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ABSTRACT

This article proposes a new engineering approach to detect targets using multi-static radars. It considers
the aperture angle and the probability of false alarm of detection which allow to improve the
performances of the radar system deployment. This proposed method is tested on three tomographic
modes of multi-static radars: Single Input Multiple Output (SIMO), Multiple Input Multiple Output
(MIMO), and Synthetic Aperture Radar (SAR). In this work, a calculation and estimation method for the
parameters (spacing sensor and tilt angle of baseline) are developed using the deployment of the radar
system based on geometrical arrangements. Employing these parameters, estimated by the proposed
approach, and using them for the calculation of the tomographic resolution, the nearest ambiguity
location, and the scan loss which are radar deployment performances. The results show that the spacing
between sensors varies from 40 to 70% with an increment of aperture angle from 15° to 30° and the step
of 1073 variation in the false alarm probability of detection. The length of the radar system deployment
is also reduced by 6.66%. This approach improves the capabilities of distinction of the targets in a multi-
static radar system and allows a reduction in deployment costs.

doi: 10.5829/ije.2023.36.09c.01

1. INTRODUCTION

The range resolution can be enhanced by decreasing the
bandwidth, which depends on the transmit array
geometry. The achievable resolution of the estimation
direction depends on the receive array geometry [1].
Multi-static radars studies formed into array created
several works based on the estimation methods of the
arrived angles of signals (by coupling them with the types
of the sensor’s radars) [2-6], the geometrical form of
deployment of these sensors [7, 8], and the slope angle of
the radiation pattern [9, 10]. It is the case introduced by
Shen and Wang [7], which they have used planar
geometry in order to solve the problem of extraction of
poles in 2-D. The circular geometry coupled with the
Bayesian method [8] and a linear geometry formed of
monostatic radars [2, 3] are used in considering the
arrived angles of signals.

*Corresponding Author Email: eyembeluc@yahoo.fr (I. E. Luc)

Nowadays, the improvement of the performance of a
radar system is based on the algorithms for the targets
detection and on the deployment environments [11-13].
There are several parameters which allow to evaluate the
performances emanating from the radar equation [14].
The performance can also be analyzed according to
technologies which are characteristic of the nature of the
used signals for the transmitters [15]. Thus, criteria such
as resolution can be used to determine the ability of a
radar to identify several distinct targets [16] and the
location of the nearest ambiguity can be used to
determine how far away the radar can detect the next
ambiguity or replica [17]. In addition to these parameters,
we also have the probability of detection which is the
possibility that a radar receives the echo of a target
compared to the noise [18, 19]. All the multi-static radar
systems have parameters of deployment such as spacing
between the sensors, the physical angle of slope, the slope

Please cite this article as: L. E. Luc, E. D. Jean-Francois, M. Jacques, Y. S. Joe, New Approach of Deployment of the Multi-static Radars Based on
an Aperture Angle and the Probability of False Alarm, International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023),

1589-1596
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compared to the base line, and the number of sensor’s
radars for the formation of the array [17]. Multi-static
radars is primarily formed of phased antenna arrays [20-
23] and spacing between them is estimated in wavelength
[24]. This method works well for small-scale
deployments at large frequencies, requiring small
antennas [19, 25, 26]. However, for large-scale
deployments, such as satellite radar platforms, it is
difficult to determine the wavelength spacing [27].
Moreover, development of consumer loyalty of the
sensors decreases the fidelity of the simulated scene as
well as the complexity of the formation geometry, which
is a problem.

This paper aims to target detection in multi-static
radars which mainly focus on the specific interesting
area. The approach used consider the aperture angle and
the probability of false alarm detection in order to
improve the performance of the radar system such as
tomographic resolution, location of the nearest
ambiguity, and scanning losses.

This article is organised as follows: The first section
is based on the introduction. Second section explains the
problem, materials technique, along with some working
assumptions, and a suggested solution is offered. Section
3 presents the findings and related discussion.
Conclusions are provided in section 4.

2. MATERIALS METHOD

2. 1. Problem Description Let us consider an
imagery tomographic system for multi-static radar
represented in Figure 1. The system is placed in space up
to altitude H and is composed of N identical sensors
radars having a regular spacing d and deployed on the
N X d distance. 0 represents the angle of sight compared
to the ground, Q is the aperture angle of the sensor radar,
€ is the tilt angle compared to the base line and D is the
range of the radar following the r direction. The geometry
of deployment in Figure 1 admits a symmetry at the level
of the placement of the sensor’s radars. The radar’s
sensors are assumed to be distributed along a line in the
across-track plane and can transmit and receive or be
received-only depending on the tomographic mode
(SIMO, SAR and MIMO). The quality of 2-D
tomographic images on the ground-range (vertical and
horizontal) plane depends on the tomographic
performance along the look direction r and along n
(perpendicular to look direction), which are coupled via
the angle of sight and the local terrain slope u. Therefore,
in addition to resolution and ambiguity along n,
ambiguity along r and range resolution were also
included. The resolution in distance is a function of the
bandwidth of transmission and it is expressed in Equation

(D):

Figure 1. Multi-static observation geometry, relevant
parameters, and spatial directions

5 = 0 = (1)
where c is the speed of the light in the vacuum, B is the
bandwidth of the transmitted signal, and w, is the
coefficient of expansion applied to reduce the side lobes
by considering the effects of fenestration.

