingly, and the relative
position of primary key stratum changes obviously [3,
5]. The buried depth of panel 52303 and the number of
the key strata above panel 52303 ars less than panel
12511, but the MGPA of panel 52303 is stronger.
Therefore, we believe that the number of key strata and
the distance between the primary key stratum and the
coal seam will have important influences on MGPA.
3. PHYSICAL SIMILARITY MATERIAL TEST
The physical similarity material simulat ion test is to
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make a prototype similar model according to the
similarity principle in the laboratory [20]. The
mechanical parameters and their d istribution in the
model were observed utilizing measuring instruments.
The results of the model are used to deduce the possible
mechanical phenomena and the law of rock mass
pressure distribution in the prototype, so as to solve the
practical problems in rock mass engineering [21]. In this
test, with the help of the independently developed
physical similar material test system, we studied the
impact of the key strata fractures above the coal seam
roof on MGPA.
3. 1. Establishment of Physical Similarity
Material Model
The test conditions and rock
parameters refer to the engineering practice of panel

52303 of the Daliuta coal mine [22, 23]. The length,
width and height of the model were 2.5 m, 0.3 m and 2
m, respectively. The model geometry similarity rat io,
density similarity ratio, stress similarity ratio and time
similarity ratio were 1:100, 1:1.6, 1:1.6 and 1:10,
respectively. To facilitate qualitative analysis, the
thickness and position of each key stratum in the model
were adjusted. Similar material arrangements for each
stratum in the model are shown in Table 2.
The established physical model of similar materials
is shown in Figure 3. In the process of coal mining, a
self-made small hydraulic support model with a
pressure sensor was used to support the working face,
and the support resistance data of the support was
monitored and collected.

TABLE 1. Periodic weighting characteristics of working face
Name of
pane l

Mining
Distance from No. of
he ight / Buried the primary the key PWSD/ m
depth/
m
m
key stratum strata

PL/ m

Depth of
Support force/
Depth of wall CSHS/
DLC
roof falling/
kN
caving /mm mm
mm

12106

7.0

90.2

41.9

2

10.3

2.5-4.5

11775-13737 1.16

--

6-8

--

12401

8.8

160.6

87.3

2

21.0

2.5-4.8

25865-28243 1.08

--

6-10

--

52303

7.0

220.4

101.7

3

16.0

2.5-4.7

17670-18089 1.55

1000

300-500

500

12511

8.0

252.1

186.9

4

10.6

2.4-4.2

20874-21562 1.48

200

10-100

150

TABLE 2. Ratio table of rock similar material
No.

Stratum

Thickness/cm

Ratio number

Sand/kg

Carbonate/kg

Gesso/kg

Wate r/L

1

Incompetent bed

60

673

617.14

72

30.86

80.00

2

Primary key stratum

9

373

81.00

18.9

8.10

12.00

3

Incompetent bed

50

673

370.29

43.2

18.51

48.00

4

Inferior key stratum 2

8

337

67.20

11.76

5.04

9.33

5

Incompetent bed

34

673

349.71

40.8

17.49

45.33

6

Inferior key stratum 1

5

437

48.00

3.6

8.40

6.67

7

Incompetent bed

12

673

123.43

14.4

6.17

16.00

8

Coal seam

7

773

73.50

7.35

3.15

9.33

Soft rock strata
Primary key stratum

Soft rock strata

Soft rock strata
Soft rock strata

Inferior key stratum 2

Inferior key stratum 1
Coal seam

Figure 3. M odel of physical similarity material test

3. 2. Analysis of Dynamic Overburden Migration
The fracture patterns of key strata at different locations
during model excavation are shown in Figure 4. A total
of nine fractures occurred in the inferior key stratum 1
during the excavation process of the whole physical
model, and drastic changes in support resistance were
observed for 8 times. The detailed data are shown in
Table 3. The working resistance data collected by selfmade s mall support models were sorted out, as shown in
Figure 5.
Before the key strata were broken synchronously,
the resistance of support and DLC were not large, as
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Complete primary
key stratum

Fracture of main
key stratum

Complete inferior
key stratum 2

Periodic fracture of
inferior key stratum 2

Periodic fracture of
inferior key stratum 1

Periodic fracture of
inferior key stratum 1

(a) Inferior key stratum 1 is broken separately

Complete primary
key stratum
Fracture of inferior
key stratum 2
Periodic fracture of
inferior key stratum 1

(b) Inferior key stratum 1 & 2 are broken synchronously

(c) Three key strata are broken synchronously
Figure 4. Test results of different key strata breaking forms

shown in Table 3. During the synchronous breaking of
key strata, the resistance of support increased sharply
and DLC also increased dramatically to 2.12-2.40, and
the support was failed twice under weighting.
When inferior key stratum was broken alone, the
pressure zones were marked as 1, 2, 3 and 4,
respectively. When inferior key strata were broken
synchronously, the pressure zone was marked as 5.

TABLE 3. Statistics of key stratum breakage
Breaking type
Excavation
le ngth /cm

Support
Inferior key Inferior key Primary key resistance /kPa
stratum 1
stratum 2
stratum

DLC

Comment

FW

/

/

320

1.28

85

PW

/

/

352

1.40

100

PW

/

/

450

1.80

130

PW

/

/

484

1.92

145

PW

FW

/

530

2.12

Synchronous breaking

174

PW

PW

FW

600

2.40

Synchronous breaking& support crushed

190

PW

PW

/

548

2.20

Rotation of Primary key stratum

205

PW

PW

PW

600

2.40

Synchronous breaking & support crushed

Support resistance / KPa

75

650
600
550
500
450
400
350
300
250
200

6
5

8
7

4
3

1

2

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230
Length of face excavation / cm

Figure 5. Support resistance curve of support

When the three key strata were broken synchronously,
the pressure zones were marked as 6, 7 and 8,
respectively. The breaking photos of each stage are
shown in Figure 4. By co mparing the relevant data of
each pressure zone, it can be obtained that the intensity
degree of M GPA in the working face caused by the
simu ltaneous breaking of mult iple key strata was greater
than that of a single key stratum. The greater the
number of key strata in which synchronous breaking
occurs, the greater the intensity degree of MGPA in the
working face.
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4. NUMERICAL SIMULATION