The performances of the multi-static radars depend on
two parameters: the spacing between the sensors and the
tomographic resolution along the normal direction (n) in
the plane, which depends on the maximum length of the
basic deployment. Its equation is similar to the equation
of resolution of the SAR, the synthetic aperture length
replaced by the basic tomographic deployment length §,,;:
AD
Pnln (2)

Op = Wy

where A is the wavelength, D = ﬁ is the range of the

sensor radars which is the center of symmetry of the
architecture, L, =N-d-cos (|0 —w]|) is the per-
pendicular maximum length of the base line w,, = w,.
While replacing L,, in the expression (2), we obtained:
_ Wn AH
N ™ ps N-d-cos (|6-w|) cos @ @)

where pjs is the coefficient of resolution depending on
the multi-static mode.

Platform spacing that is periodic leads to ambiguous
returns, often known as target replicas [28, 29]. The
closest (relative to the real target) ambiguity's position is
crucial since it helps define how much of the target may
be photographed without copies overlapping. It should be
noted that ambiguous copies of targets outside the scene
of interest might nonetheless fall within the scene of
interest, even if the scene of interest is smaller than the
position of the nearest ambiguity. The closest ambiguity
for a flat surface, according to Seker and Lavalle [17], is
at:

AH
Padn cos 6

Ap =+ 4)
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where p, is the coefficient of localization of an ambiguity
and d,, = dcos(]60 — w|).

Here, the spacing d between sensor’s radars is
generally determined by deployments requiring large
spacings such as satellites by:

2*xv*PRI
d = —
x m (®)

where v is the orbital velocity, PRI is the pulse repetition
interval and v is a factor to reduce the pulse repetition
rate. The systems, which use Equation (5) to make the
deployment, encounter the problem of radar fidelity on
the area of interest involving noise due to the signals of
the replicas.

2.2.Proposed Solution  To solve the radar retention
problem in the target area, the probability of false
detection alarm and the aperture angle on radar system
were used. The probability a of false alarm is defined as
the probability that a sample of the signal r(t) will
exceed the threshold of tension Vwhen the noise alone
is present in the radar:
a= f;:%exp (— ;7) dr = exp (V—T) (6)

202

where V. = /202 In (é) and o is the variance.

Figure 2 shows the evolution of the probability of
detection according to the signal to noise ratio (SNR)
under several values of the probability of false alarm. We
observe that the probability of false alarm influences the
capacity of a receiver radar in the sense that as o becomes
small, the ratio signal to noise increases. This also
effected on the parameters of deployment and the
performances.

In the case of antennae having only one beam, the
aperture angle of the beam represents the solid angle
through which all the power radiated by the antenna is
concentrated. This aperture angle of the beam, ,, is
given by:

0.5

Probability of detection

0 5 10 15 20
SNR in dB

Figure 2. Probability of detection

0q = $ Kn (6, p) d2. U]

The probability of false alarm detection and the aperture
angle of a radar are used to determine the spacing
between the radars as follows.

Let us consider a multi-static system formed of N
aligned sensors radars and the aperture angle Q as
illustrated in Figure 3. By considering the triangles
(OEB) and (0OAB), we can express cos(£1/2) in the form
as cos(Q/2) =0B/OE and cos(Q1/2)=0A/0B,
respectively.

By multiplying the two values, we obtained:
cos? (2) =2 8)

2 OE
where 0A = OF cos? (%) and OE = aD. In the triangle

(0AB),we haved = OAtan (!2—2) with AB = d. Now, we

obtained a regular spacing d between the sensors as
follows:

n . n
d = aD cos (;) sin (;) 9)
In our case, we proposed to use an elliptic architecture
(Figure 1) having the length of the semi-major and semi-
minor axesa and b: a = NT'd and b = h, where h < NT'd.

In this architecture, we have an angle of the curve ¢
which is formed between the baseline and symmetrical
elliptic architecture. This angle can be expressed in the
form:

e=tan"! ( 2R ) (10)

d(N-1)

By replacing d by its equation (10), we have:

— tan-1 2h
€=tan <(N—1)aD cos(g) sin(%)) (11)

Here, & represents necessary calibration to better
deploy a satellite radar system on the basis of the
principle that the ground has an elliptic form. For
primarily reasons related to the practice, it is necessary
that h < aD. In the tomographic radars the formation of

4 Direction of observation

SEe
) ﬁH“‘B..
LSS R/
aa S W
}ﬂ. Y i
ﬂ I--.\‘I \;G_‘_.‘:’
RA(RAY: - 4
— > Array axis
BN . #3 #4 #3 #I &1

Figure 3. Geometry for calculation of spacing
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the spotlight is very significant; this is why the designers
find the compromise between the adequate spacing of the
sensors radars in term of the value of d and the angle
slope compared to the normal of the direction of
observation ¢. We can thus determine ¢ by the following
relation:

0 =5 (12)
Equation (3) presents the parameters entering the
determination of the tomographic resolution without
considering the probability of a false alarm and the
aperture angle. Thus, we propose to insert d of Equation
(9) into Equation (3), we obtained then:

wn A

= 0 (13)

no E acos(;) sin(g) Ncos (|0-w))

Equation (13) allows to focus on the zone delimited by
the aperture angle of the sensor radar to avoid having
information about the not targeted zones which are
sources of perturbations.

Equation (4) does not integrate the aperture angle and
the probability of false alarm and the probability of
having replicas which are not in the zone of interest.
While substituting Equation (9) into Equation (4), the
nearest ambiguity with the aperture angle and the
probability of false alarm is obtained by:

A

1 —
An =t Dal cos(g) sin(g)cos(lﬁ—wl) (14)

3. RESULTS AND DISCUSSION

Figure 4 represents the evolution of spacing between the
sensors as a function of the range of the radar (up to 800
km) for four values of the probability of false alarm of
the detection of order 1073 under three different
apertures angles. The numerical results show that the
spacing between the sensors varies when both the
probability of false alarm detection and the apertures
angle changes.

Aperture angle Q = 30° Aperture angle Q = 45° Aperture angle Q = 60°
0 1200 0

100

@=0.004 @=0.004 a=0.004
e = 0,003 =—a=0.003 e .= 0,003
800 | ===« =0.002 1000 [ === 0.002 12001 o~ 0002
= — = 0.001 = o= 0.001 7 — = 0,001
E E £ 1000
2600 2 *0 g
. ; b4 ‘S 800
& 2600 =
w2 w1
= 400 5 5 600
@ 2 400 2
5 5 5 400
w 200 w2 122}
200 200
0 0 0
0 5 10 0 5 10 0 5 10

Sensor Range (m)x 10° Sensor Range (m)x 10° Sensor Range (m)x 10°
Figure 4. Evolution of spacing between the sensor’s vs radar
sensor range for four values of the probability of false alarm

detection under three different apertures angles

Note that variations of spacing between the probabilities
of false alarm are 200 m for Q = 30°, 285 m for Q =
45°, and 350 m for Q = 60°, respectively.

When the probability of false alarm detection
becomes extremely small for a fixed apertures angle, this
variability of spacing is decreasing. The percentage in the
increase of spacing radar sensor vs. the probability of
false alarm detection under three apertures angles is
shown in Figure 5. When the aperture angle of reference
is taken as Q = 30°, an increase in average distance for
the tested values of o is about 41% as Q varies from 30°
to 60° and 73% as Q varies from 30° to 60°.

The tilted angle of the base line as a function of the
spacing of the sensor’s radars is presented in Figure 6 for
four different probabilities of false alarm (detection of
order 10™2 under three different apertures angles). This
angle, used in Equation (12), is the angular variation of
the normal (r direction) towards the base line.

Note that the angle of inclination of the baseline
decreases when the aperture angle increases and the
probability of false alarm increases. We find that the
variations in angle between the probabilities of false
alarmis 7° for Q = 30°, 9° for Q1 = 45°,and 10° for 2 =
60°. Figure 7 presents the percentage decrease in the
tilted baseline angle vs the probability of false alarm
using the same parameters Figure 6. Percentage of

m30° to 45° m30° to 60°

80
70
60
50
40
30
20
10
0

0,001 0,002 0,003 0,004

Probability of false alarm detection
Figure 5. Percentage in the increase of spacing radar sensor
vs. the probability of false alarm detection under three
apertures angles

Increase of spacing Radar sensor in %

Aperture angle Q = 30° Aperture angle Q = 45° Aperture angle Q = 60°
90 90 90

80
70
260
T;) 50

g

E 40

Baseline tilt (%)

woon

230
20

a=0.004

«=0004
a=0003| 20

a=0.003
a=0.002

a=0.004
a=0.003
a=0.002

a=0.002
a=0.001

10

a=0.001 a=0.001

0 0
0 200 400 600 800 0 500 1000 0 500 1000
Spacing radar sensor (m) ~ Spacing radar sensor (m) Spacing radar sensor (m)

Figure 6. Evolution of the tilted angle of the baseline vs. the
spacing of the sensor’s radars
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increase in spacing radar sensor vs. the probability of
false alarm detection under three apertures angles in
Figure 7. Observe that with a reference of the aperture
angle Q = 30°, the percentage in the angle of inclination
of the base line decreases according to the decrease of a
and the growth of Q.