4. 2. Analysis of Numerical Simulation Results
Three representative calculation results were selected
fro m the 7 simulat ion schemes, as shown in Figure 7.
The blue part of coal seam in the figure represented a
hydraulic support model, and the red part represented
mining-induced fracture. Co mpared with Figures 7(a)
and 7(b), the farther the p rimary key stratum is fro m the
coal seam, the wider the goaf roof failu re range.
However, when Figure 7(b) is co mpared with Figure
7(c), the law is reversed.
The support strength of simulated results in each
scheme is arranged as shown in Table 5, and the

obtained data is shown in Figure 8. The fo llo wing
conclusions can be drawn fro m Figure 8. when the
distance between primary key stratum and coal seam
was 115 m, the support resistance of hydraulic support
reached to the maximu m, with an average of 1.88 MPa.
Meanwhile, when the distance between primary key
stratum and coal seam was 55 m, the support resistance
of hydraulic support was only 1.09 MPa. The difference
between the two values was 1.72 t imes. After the
distance between primary key stratum and coal seam
was more than 115 m, the support resistance of

Unconsolidated formation

primary key stratum
(Can be changed)

Incompetent bed

230 m

4. 1. Establishment of Numerical Model
UDEC
6.0 nu merical simu lation software was used to study the
effect of primary key stratum on M GPA [24, 25]. We
kept the position of inferior key stratum immovable and
changed the distance between primary key stratum and
coal seam. The coal seam was buried 200 m underground, the mining height of the coal seam was 7 m,
and the top of the model was unconsolidated formation.
There were t wo key strata in the overlying strata. The
thickness of the inferior key stratum was 5, 12 m fro m
the coal seam, and the thickness of the primary key
stratum was 9 m, as shown in Figure 6. In the nu merical
simu lation, the coal seam was excavated 20 times in
total and each time excavated 10 m. The coal seam was
excavated fro m left to right. The model parameters are
shown in Table 4.
The length and height of the model were 300 m and
230 m, respectively. To eliminate the boundary effect, a
50 m boundary coal pillar was set on both sides. The
model was calculated using the Mohr-Coulo mb
criterion. The hydraulic support was s timulated by the
"Beam" built-in UDEC and the data was recorded
automatically in UDEC. A total of 7 simu lations
schemes were established. The distance between the
primary key stratum and coal seam of each plan was 55,
75, 95, 115, 135, 155 and 175 m, respectively.

Inferior key stratum
(Immovable)

Incompetent bed
Incompetent bed

Coal seam

Floor

300 m

Figure 6. Numerical simulation model

(a) 75m
(b) 115m
(c) 155m
Figure 7. M ining-induced fracture in primary key stratum at
different positions

TABLE 4. M echanical and physical parameters of the numerical models
Stratum

bulk modulus/ GPa Shear modulus/ GPa Density/ (kg·m -3 ) internal friction angle/ (º) Tensile strength/ MPa

Unconsolidated formation

10

36

1500

10

1.1

Incompetent bed

15

8

2100

20

3.2

Primary key stratum

45

26

2500

35

6.7

Incompetent bed

15

8

2100

20

3.2

Inferior key stratum

40

25

2500

30

5.6

Incompetent bed

15

8

2100

23

3.2

Coal seam

12

5

1500

17

1.7

Floor

50

28

2500

35

5.8
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TABLE 5. Supporting strength of working face at different primary key stratum locations
Distance between primary key
stratum & coal seam /m

Support resistance of each hydraulic support/ MPa
Average / MPa
1

2

3

4

5

55

1.18

1.17

1.06

1.02

0.97

1.09

75

1.40

1.27

1.38

1.25

1.15

1.29

95

1.75

1.78

1.66

1.61

1.55

1.67

115

1.92

2.03

1.85

1.85

1.77

1.88

135

1.26

1.39

1.41

1.21

1.18

1.29

155

1.40

1.40

1.27

1.22

1.16

1.29

175

1.40

1.40

1.27

1.22

1.16

1.29

( 115 ,1.88)

Supporting strength / MPa

2.0
1.6
1.2

( 135 ,1.29)

0.8
0.4
0.0
55

75
95
115
135
155
175
Distance between primary key stratum & coal seam / m

Figure 8. The average support strength of the primary key
stratum at different positions

hydraulic support decreased gradually, and the support
strength tended to be stable when the distance was 135175 m.
The MGPA of the working face was affected by the
primary key stratum and there was a crit ical limit
height. When the primary key stratum was located
within the critical height limit, the fracture of primary
key stratum would aggravate MGPA in the working
face, wh ile when the primary key stratum was located
outside the crit ical height limit, the fracture of primary
key stratum wou ld not aggravate MGPA. When the
primary key stratum in this model was 115 m away
fro m the coal seam, the M GPA was the most severe,
and when the distance was greater than 115m, the
hydraulic support gradually returned to normal support
strength. The numerical simulat ion results are in good
agreement with the field practice. Therefore, under this
condition, the critical height of M GPA in the working
face affected by the primary key stratum was 115 m.

Therefore, the immediate roof collapses immed iately
after coal min ing, while the key strata form a suspended
roof above the goaf. The key strata of the overhang hold
huge amounts of energy until it can no longer withstand
the load of itself and its overlying layers before
suddenly breaking. Therefore, for field engineering, if
the number of key strata is large, the roof management
of coal min ing working face should be strengthened,
such as weakening the powerful M GPA employing
supports selection and hydraulic fracturing.
The UDEC nu merical simu lation with simplified
geological conditions shows that the influence of the
primary key stratum on M GPA has a limit influence
distance. Therefore, after deep mining, although the key
strata overlying the coal seam also becomes comp lex,
including the distance between the primary key stratum
and the coal seam, the number of key strata and the rock
strength, then the key strata will not affect M GPA
indefinitely. This could be because the rock collapse
beneath the higher key strata is filled with goaf, i.e., the
broken and swelling rock b locks in the goaf form
support for the goaf roof, so that the key layer is no
longer broken o r the rotation angle is small after being
broken.
In this paper, the influence mechanis m of key strata
on MGPA in Shendong mining area has been
preliminarily obtained. However, due to the limitations
of the physical similarity material test system and the
idealized simp lification of the numerical model, there
are still some deficiencies. Factors such as the number
of key layers, rock strength and relative d istance of each
key layer are co mplex and changeable, so it is
temporarily impossible to conduct quantitative analysis
on various influencing factors, which is also the
research direction of this paper in the future.

5. DISCUSSION
6. CONCLUSION
Physical similarity material test results show that the
number of key strata is positively correlated with the
MGPA of the working face. Because the key stratum is
usually co mposed of rocks with hard and thick lithology.

1) The field measurement of four super-large working
faces in the Shendong min ing area shows that the
MGPA law of super-large working faces is co mplicated.
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Relative to the buried depth and mining height of coal
seam, the number of key stratum and the location of the
primary key stratum have a mo re drastic influence on
MGPA.
2) In the case of larger buried depth, the overburden
load of synchronous fracture of multi-layer key strata in
working face with large mining height is larger than that
of the single fracture of key stratum, wh ich results in
more severe MGPA in working face.
3) The position change of primary key stratum will
affect M GPA in wo rking face, and there is a critical
limit height. The crit ical height is 115 m accord ing to
the numerical simulat ion results in Shengdong mining
area.
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Persian Abstract
چکیده
منطقه معدنکاری شندونگ که در شمال غربی چین واقع شده دارای باالترین سطح کار کام الً مکا نیزه در جهان است .هدف از این مقاله درک علل ظاهر غیر طبیعی فشار مین
) (MGPAبر روی سطح معدن کام الً مکانیزه کار با ارتفاع فوق العاده بزرگ در منطقه معدن شندونگ است .برای بررسی عوامل تأثیرگذار  MGPAغیرطبیعی روی سطح
کار بسیار بزرگ استخراج از مانیتورینگ میدانی  ،آزمون ماده تشابه فیزیکی و شبیه سازی عددی  UDECاستفاده شد .نتایج نشان می دهد که حرکت شکستن همزمان
چندین الیه کلیدی بار بیشتری نسبت به یک الیه کلیدی را منتقل می کند  ،که باعث تشدید  M GPAدر چهره کار می شود .فاصله الیه اصلی کلید و درز ذغال سنگ
 MGPAرا تعیین می کند  ،اما این فاصله به  115متر باالتر از درز ذغال سنگ محدود می شود .نتایج این مطالعه برای کنترل  M GPAدر منطقه استخراج شندونگ از
اهمیت باالیی برخوردار است.
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Abrupt termination of the coal open pit operation is complicated in many cases by endogenous fires
that not only cause significant damage to property but also worsen sanitation and hygienic conditions
for human life in nearby settlements, as well as those for fauna and flora. T herefore, the purpose of the
research was to prevent endogenous fires at Korkinsk brown coal open pit. In this connection, we used
an analytical method to process the statistical data obtained from observations. The laboratory method
included the study of coal samples for moisture exchange intensity by creating conditions with relative
humidity up to 97 %, temperature up to plus 50°С and air speed up to 0.5 l/minute. Dependencies were
determined for fire occurrence frequency, relative humidity, and average temperature of the air upon
the time of day, the intensity of moisture evaporation and initial coal humidity on equilibrium co al
humidity as well as the intensity of moisture absorption and equilibrium coal humidity upon initial
humidity in different temperature periods. An environmentally friendly solution was created that
featured good adhesion to the materials being coated, fire and explosion resistance. T he results
obtained make it possible to understand the causes and methods of fighting endogenous fires.
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1. INTRODUCTION1
There is a fair amount of scientific theories and reasons
for spontaneous coal combustion. The theory of
absorption is the most credible and is based on oxygen
absorption by coal matter. According to research, coal
reacts not only with atmospheric oxygen but also with
one contained in water [1]. Practical experience
confirms this fact as wet coal self-ignites easier. Oxygen
sorption by coal increases with the moisture content
increase in the mineral to a particular value and vice
versa. This is due to the intensification of
electrochemical processes in the presence of a certain
moisture amount.
As of now, numerous studies of coal self-ignition
have been carried out. The issue was studied by leading
scientists like Skochinsky and Makarov [1] and others
[2-9]. Examinations have shown that coal adsorbs
oxygen by its surface resulting in an exothermic
reaction of carbon with oxygen (С+O2 →СO2 ).
*Corresponding Author Institutional Email: diamond-arg@mail.ru
(K. R. Argimbaev)

Therefore, two factors caused the self-ignition process –
the surface area of coal matter and the amount of
oxygen contacting it. The higher is coal area, the more
is the probability of its spontaneous combustion with
approximately the same oxygen amount [1-8].
Spontaneous coal combustion may occur not only in
areas of direct coal contact with airflows that are
insufficiently intensive to remove accumulated heat. It
may take place in areas well isolated at first glance and
containing coal residues. The oxygen amount necessary
for the reaction often penetrates a coal block through
cracks during fluctuations of barometric pressure. The
atmospheric pressure drop causes a pressure decrease in
it. Air pressure in the confined area, which is in
equilibrium with initial pressure in the open area, tends
to equalize the resulting difference. At the same time,
coal oxidation products pass via cracks in rocks [9-14].
Based on the theory of the “coal-oxygen” complex,
coal ignitability depends on the intensity of oxidation
process during coal reaction with atmospheric oxygen.
The more intensive oxidation reaction, the more coal
tends to spontaneous ignition [1, 5, 8].
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There are three phases of oxidation progress when
using methodology [1], which allows observations over
the coal self-heating process and is widely tested in
practice: moisture evaporation from coal, intensive
oxidation, and low-temperature combustion.
The first phase – moisture evaporation from coal –
features insignificant oxygen sorption and emission of
gaseous oxidation products. Oxygen taken by coal is
consumed for adsorption, formation of water СО and
СО2 . Adsorption prevails during this phase.
The second phase features an intensive increase of
coal heating rate, oxygen uptake, and emission of СО
and СО2 . During this phase, chemisorption is
simultaneously observed with adsorption since oxygen
is not only adsorbed but also significantly consumed to
form СО and CO2 .
The third phase features decreased coal heating rate
and intensive СО and СО2 emission due to insufficient
oxygen supply.
Temperature ranges for the above phases depend on
coal metamorphism and atmospheric oxygen sorptivity
[5,7,9,10,15]. Decreased metamorphism shifts these
intervals to lower values and increases coal heating rate
as well as the amount of absorbed oxygen and emission
of oxidation products – СО and СО2 per 1g of coal.
Intensive oxidation of Korkinsk brown coals takes place
at a temperature of >49 °С to > 69 °С [16].
Mining completion at Korkinsk brown coal open pit
resulted in the appearance of endogenous fire seats that
polluted the environment in the neighboring settlemen ts
and caused sliding of quarry benches. Up to now, there
are no efficient methods and means to fight endogenous
fires, which are acceptable for open pit conditions [16].
In this regard, the purpose of the research was to
prevent endogenous fires at Korkinsk brown coal open
pit aiming at improvement of the environmental
situation in neighboring areas as well as the bench
sliding prevention.
This article contains the data regarding endogenous
fires at Korkinsk brown coal open pit over the period of
2012 to 2014. It identifies places of spontaneous
combustion and evaluates antipyrogens used in Russia
and abroad. Experimental data processing made it
possible to determine dependencies for fire occurrence
frequency, relative humidity, and average temperature
of the air on the time of day, the intensity of moisture
evaporation and initial coal humidity upon equilibrium
coal humidity as well as the intensity of moisture
absorption and equilibrium coal humidity upon initial
humidity in different temperature periods.
Based on the results, an environmentally friendly
solution was created that combines positive properties
of all existing antipyrogens and inhibitors, varies in the
composition according to application conditions, and
features good adhesion to the materials being covered.
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Practical relevance of the study covers the
determination of parameters and conditions for
spontaneous ignition of brown coal using Korkinsk
open pit as an example and finding the solution with
high adhesion, stability to high temperatures , and water
repellence.
2. MATERIALS AND METHODS
The study covered 3 periods: analytical period, field
period and laboratory period. During the analytical
period, the data were assessed regarding endogenous
fires at the open pit over the period of 2012 to 2014; the
annual fire frequency was defined; climatic conditions
were assessed in the open pit region.
This period also included evaluation of existing
antipyrogens for brown coal and processing of
laboratory results.
During the laboratory period, samples were prepared
for laboratory tests to study the impact of the particle
size distribution (0.25 mm to 0.5 mm, 0.5 mm to 1.0
mm, 1.0 mm to 2.0 mm, 1.0 mm to 3.0 mm, 0.0 mm to
6.0 mm, and 0.0 mm to 10.0 mm) on the intensity of
moisture exchange by creating relative air humidity up
to 97 %, at temperatures up to 50 ° С and air speed up to
0.5 l/minute.
We studied the change in sorption capacity and
chemical activity of usual Korkinsk coal and one
activated by preliminary heating (50 to 70˚С) using the
procedure developed at Skochinsky Institute of Mining
[1, 17, 18].
Strength indicators of the designed formulation were
measured by destructing 5 cylindrical specimens (50
mm in diameter, 100 mm long) by co-axial counterdirected indenters. The method comprised testing the
specimens by the axial force created by two indenters
(steel balls of 15 mm in diameter) until samples
splitting, recording destructive force, measuring the
separation surface areas according to Russia’s State
Standard (GOST) 24941-81 rocks. Methods for
determination of mechanical properties by pressing with
spherical indenters. Additionally, the area was measured
for destructed rock zones in contact with indenters [1922].
Ultimate strength during uniaxial expansion was
measured according to Russian Patent No. 2435955.
Ultimate strength during uniaxial compression and
ultimate shear resistance without normal stresses
(cohesion) were measured according to Russian Patent
No. 2521116 [19-22].
The solution was testing for fire resistance and
explosion safety by its application on the flammable
surface and exposing to direct fire from a gas burner.
During the field period, brown coal samples
weighing 25 kg each were taken from four quarry faces.