Figure 8 presents the tomographic resolution with a
bilateral resolution of 4 dB under various multi-static
modes of radars. In the two left figures of Figure 8, three
dashed lines are obtained with parameter values of 6 =
30°,& = 30° (Figure 8(a)) and 6 = 60°, € = 60° (Figure
8(b)) [17].

In the meantime, we add the aperture angle 2 = 30°
(Figure 8(a)) and Q = 60° (Figure 8(b)) and obtain the
tomographic resolution for three multi-static modes
(three solid lines). In the two right figures of Figrue 9, it
is exactly the same situation as the two left ones of Figure
9 except that we have different values of the tilted angle
of the baseline, € = 60° (Figure 8(a)) and &= 45°
(Figure 8(b)).

We obtained a spacing between radars d=1400 m
using our approach, whereas d=1500 m is used by Seker
and Lavalle [17]. We note here that when 8 = 30°, ¢ =
30° or 6 = 60°, € = 60°, the resolution is the same even
if we include the aperture angle in our calculation (two

m30° to 45° m30° to 60°

0,001 0,002 0,003 0,004
0
5 . I
-10
15

, Probability of false alarm detection

Figure 7. Percentage in the tilted angle of the baseline vs.
the probability of false alarm of detection under three
apertures angles

Decrease of the baseline tilt angle in %
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Figure 8. Tomographic resolution vs. aperture length for
look angle: (a) 6 = 30° and (b) 6 = 60°

X10

left figures of Figure 9). When we consider & =
60°the aperture angle Q = 60° with 8 = 60°, € = 45°,
however, we obtained a resolution increase of 1.84 m in
mode SIMO, of 1.6 m in mode MIMO, and of 1.05 m in
mode SAR for an aperture length of 10 km. (right figure
of Figure 9(b)). In the case of Q = 30° with 8 = 30°, ,
we have a resolution increase of 5.14 m in mode SIMO,
of 3.52m in mode MIMO, and of 2.58 m in mode SAR
when a length of aperture is 10 km (right figure of Figure
8 (a)).

The localization of the nearest ambiguity as a
function of the spacing to sensor’s radars for a probability
of false alarm of detection @ = 4 x 1073 is shown in
Figure 10. Here, Figure 9(a) is obtained with the same
parameters as reported by Seker and Lavalle [17] and
Figure 9(b) presents the localization of nearest ambiguity
while applying Equations (3) and (14). It is interesting to
note that we have the same results when we changed the
basic angle of slope. We obtained a better localization of
the zone of interest by taking into account the aperture
angle and the probability of false alarm detection in the
determination of the localization of the nearest ambiguity
corresponding to the selected spacing. This allows to
fight against the problem of the replicas that we meet out
of tomographic radars.

Figure 10 represents the amplitude of the power
reflected by the target and received by the receivers for
the SIMO, MIMO, and SAR modes. Observe that the
amplitude peaks reproduce in a specific distance to the
SIMO, MIMO and SAR corresponding to the resolution
estimated in left-side of Figure 8(b). The system in SIMO
mode detects two separate targets at 10 m and 20 m while
the two others are at 15 m and 21 m, respectively.

We noted a maximum level of sidelobe is -15 dB in
the MIMO and SAR system and -10 dB in the SIMO
system. The effects of the aperture angle and the
probability of false alarm of detection allow to improve
the precision of the parameter values in the multi-static
radar system.

Table 1 compares the values for Theoretical
Resolution 4dB (TR4dB), Theoretical Ambiguity



1594 I. E. Luc et al. / [JE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1589-1596

6 =306 =30° 0 = 60°,¢ = 60°
2500 3500 €
m—— SIMO S IM O
. - = MIMO - 3000 - = MIMO
\E/ 2000 SAR é SAR
= <. 2500
& 1500 2000
e} £
£ £
S 1000 < 1500
Z 2
g £ 1000
Z 500 2

(%)
=3
S

200 400 600 800 1000
Radar sensor spacing (m)

0
200 400 600 800 1000
Radar sensor spacing (m)

@)

©=30°¢=30°and Q = 30° 0=30°,¢=60° and Q = 60°

o
w
[

s SIMO proposed
== = MIMO proposed
15 SAR proposed

s SIMO proposed
== = MIMO proposed
SAR proposed

— S
[T SRR VR o)

Nearest ambiguity (km)

Nearest ambiguity (km)

o
n

o

0.2 04 06 08
Radar sensor spacing (km)

02 04 06 08 1 12 14
Radar sensor spacing (km)

(b)
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(14)

Location (TAL), and Maximum Sidelobe Level
(MLS). This comparison is done between the suggested
approach and that presented in the literature [17]. The
suggested method is less effective in the 4dB resolution
than [17], and this is also true for the sidelobe level.

This approach improves the literature in terms of
ambiguity location and enables, through the introduction
of the false alarm probability and the aperture angle, to
have a spacing that allows for the achievement of a high
signal-to-noise ratio, thereby limiting the impact of the
replicas that raise the noise level and lower the detection
capability of two targets when they are close to one
another.