294

C. Drebenstedt and K. R. Argimbaev / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 292-304

3. RESULTS
3. 1. Deposit Features Spontaneous coal ignition
(endogenous fire) is typical for many collieries both in
Russia and abroad.
Coal combustion on exposed coal surfaces, at
warehouses and in coal piles, overburden spoil heaps
cause both economic loss and environmental problems.
Korkinsk brown coal open pit is among the main
environmental problems of the Chelyabinsk Region in
Russia. Endogenous fires occurred at the open pit
pollute the air in the town of Korkino and other regional
settlements as well as in Chelyabinsk. Coal combustion
products released into the atmosphere may affect
humans, crops, fauna, and different materials [23, 24,
25].
Slides on pit walls threaten destruction of residential
buildings and social facilities in nearby settlements [26,
27].
Brown coal from Korkinsk open pit contains rock
and mineral inclusions (Figure 1): Al, Fe, Са, Mg, Na,
and K silicates, carbonates (СаСО3 , MgCO3 , FеСО3 ,
etc.), sulphates (СаSО4 , FeSO4 , А12 (SO4 )3 , etc.), oxides
(FeO, СаО, etc.), sulphides (FeS2 ), organic minerals –
humic acid salts (humates) and 46 % of carbon.
Combustion heating value is 29 MJ/kg [16, 28].
There were 10 sites in the open pit prone to
spontaneous combustion, where oxidation processes and
fire spots emitted much heat, which resulted in the
formation of carbon dioxide, benzapyrene, sulphur
dioxide, hydrogen sulphide, sulphurous oxide (near fireimpacted areas). Their concentration exceeds MAC and
causes rheum, cough, hoarseness, throat irritation, and
specific after-taste. The last one is typical for high
concentrations of bituminous substances, bleedings at a
depth of 265 m to 345 m, which are linked genetically
with oil shows. The issue of combating endogenous
fires has become especially topical due to significant
depth and closing the open pit (Figure 2).
3. 2. Evaluation of Climatic Conditions at
Korkinsk Open Pit Taking into account the coal selfignition theory, we studied climatic conditions at
Korkinsk brown coal open pit, which featured

Figure 1. Brown coal mined at Korkinsk open pit

(a)

(b)
Figure 2. Korkinsk brown coal open pit: а – smog at Korkinsk
open pit (M arch 2014); b – layout of possible self-heating
areas

meteorological variability. Climatic properties at the
quarry depend upon atmospheric conditions in the
neighboring area and are caused by various terrain
forms, including mined-out area.
The largest amplitudes of temperature fluctuations
were observed during summer and fall and were plus
12° to plus 15°, sometimes plus 20˚С to plus 25˚С. The
amplitude of relative humidity daily fluctuations was 40
to 45% [29, 30].
Airflows moving over the open pit space and local
flows formed due to uneven heating of individual quarry
areas with specific terrain built the quarry wind pattern
[31].
The intensity of local flows decreased at the quarry
during winter. Moreover, temperature inversions
appeared at its bottom after long cold periods and
during gentle breeze/still air. During inversions, wind
did not remove all harmful impurities from the quarry
atmosphere, and they were accumulated in
concentrations hazardous for human health. When
winding, their large quantities were blown out of the
open pit towards nearby settlements. During those
periods, there were favorable conditions to form fog or
smog as well as man-induced fires (Figure 2a).
Temperature increase in the inversion layer at the
bottom of Korkinsk open pit-earth surface was up to
plus 9˚С. Simultaneously, there was fog in the quarry
that reduced visibility up to 4 m [16, 32].
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Thus, different steps of oxidation process were the
main sources of the quarry pollution.
Calculations have shown that up to 0.00135 m3 /hour
of carbon monoxide may emit from one square meter of
a fire-impacted zone [16].
Statistical data featured the number and locations of
fires occurrence at Korkinsk open pit are given in Table
1.
Table 1 illustrates that most fires appear in burdencoal piles, coal slides, caved benches, broken faces, and
coal storage sites.
Existing layer-by-layer mining of thick coal beds
and using rock mass as a basis for placing railroads
promoted the accumulation of significant pile volumes
inside the quarry.
Coal outbreaks make a significant fire hazard,
especially when the part of their thickness was mined in
closed long faces. In certain cases, loosen coal was left
in solid one due to poor bench dressing by a shovel
bucket.
Previous observations at Korkinsk open pit have
shown that the latent duration depended on the pile
shape and dimensions, coal compaction degree and
particle size distribution [32]. The above factors
adjusted fresh air inflow into the mass and dissipation of
generated heat.
Compaction of rocks and increasing their outer
surface promoted the fire hazard decrease. On the
contrary, coarse rock pieces in the lower part of
piles(material segregation) and their significant height
TABLE 1. Data about endogenous fires at Korkinsk brown
coal open pit over 2012 to 2014
Number of fires
O bservation
pe riod

In
Total
piles

In coal
blocks

In
slides

Total area of a
fire -impacted
zone, m 2

2012
Quarter 1

44

22

20

2

199435

Quarter 2

37

18

17

2

171710

Quarter 3

28

15

12

2

164910

Quarter 4

15

12

1

2

104660
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created favorable conditions for spontaneous
combustion seats [33-36].
In addition to the above factors, quarry microclimate
significantly affected the fire hazard of mining
operations. It featured extreme variability of air
temperature and humidity, wind speed and direction,
solar radiation and other factors [34].
The frequency of endogenous fires increases during
the periods with increased air humidity at the quarry,
especially during autumn and spring, when air humidity
drastically increases after warm sunny days. In this case,
somewhat dried coal intens ively absorbs water vapor
and causes the temperature increase inside the loosed
rock pile [32].
However, Figure 3 illustrates the different numbers
of fire seats in different years. This is due to the
implementation of fire-fighting measures in different
quarters. At the same time, the intensity of further selfignition progress at high temperatures poorly depended
upon air temperature that could explain the appearance
of endogenous fires in quarries during the cold period
[12, 15].
3. 3. The Study of Brown Coal at Korkinsk Open
Pit
Laboratory study of the effect of the
particle size distribution on moisture exchange intensity
has shown that the air volume passed through coal
particles sized 0.25 to 0.5 mm; 0.5 to 1.0 mm; 1.0 to 2.0
mm; 1.0 to 3.0 mm; 0.0 to 6.0 mm and 0.0 to 10.0 mm
was 0.7 l per minute.
At the same time, coal particles sized 0.25 to 0.5 mm
featured maximum evaporation intensity. For the first 3
hours, it was 1.1% per hour. The maximum evaporation
intensity (0.8 % per hour) was for coal particles 3 to 6
mm.
Thus, the particle size distribution of coal
significantly affected moisture absorption intensity. This
impact was explained by the fact that the total surface
area of coal particles per volume unit increased with the
particle size decrease. On that basis, fine coal fractions
were more dangerous regarding fire occurrence. Visual
observations over the places, where endogenous fire
occurred, have confirmed this conclusion (Figure 4).

2013
15

12

2

1

92400

Quarter 2

30
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4

1

109100

Quarter 3
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1

23000

2014
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Figure 3. The fire occurrence frequency at Korkinsk brown
coal open pit
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Figure 4. Self-heating area (M arch 2014)

Fire seats in loosen coal piles, burden-coal piles and
in slides occurred usually at the border between the
lower coarse part and upper fine fractions .
At the same time, increased airflow speed resulted
into increased moisture exchange intensity (Figure 5).
Hygroscopic equilibrium (complete termination of
moisture exchange) attained between coal and air at a
temperature of plus 40, plus 25, plus 10, 0 and
minus10˚С. Coal particles sized 1mm to 3mm were put
in vessels, and air with different moisture content was
pumped through them at a speed of 0.5 l per minute.
Research results have shown that coal hygroscopic
equilibrium was caused mainly by relative air humidity.
Meanwhile, it depended upon ambient temperature. At
the same time, evaporation of moisture from Korkinsk
coal, which was pumped with completely dry air,
stopped at moisture content 1.5 to 2.1% in coal.
The intensity of moisture exchange decreased in due
time, when coal humidity became close to the moisture
content in the equilibrium state. In certain cas es, coal
could lose more than 1% of moisture during the first
hour. In 20 to 50hours, coal lost moisture 0.005% and
less per hour.
Maximum evaporation intensity was at a
temperature exceeding plus 40˚С. Moisture evaporated
less intensively at a temperature of plus 25, plus 10, 0
and minus 10˚С. Experiments have shown that

temperature insignificantly
affected evaporation
intensity within these limits.
It was found out that the maximum intensity of
moisture absorption took place at a temperature of 0 to
plus 25˚С. Moisture was absorbed with less intensity at
a negative temperature. Coal virtually did not absorb
moisture at plus 40˚С.
Relative humidity and temperature were taken for
Korkinsk open pit using statistical meteorological data
typical for Chelyabinsk (Figures 6 and 7), which were
used when calculating hygroscopic characteristic [29].
Precipitation factor played an important role in
activating the self-ignition process during moisture
decrease in oxidizing coal. At the same time, fall-out
ambivalently influenced the temperature behavior of
self-heating minerals in bulk (Figure 8). Self-heating
temperature dropped during the initial rainfall period
due to heat absorption by moisture. After a certain
period, self-heating intensity drastically increased that
may be explained by intensification of electrochemical
oxidation taking into account oxygen content up to 30%
in rainwater. However, self-heating can attenuate and
completely stop during long periods and significant
precipitation amounts. It was noted that moisture
content in ore could increase from (6 to 7%) up to (14 to
20%).
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Figure 8. Change in coal and air temperature during the
precipitation period

Experimental data processing made it possible to
determine the following coal hygroscopic characteristic
as a function of ambient relative humidity and
temperature (Figure 9).
Figure 10 illustrates the function of moisture
evaporation intensity.
Figure 10 shows that the intensity of moisture
evaporation from coal depends on the initial and
equilibrium moisture content. A sharp increase in
moisture evaporation up to 0.6% per an hour in the
temperature range from minus 10 to plus 25˚C is due to
an increase in the initial moisture content of the coal
over 2%, with a constant value of equilibrium moisture
content (4%). The reverse process is observed when the
equilibrium moisture content of coal rises above 4%,