—+—SIMO —+—MIMO SAR

Normalised amplitude (dB)
b
=)

-60
-10 0 10 20

Distance (m)
Figure 10. Tomographic “images” in 1-D for the SAR,
SIMO, and MIMO modes

TABLE 1. Comparison of results
Ref. [17]

Proposed approach
Spacing = 1400
SIMO  MIMO

Spacing = 1500 m

SAR SIMO MIMO SAR
TR4dB 49m 97m 70m 65m 13m 95m
TAL 58m 117m 117m 10m 15m 21m
MLS -13dB  -13dB  -26dB -13dB -13dB -15dB

4.CONCLUSION

In conclusion, we have considered the aperture angle and
the probability of false alarm detection in the estimation
of the parameters of deployment in order to improve the
multi-static performances of the radars. This new
approach has allowed to develop an estimation method
for the spacing between the sensor’s radars for
deployments on a large scale and the angle of slope of the
baseline. The performance evaluations with the aperture
angle and the probability of false alarm of detection such
as the resolution, the ambiguity and the scan loss have
been examined. We also determined the physical angle of
slope allowing the sensor’s radars to form a spotlight.
Our approach was tested under three multi-static modes
of radars. The results showed that the multi-static
performances of the radars, like their deployment, were
improved. In addition, it solves the problems related to
the complexity of the deployment geometries in the
multi-static radar systems. In particular, the SAR, which
has realistic values of resolution, locates on the area
covered by the spotlight formed by several sensors in
order to avoid noise due to areas of no interest.

Future research on the optimal estimation of the tilt
angle of the baseline and the aperture angle to make a
better compromise to reduce the losses of scanning and
to make an experimental study by applying our approach
will be necessary.
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ABSTRACT

Depleting good quality natural aggregates and soils call for the need of use of industrial by-products and
waste materials in road construction. Use of wastes and by-products in road construction consume large
quantities and resolve issue of their safe disposal. Class C fly ash is the by-product from thermal power
plants while quarry dust is waste left behind during quarrying processes. This study investigated the
application of class C fly ash and quarry dust mix for utilization in subbase layer of flexible pavement.
The class C fly ash and quarry dust mixed were studied with the help of unconfined compressive strength
test, repeated load triaxial test, durability test and microstructural analysis. The mixture of 90% fly ash
plus 10% quarry dust was found to be suitable with respect to strength and durability criteria to be used
as subbase material in flexible pavement. Owing to the formation of cementitious phases during
pozzolanic reaction, proposed mix demonstrated significantly higher resilient modulus than conventional
granular subbase material. The service life ratio for pavement with proposed mix is 1.2 and 1.26 in
fatigue and rutting respectively compared to conventional pavement. The use of quarry dust and fly ash
in large quantities in flexible pavement is an economical as well as sustainable solution for road

construction.

doi: 10.5829/ije.2023.36.09c.02

1. INTRODUCTION

Rapid infrastructure development is crucial economic
driver and responsible for overall growth of nation.
Construction of roads network is one of the prime
components of infrastructure sector. The Bharatmala
project designed by Government of India aims at
vigorous construction of roads, highways, and
expressways. The construction of road pavements
demands good quality natural aggregates in large
quantities. Nowadays, it is difficult to obtain good quality
aggregates for road construction due to depleting natural
resources [1]. Hence, it is utmost important to use
industrial wastes and by products for road construction to
minimize requirement of natural resources. Industrial
wastes and by- products such as fly ash [2, 3], steel slag
[4], copper slag [5], silica fume, ground granulated blast
furnace slag (GGBS) [6, 7] are widely used in
construction. By-products such as Fly ash, silica fume,

*Corresponding Author Email: joshiamruta89@gmail.com
(A. Ram Joshi)

GGBS and rice husk ash are also used as supplementary
cementitious materials in construction materials [8,9,10].
Apart from industrial waste, recycled aggregates along
with polymers [11] as well as recycled asphalt pavement
materials [12] are identified as eco-friendly and feasible
materials for replacing conventional natural aggregates in
road construction.

Fly ash is one of the industrial by-products which
possess pozzolanic properties due to the presence of
calcium oxide, silica and alumina which can enhance the
properties of soils when used for stabilization purpose
[13]. Based on oxide content, fly ashes are classified as
classes ‘C’ and ‘F’[14].

Class C fly ashes are self-cementitious and do not
require activator for initiation of hydration process. Many
researchers have contributed towards utilization of fly
ash along with natural aggregates and soils as road
embankment, base, subbase, and subgrade materials.