and when the equilibrium moisture content reaches
12%, the evaporation rate stops.
Figures 11 and 12 show the function of moisture
absorption intensity.
When the evaporation rate decreases (Figure 10), the
process of moisture absorption rate starts (Figure 11).
That is, in the temperature range from 0 to plus
25˚C, equilibrium moisture content of 12% and initial
moisture coal content of 2%, the maximum intensity of
moisture absorption occurs (1% per an hour, while the
intensity of moisture evaporation is stopped). The
process of moisture absorption intensity decreases up to
0.6% per an hour when the temperature drops from 0 to
minus 10˚C (Figure 12).
The above dependences allowed defining
quantitative significance of moisture exchange in the
heat balance of self-heating coal for particular
conditions.
The moisture exchange share may be set in the heat
balance only by comparing this value with oxygen
sorption heat by coal. The last one depends upon
oxygen sorption rate that features the coal chemical
activity.
Changes in sorption capacity and chemical activity
have shown that even insignificant heating increased the
chemical activity of brown coal several times. This
property explained frequent fire repetitions in the areas
located in immediate vicinity of fire-impacted zone.
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Figure 11. M oisture absorption intensity at temperatures
from 0 to plus 25оС
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Sorption rate constant calculated by the specified
procedure was (0.07 to 0.12mm/g.h).
Calculations performed using the above data have
established that minor (less than 0.02%/h) intensity of
moisture evaporation from coal was necessary to
compensate oxygen sorption heat. However, the coal
open pit featured extreme variability in microclimate
parameters that created conditions, where sorption heat
of water vapor could significantly exceed oxygen
sorption heat.
Thus, laboratory tests have confirmed that moisture
exchange at Korkinsk open pit could affect the initial
period (1st and 2nd phases) of self-heating quite
significantly and even decisively in some cases.
Taking the foregoing into consideration, the
possibility to decrease the intensity of moisture
exchange between air, water, and coal due to its
treatment with solutions is of significant interest when
designing means and ways for endogenous fire
prevention. That is why antipyrenes to be tested should
satisfy the following requirements: to prevent oxygen

sorption by coal with simultaneous decrease of the
moisture exchange intensity, and to save moisture
sometimes by preventing its evaporation from coal.
3. 4. Analysis of Existing Antipyrogens for Brown
Coal
Numerous methods and ways were used for
endogenous fire prevention at Korkinsk open pit, both
engineering methods and chemical/mineral substances
capable to decelerate initiating effect of coal active
organic and mineral ingredients, for example, peroxides
and iron compounds, etc. [15, 16, 32].
Various reagents were analyzed as antipyrogens
(Table 2) in different combinations and concentrations,
neutralized black contact (NBC), the NBC mixture with
calcium chloride ( CaCl2 ) as well as aqueous solutions
of organic and inorganic acids, chlorides, ammonium
salts, sodium fluoride, triethanolamine, polyvinyl
acetate, polyacrylamide, К-4, production wastes for
oxyethylated fatty acids, carboxymethyl cellulose [3746].

TABLE 2. Antipyrogen solutions used in the world
Antipyrogen solution

Actual ignition point, °С

1.

Coal impregnated with tap water

192

2.

Dry coal

243

3.

Coal impregnated with 1 % solution of MF-17 resin

287

4.

Coal impregnated with 2 % solution of MF-17 resin

250

5.

Coal impregnated with 3 % solution of MF-17 resin

262

6.

Coal impregnated with 1 % solution of MF-17 resin with oxalic acid addition

299

7.

Coal impregnated with 2 % solution of MF-17 resin with oxalic acid addition

283

8.

Coal impregnated with 1 % liquid glass solution

250

9.

Coal impregnated with 3 % liquid glass solution

250

10.

Coal impregnated with 5 % liquid glass solution

287

11.

Coal impregnated with 7 % liquid glass solution

225

12.

Coal impregnated with aqueous solution (5 % CaCl2 , 2.5 % liquid glass)

275

13.

Coal impregnated with aqueous solution (10 % CaCl2 , 1 % MF-17 resin)

350

14.

Coal impregnated with aqueous solution (10 % CaCl2 , 1 % MF-17 resin)

260

15.

Coal impregnated with aqueous solution (10 % CaCl2 , 1 % MF-17 resin, 1 % liquid glass)

323

16.

Coal impregnated with aqueous solution (5 % CaCl2 , 1 % MF-17 resin)

320

17.

Coal impregnated with aqueous solution (5 % CaCl2 , 1 % MF-17 resin, 1 % liquid glass)

290

18.

Coal impregnated with aqueous solution (5 % CaCl2 , 1 % liquid glass)

280

19.

Coal impregnated with aqueous solution (10 % CaCl2 , 1 % liquid glass)

295

20.

Coal impregnated with 1 % soda solution (Na2 CО3 )

310

21.

Coal impregnated with 5 % soda solution (Na2 CО3 )

310

22.

Coal impregnated with 10 % soda solution (Na2 CО3 )

320

23.

Coal impregnated with 20 % soda solution (Na2 CО3 )

330

24.

Coal impregnated with aqueous solution (1 % soda Na2 CО3 , 1 % liquid glass)

315

25.

Coal impregnated with aqueous solution (20 % soda Na2 CО3, 1 % liquid glass)

320

26.

Coal impregnated with 10 % table salt solution (NaCl)

315

27.

Coal impregnated with 1 % table salt solution (NaCl)

-

28.

Coal impregnated with 5 % table salt solution (NaCl)

-

No.

C. Drebenstedt and K. R. Argimbaev / IJE TRANSACTIONS A: Basics Vol. 34, No. 1, (January 2021) 292-304

NBC both pure and mixed with CaCl2 , lime were
the most promising antipyrogens among the studied
ones [15, 16, 32].
The NBC demulsifier is an aqueous solution of
ammonium salts of water-soluble sulphonic acids, an
oil-refining product. It is a dark brown liquid with
ammonia odor, non-toxic, free from resorptive impact,
non-flammable, soluble in water in any proportions. Its
freezing point is minus 17˚С, the reagent has good
wetting and adhesion properties.
NBC antipyrogen was successively used previously
for fire prevention at Korkinsk open pit but was not
widely used due to its low applicability. [16].
After studying the effect of different substances on
coal porosity, it was found that film-forming
compositions decreased the intensity of moisture
exchange between coal and air while CaCl2 featured
plugging properties. Blocking the access of air oxygen
to active surfaces was carried out by forming hardly
soluble calcium sulphate and calcium salts of sulphonic
acids due to NBC interaction with CaCl2 [37].
2RSO3 NH 4  CaCl2  ( RSO3 )2 Ca  2 NH 4Cl

However, coal treatment with NBC+CaCl2 mixture
made it impossible due to high reaction rate with
sedimentation.
It is possible to use appropriate oxidants (more
active than water) in the low-temperature oxidation
zones and to create a thickened film near coal surface,
which prevents further oxidation in coal depth.
Lime as a chemically active oxidant reacts with
brown coal 3 to 9 times more intensively than with hard
coal. [32] Owing to high dispersion, lime is the best
isolating material for the medium-temperature oxidation
zone as compared with sandy-argillaceous or
argillaceous pulps.
For ignition and combustion, lime (in particular,
white lime or limestone) is a good fire extinguisher.
Lime solution successfully prevents gas flares and
explosions when extinguishing seats with high
temperature [15].
Lime has a significant drawback – it quickly
precipitates from the solution and may be neutral
regarding coal oxidation or catalyze oxidation in certain
conditions. [1, 40, 41, 45] Even 7 to 10% lime solutions
should be intensively mixed to supply the suspension
with desired concentration into coal block. The lack of
mixing results in the lime content in the solution and
injection quality.
Liquid glass solutions 1 to 7% do not yield good
results when treating brown coal. Application of liquid
nitrogen is short-term during extinguishing endogenous
fire, which is accompanied with temperature drop inside
the block and strong deoxidation that results in more
powerful new fire after a while [42, 45- 48].
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All the above solutions have a common shortage:
they turn in gels after exceeding the flash point for
impregnated brown coal. Gels are decomposed in the
fire seat (plus 500 to plus 1000˚С) and turn into grey
sand-like substance [1].
Mud accumulation widely used in flat-lying seams is
not efficient since it is difficult to achieve uniform
distribution of slushing pulp over cracks. Besides, clay
and sand precipitate, filled cavities and cracks may be
easily washed with water [15, 17, 49].
Efficiency of fire isolation using clay depends upon
the layer thickness and particle size of inert material.
Non-uniform stocking thickness is a significant
drawback for this method as well as high transportation
costs. Due to the difference between the slope angle for
inert material (30° to 40°) and bench (75° to 80°), most
clay drops to the bench basis and forms a thick layer
there. The upper part of the bench is not covered.
Material loses its properties when exposed by
precipitate and solar radiation.
Fire extinguishing with water does not yield the
result since self-ignition seats become more active with
the increase of pit water acidity. [50, 51] Thus, there
were attempts to extinguish endogenous fire seats using
quarry water with pH 2 to 3 at Korkinsk open pit.
However, flooding the seat with water resulted in
temperature drop at first and abrupt repeat of
endogenous fire soon. That is why using water (quarry
or process) to extinguish endogenous fire events is
inappropriate; its result is temporary (5 to 7 days). It
should be noted that the most intensive coal self-ignition
was observed at coal moisture approx. 2 to 4% [32, 35,
42, 50].
3. 5. Surveying a New Way to Fight Man-Induced
Fires at Korkinsk Coal Open Pit
Today,
preventing treatment with antipyrogens or inhibitors
does not have a meaningful effect in decreasing the
number of self-ignition seats for coal pillars of Korkinsk
open pit. Due to rock pressure, coal block crumbles
away and form new non-treated surfaces accessible for
oxygen effect, which may result in coal spontaneous
ignition under certain conditions.
Examinations have established that the treatment
with film-forming and plugging substances provided the
decease of coal chemical activity by 85%. Moreover,
the solution resulted during the treatment formed an
airtight layer. However, insulating film lost its tightness
after a short time, allowed air and water to pass through
due to its destruction caused by various factors (water
flow, cliff debris, block motion, wind) [6, 9].
It is possible to prevent coal spontaneous
combustion by its strengthening with solidifying
solutions featuring high adhesion, stability to high/low
temperature, outside environment and rockslides. [5, 10,
15, 30, 32] In this case, it was possible to attain the
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decrease in the susceptibility to spontaneous combustion
for the coal treated with such solutions due to increase
of the coal block strength and stability, formation of
predominantly coarse fractions during its destruction
and decreasing coal sorption capacity. Neutral metals
could prevent oxidation processes.
An environmentally friendly solution was designed
for Korkinsk open pit. It combined positive properties
of all existing antipyrogens and inhibitors and varied in
composition according to the above factors (Figure 13).
Dissolution of used components results in formation
of calcium acetate ( C2 H 3O2 )2 Ca , silicic acid H 2 SiO3 ,
lactic acid nC3 H 6O3 . Depending upon coal oxidation
degree, neutral metal Al may be also used.
The designed solution was tested to define the
efficiency of its application in simulated process and
climatic conditions.
All experiments were carried out using heated
activated (plus 227˚С) and non-activated samples of
coal taken from Korkinsk open pit (Figure 14).
Initially, we measured coal self-ignition temperature
by putting samples into a metallic cylinder and uniform
heating. When the first ignition signs appeared, fire
supply was stopped, and the temperature was measured
using the laser pyrometer, which was plus 227˚С.
Then, work solution was supplied on heated sample
using a compressor and a hopper gun.

Hydrophobic surface

When the ignition area surface was treated with the
prepared solution, significant extinguishing was
observed as well as considerable heat absorption from
4,500 to 6,000kJ. Besides, solid dense coating was
formed (Figure 15) and prevented oxygen and water
ingress.
The material hardened when coating the entire
surface or after it. According to exact composition of
the solution, it looked like a point coagulant during
application, which adhered to the rock and to itself. As a
rule, the material dried in the air and solidified during (8
to 24) hours depending on the additives used. To
visualize the application place, it is possible to use a
dye.
The resulting hard coating was tested for strength,
dissolution (decrease of water permeability due to the
particle void decrease) and ignitability.
High content of solids in the solution was ideal for fire
extinguishing or fighting. The natural mineral basis did
not ignite by its nature even after long and direct
exposure by a burner, which was also revealed during
the experiment (Figure 16).
Solidified solution may form long-time coating or
membrane over the material being protected, thus
preventing emission of any harmful substances, gases,
and smells; prevents the possibility of fire occurrence;
material moving or spraying, for example, due to wind
or precipitation. It prevents penetration of any
substances in the material and strengths solid mass
slopes.
Figure 17 and Table 3 illustrates the research results
for the solidified solution.

Basic layer
Reinforcing fiber

Figure 13. Solution for endogenous firefighting at Korkinsk
coal open pit
Figure 15. Solid surface formation over the coal ignition
area

Figure 14. Coal activated samples with temperature plus 227
°С

(a)
(b)
Figure 16. Solution during ignition testing
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compression is 12.22 MPa, shear resistance without
normal stresses is 2.73 MPa).
Thus, the recommended thickness of the applied
solution layer on the treated surface depends upon the
time, when the material should remain coated. For
example, the layer thickness should be 5 mm to isolate
the material for up to 30 days, 10 mm – for 31 to 180
days, 15 mm – 181 and more days.