Please cite this article as: A. R. Joshi, S. Patel, Application of Class C Fly Ash and Quarry Dust Mix for Utilization as Subbase Material in Flexible
Pavement, International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023), 1597-1604
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Class C fly ashes are previously studies for used in
embankments, subgrade, base, and subbase of flexible
pavement as additive for strength improvement and
reduction in expansive properties of soils [15,16]. Class
C fly ash was used along with copper slag as pavement
base material and the suitability of mix was demonstrated
through comparative study of full-scale pavement
sections made using conventional material as well as
proposed mix in field [17]. The dredged sediments were
stabilized using class C fly ash and cement for pavement
application. It was found that the strength, resilient
modulus and CBR value of sediments were improved in
order that the mix was suitable as pavement material [12].
Utilization of reclaimed asphalt pavement material along
with class C fly ash was investigated for base application
in flexible pavement and was found to be suitable in
accordance with the design standards [18]. Use of class
C fly ash for stabilization and reuse of reclaimed asphalt
pavement materials and recycled concrete aggregates is
investigated through freezing and thawing for highway
base construction [19]. Addition of class C fly ash to
conventional materials used in base and subbase layers
cause significant strength improvement and consequently
reduction in layer thicknesses. Hence, using class C fly
ash in pavement in bulk quantities is economical and
sustainable [2].

The quarry dust is coarse material that is generated as
a by-product of the crushing process is a material that can
be utilized as aggregates, particularly as fine aggregates.
The rock is broken down into fragments of varying sizes
before it is used in the quarrying process. Quarry dust is
a type of waste that is produced as a byproduct of this
operation and is referred to as the dust. Therefore, it
becomes a material that is of no use and contributes to the
pollution of the air. As a result, quarry dust if used in
construction projects; can potentially bring about a
reduction in the cost of construction, as well as the saving
of construction material and the optimal utilization of
natural resources. In recent years, many studies are
conducted based on utilization of quarry dust for
construction purpose [20]. The ferrochrome slag was
used along with quarry dust as alternative to
conventionally used aggregates in pavement, it was
found that the ferrochrome slag and quarry dust mix can
be effectively used base and subbase of flexible
pavement [21]. Stabilization of soft subgrade was
attempted using quarry dust and it was observed that
addition of quarry dust to soft soil yielded in higher CBR
compared to untreated soil [22]. Quarry dust used for
treating expansive clay for road foundation was found to
inhibit the swelling properties of clay and an economical
for natural soil stabilization for road construction [23].

Class C fly ash is the by-product from thermal power
plants and quarry dust is waste produces in aggregate
crushing plants. Conventionally used natural aggregates
and soil for subbase construction in road is limited and

non-renewable resource. It is the need of the hour to use
the waste materials in pavement construction on large
scale to cut down the use of depleting natural resources.
IRC 37 [24] permits provision of cemented subbase in
flexible pavement along with crack relief layer. This
study aims to assess the feasibility of use of class C fly
ash along with quarry dust as subbase material in flexible
pavement.

2. METHODOLOGY

2. 1. Materials As per ASTM D618 [14], fly ash
used in this study classifies as class ‘C’ fly ash. The
chemical composition of fly ash is stated in Table 1. The
quarry dust used in this study was collected from local
aggregate crushing plant in Surat, Gujarat. The quarry
dust had particle passing through 1.18mm sieve.

2. 2. Experimental Program For trial mixes, the
fly ash was replaced with different percentage of quarry
dust equal to 10%, 20%, 40% and 60%. The modified
proctor test as per 1S 2720-Part 8 [25] was performed on
all trial mixed to find out the maximum dry density
(MDD) and optimum moisture content (OMC). The mix
designations along with description are given in Table 2.
Further, cylindrical samples measuring 100mm height
and 50mm diameter were cast using the MDD and OMC
value for each mix. Such cylindrical specimens were
used to perform the unconfined compressive strength
(UCS) test on specimens in accordance with 1S 2720-Part
10 [26]. Similar cylindrical samples were cast to obtain

TABLE1. Chemical composition of fly ash used in the study

Parameter Content (%)
SiO, 36.8
Al,04 3.82
Fe,0; 14.78
CaO 25.12
MgO 0.895
Na,O 0.55
SOs 10.03

TABLE 2. Description of mixes used in the study

Mix description Designation
90% fly ash + 10% quarry dust C10QD
80% fly ash + 20% quarry dust C20QD
60% fly ash + 40% quarry dust C40QD
40% fly ash + 60% quarry dust C60QD
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weight loss upon subjecting to alternate wetting and
drying as per ASTM D559 [27]. Based on results of UCS
and weight loss, the mix qualifying IRC criteria was
chosen for obtaining the resilient modulus (MR) values
as per AASHTO T307 [28], which is key parameter for
designing the flexible pavement. MR value indicates the
response of pavement materials to actual loads imposed
on layers due to movement of traffic [29]. The
microstructural development of phases within the mix
was analyzed using the X-ray Diffraction (XRD) and
Scanning electron microscopy (SEM) methods.

3. RESULTS AND DISCUSSION

3. 1. Standard Proctor Test Figure 1 shows that
as the percentage addition of quarry dust in fly ash
increases, the MDD of mix increases. This is due to
addition of quarry dust particles which have higher
specific gravity than fly ash particles. It can be observed
from Figure 1 that the OMC value go on decreasing with
the percentage substitution of fly ash with quarry dust.
This is because as soon as water is added to class C fly
ash, the pozzolanic reaction initiates. For the pozzolanic
reaction to take place, fly ash consumes water. When
quarry dust which has non cohesive fine particles, does
not take up water during strength gain. Also, the specific
surface of fly ash particles is greater than that of quarry
dust particles, hence for achieving maximum dry density,
more the fly ash in mix, more will be the amount of water
consumed.

3. 2. Unconfined Compressive Strength (UCS) Test
Figure 2 shows variation of UCS value for various fly ash
— quarry dust mixes obtained after curing for 3, 7 and 28
days. The strength gain within the mixes containing fly
ash is attributed to the presence of silica and alumina
[30]. It was observed that as the percentage of quarry dust
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Figure 1. Maximum dry density and optimum moisture
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Figure 2. Variation of unconfined compressive strength with
varying quarry dust addition to fly ash

addition to fly ash increased, the strength of the mix
decreased. This is due to addition of quarry dust increase
the amount of coarser non-cohesive particles in the mix.
As the amount of quarry dust increases, the formation of
binding gels formed during cementation process in the
class C fly ash decreases. Hence, for the C10QD mix, the
UCS values are higher at 3, 7 and 28 days than other that
for C20QD, C30QD, C40QD mixes. According to IRC
37 [24], the subbase material for flexible pavements must
have a minimum UCS of 7 MPa after 7 days of curing.
Therefore, the mix containing C10QD mix meets the
requirements specified by IRC 37 [24] for the use in
subbase.

3. 3. Durability Test The weight loss after 12
alternate weighting and drying cycles as per ASTM D559
[27], the % wights lost for all mixes are shown in Table
3. Weight loss during a durability test for material
intended for the use as subbase of flexible pavement
should not exceed 14%, following IRC 37 [24]. For its
part, C10QD not only outperforms C20QD, C30QD
AND C40QD in terms of durability but also meets the
requirements set forth by IRC 37 [24]. C40QD does not
meet the durability criteria for subbase application.

3. 4. Repeated Load Triaxial Test The C10QD
mix satisfied both strength and durability criteria to be
used as subbase material in flexible pavement, hence the
repeated triaxial load test was performed on this mix after
initial 7 days of curing and the results were compared to
conventional GSB. For the subbase of typical flexible
pavement, confining pressure of 34.5 kPa and deviator
stress of 103.5 kPa were estimated [31]. For this reason,
the resilient moduli of C10QD and GSB have been
compared (see Figure 3) using the stress combination of
confining pressure 34.5 kPa and deviator stress 93.1 kPa
which is one of the stress combination in the testing
sequence for subbase material as per AASHTO T307
[28]. The resilient modulus values were found to be
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TABLE 3. Weight loss (%) for all mixes

Mix Weight loss, %
C10QD 9.74
C20QD 11.90
C40QD 13.67
C60QD 15.83
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increasing with increment in deviator stress. This
increment in MR is observed due to strain hardening
phenomenon. Similar results are discussed in literature
[32,33,34].

The fly ash and quarry dust mix gains strength by
virtue of pozzolanic reaction. The efficiency of the
binding of the quarry dust and fly ash particles increases
with the amount of binding gel created during the
pozzolanic reaction, and the MR value improved as a
similar results reported in literature [4]. In case of
conventional granular subbase material, due to absence
of pozzolanic materials, no binding gel is formed. The
resilient modulus values for C10QD were found to be
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Figure 4. Comparison between measured and predicted
resilient modulus values using MR- 6 model for C10QD mix

significantly higher than that of conventional GSB
material [35].

For prediction of resilient modulus (MR) at different
cell pressure, Equation (1) MR-6 model [4] was used as
follows:

MR = ki .0k 1)

where, MR — resilient modulus and 6 — bulk stress.

Figure 4 shows the predicted MR vs measured MR
plot. The r? value of 0.98 shows that the MR-0 model
provides good prediction of resilient modulus. The
advantage of MR — 6 model is that the effect of confining
stress and deviator stress is combined for prediction of
resilient modulus. The model constants were found to be
ki =1.6387 and k.= 0.905.

3. 5. X-Ray Diffraction (XRD) Analysis The X-
ray diffraction results for C10QD mix show prominent
peaks of Ca(OH), (portlandite), ettringite and calcium
silicate hydrate (CSH). The results of X-ray diffraction
are presented in Table 4. The diffraction angle (20) at
which compunds are located are in agreement with the
literature [4,3,36-39]. It can be seen from the comparison
between intensities of peaks of XRD spectra that there is
development of Ca(OH),, CSH and Ettringite in C10QD
mix after 7 days of curing.