(а)

4. DISCUSSION

(b)

(c)
20

Shear stresses, MPa

15

10

5

-5

0

5
10
15
Normal stresses, MPa

20

(d)
Figure 17. Results of physical and mechanical tests of
solution samples: а – hydraulic press; b, c – crack formation in
samples; d – strength certificate.
TABLE 3. Strength indexes of KKV solution
Sample
number

Ultimate
Ultimate strength
stre ngth during during uniaxial
uniaxial
compression,
e xtension, MPa
MPa

Ultimate shear
resistance
without normal
stresses, MPa

1

1,81

13,18

3,15

1-1

1,24

8,64

2,12

2

1,45

14,45

2,98

2-1

1,35

11,68

2,58

3

1,41

13,14

2,80

Average
value

1,46

12,22

2,73

Number
of tests
Variation
factor

5
14,6

18,3

14,7

By analyzing results given in Figure 17 and Table 3
it is possible to conclude that the solution is ductile
(ultimate strength during uniaxial extension is
1.46 MPa) and rigid (ultimate strength during uniaxial

Anthropogenic fires are a serious factor of environment
contamination, and there is still no universal way to
fight them [52-56]. Most miners face this problem,
especially when mining works stop in an open pit. Maninduced fires in Korkinsk brown coal open pit are very
dangerous; approximately 0.00135 m3 /hour may emit
from 1 m2 of a fire-impacted zone; and totally, up to
140 m3 /hour of harmful impurities may release due to
coal spontaneous ignition and affect nearby settlements.
It was found that coal grain size distribution
considerably affects the intensity of moisture
evaporation, which was observed as the highest for coal
fineness of 0.258 mm to 0.5 mm and is the lowest for
coarseness of 3.0 mm to 6.0 mm. This phenomenon is
explained by increase in total area per volume unit for
the surface, which is the most prone to self-ignition.
Therefore, it may be considered that fine coal fractions
are the most dangerous regarding the fire. In most cases,
they are in rockslides on the border between upper and
lower coarse-size fractions as well as in burden-coal
piles, abandoned faces. At the same time, the intensity
of moisture absorption is observed at a temperature of
0˚С to plus 25˚С and is virtually stopped at plus 40˚С.
During rainfall, self-heating temperature decreases
due to heat absorption by water. After a certain period,
the intensity of self-heating drastically increases. This
phenomenon may be explained by the intensification of
electrochemical oxidation processes considering the
oxygen content up to 30% in rainwater. However, selfheating may completely stop during long precipitation,
but coal humidity may increase up to 20%.
Our study has confirmed that moisture exchange
could affect the initial period (1st and 2nd oxidation
phases) of self-heating quite significantly and even
decisively in some cases.
The assessment of antipyrogens that are applied
globally revealed that the materials with film-forming
effect and plugging properties are the most efficient and
make it possible to decrease coal activity by 85%. The
solution combines all positive properties of all existing
antipyrogens and forms a rigid (ultimate strength during
uniaxial compression is 12.22 MPa, shear resistance
without normal stresses is 2.73 MPa), non-combustible,
explosion-safe, ductile (ultimate strength during
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uniaxial extension is 1.46 MPa) layer, which is formed
by calcium acetate ( C2 H 3O2 )2 Ca , silicic acid H 2 SiO3 ,
lactic acid nC3 H 6O3 . Depending on coal oxidation
degree, neutral metal Al may be used as well.

2.

3.

5. CONCLUSIONS
Summing up, we can conclude that the fractional
composition of coal significantly affects the intensity of
moisture evaporation: the maximum was observed for
coal with fractions of 0.258-0.5 mm, the minimum was
3.0-6.0 mm. This is due to the increase in the total
surface area, which is most likely to spontaneous
combustion, per unit volume. Therefore, areas with
talus, rock-coal heaps, abandoned slaughterhouses, in
which the bulk of the fine fraction is concentrated, can
be attributed to the most fire hazardous items . At the
same time, the intensity of moisture absorption is
observed at the temperatures from 0˚С to plus 25˚С and
varies from 0 to 1% per an hour, and when it reaches
plus 40˚С it practically stops. However, a negative
temperature from 0˚С to minus 10˚С slows down the
process of moisture absorption by 40 %.
The data obtained confirm that, under the conditions
of the Korkinsky coal mine, moisture exchange can
have a significant effect on the self-heating of coals.
Taking into account the above, as well as the
advantages and disadvantages of antipyrogens existing
in the world for brown coals, a solution has been
developed that has the following strength properties,
namely: tensile strength in uniaxial tension is 1.46 MPa,
ultimate strength in uniaxial compression is 12.22 MPa
and average tensile strength shear without normal
stresses is 2.73 MPa. It will be possible to strengthen
the slopes and isolate them from external influences,
which will lead to a reduction in the number of
endogenous fires in the Korkinsky open-pit mine, and as
a result, to a decrease in emissions of pollutants from
coal combustion into the atmosphere.
The dependencies for fire occurrence frequency,
relative humidity and average temperature of the air
upon the time of day, the intensity of moisture
evaporation and initial coal humidity on equilibrium
coal humidity as well as the intensity of moisture
absorption and equilibrium coal humidity upon initial
humidity in different temperature periods contribute to
the theoretical study of endogenous fires and makes it
possible to understand the essence of their occurrence
and design efficient ways and means to fight them under
various conditions.
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Persian Abstract
چکیده
خاتمه ناگهانی عملیات استخراج روباز ذغال سنگ در بسیاری از موارد با آتش سوزی های درون زا پیچیده است که نه تنها صدمه قابل توجهی به اموال وارد می کند بلکه
شرا یط بهداشتی و بهداشتی را برای زندگی انسان در سکونتگاه های مجاور و همچنین شرا یط مربوط به جانوران و گیاهان گیاهی بدتر می کند .بنابرا ین  ،هدف از تحق یق
جلوگیری از آتش سوزی های درون زا در گودال روباز زغال سنگ قهوه ای کورکی نسک بود .در ا ین ارتباط  ،ما از ی ک روش تحلیلی برای پردازش داده های آماری بدست
آمده از مشاهدات استفاده کرد یم .روش آزما یشگاهی شامل مطالعه نمونه های ذغال سنگ برای شدت تبادل رطوبت با ا یجاد شرا یط با رطوبت نسبی تا  ، ٪97دما تا  50درجه
سانتیگراد و سرعت هوا تا  0.5لیتر در دقیقه بود .وابستگی ها برای فرکانس وقوع آتش سوزی  ،رطوبت نسبی و متوسط دمای هوا بر زمان روز  ،شدت تبخیر رطوبت و
رطوبت اولیه ذغال سنگ بر روی رطوبت ذغال تعادل و همچنین شدت جذب رطوبت و رطوبت ذغال تعادل بر اساس مقدار اولیه تعیین شد .رطوبت در دوره های مختلف
دما ی ک راه حل سازگار با محیط ز یست ا یجاد شد که دارای چسبندگی مناسب به مواد پوشش داده شده  ،مقاومت در برابر آتش و انفجار است .نتا یج به دست آمده درک علل
و روش های مبارزه با آتش سوزی های درون زا را ممکن می کند.
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