The quarry dust is cohesion less material having no
cementitious and pozzolanic properties. Formation of
ettringite causes development of early strength within
mix while formation of CSH gels cause development of
long-term strength [4]. Hence, it is evident that the
strength gaining takes place within the mix due to
hydration process due to presence of fly ash and
formation of hydration products such as ettringite and
CSH.

TABLE 4. X-ray diffraction peak intensities of compounds in
fly ash and C10QD mix

Compound 20 Fly ash C10QD (7 days)
Ca(OH), 24.77° 0 68
Ca(OH), 33.18° 0 129
Ca(OH), 40.95° 0 53
CSH 15.81° 0 59
CSH 27.47° 0 87
Ettringite 18.99° 0 47
Ettringite 42.44° 0 81
CaO 54.7° 91 57
Sio2 20.7° 470 0
Sio2 26.9° 1205 625
Al203 46.6° 109 73
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3. 6. Scanning Electron Microscopy (SEM) The
SEM images for C10QD after 7 and 28 days of curing are
as shown in Figure 5. The presence of needle shaped
ettringite phases and latticelike CSH phases are found in
C10QD mix [40,41]. Formation of the CSH which is
important cementitious phase causes binding of fly ash
and quarry duct particles together causing increment in
UCS and resilient modulus [8]. Formation of ettringite
causes densification of structure [42]. The presence of
ettringite as well as CSH is supported by XRD results.

4. PAVEMENT ANALYSIS

KENLAYER program was used to simulate and analyze
conventional pavement with wet mix macadam (WMM)
along with granular subbase (GSB) and proposed
pavement with C10QD material at subbase provided
with crack relief layer (CRL) at top. The pavement
sections were assessed for 15 MSA traffic with standard
axle single wheel load and 15 years design period. The
details of each layer used for analysis are given in Table
5 with reference to IRC 37 [24]. Table 6 represents the
details of pavement sections considered for analysis
using KENLAYER program.

As per IRC 37 [24], the service life ratio (SLR) of
pavement based on fatigue and rutting criteria for both
conventional and proposed pavement are calculated
using Equations (2) and (3) as follows:

SLR (Fatigue) = (etv/e12)>% 2)

Hydration Product X TUpy

5 ”:
Y

b s Ettringite

S3400 15.0kV 14.9mm x2.00k SE
Figure 5. SEM image for C10QD mix after 7 days of curing

TABLE 5. Details of pavement sections considered for analysis
Conventional Section

Proposed Section

Layer

Material Thickness Material Thickness

Surface BC+DBM 110 mm BC+DBM 110 mm
Base WMM 250 mm CRL 250 mm

Subbase GSB 330 mm C10QD 330 mm

TABLE 6. Details of pavement layers used in KENLAYER for
analysis

Layer Resilient modulus Poisst_m’s
(MPa) ratio
BC+DBM 3000 0.35
Wet mix macadam (WMM) 450 0.35
GSB 110 04
C10QD 180 0.3
Subgrade 65 0.4

where & and &p = maximum horizontal tensile strains,
developed at the bottom of for conventional and proposed
pavement, respectively. This service life ratio quantifies
the relative remaining fatigue life of pavement section.

SLR (Rutting) = (gv1/gv2)*5%7 (3)

where €1 and &2 = maximum vertical strains, developed
at the top of subgrade of conventional and proposed
pavement, respectively. This service life ratio quantifies
the relative remaining rutting life of pavement section.

The strain values at the top of subgrade and bottom of
bituminous layers for conventional and proposed
pavement along with SLR values are shown in Table 7.

The strain values at the top of subgrade and bottom of
bituminous layers for conventional and proposed
pavement along with SLR values are shown in Table 7.
The proposed pavement with C10QD mix in subbase
layer has 1.20 and 1.26 in fatigue and rutting SLR,
respectively. This shows that the performance of
proposed pavement with C10QD mix in subbase has 20%
and 26% more service life in fatigue and rutting
compared to the conventional pavement with GSB,
respectively.

TABLE 7. SLR for subbase material GSB and C10QD

Subbase  Fatigue strain  Rutting strain SLR
material (g) x 10* (e) x 10 Fatigue Rutting
GSB -2.01E-04 3.41E-04 1 1
C10QD -1.92E-04 3.24E-04 1.20 1.26

5. CONCLUSIONS

Following conclusions can be drawn from the study of
fly ash and quarry dust mixes;

The UCS value for C10QD mix was 8.105 MPa after
7 days of curing which fulfils the strength criteria for the
mix to be used as subbase material in flexible pavement.
C10QD, C20QD and C40QD mixes satisfied durability
criteria to be used as subbase material in flexible
pavement. C10QD was found to have a resilient modulus
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that is five times higher than that of conventional GSB
material. This is because of self-cementitious properties
of class C fly ash used in the C10QD mix which promotes
the strength gaining within the mix. The XRD and SEM
analysis for C10QD demonstrated presence of hydration
product phases after curing due to which the strength gain
takes place within mix. The pavement with C10QD mix
in subbase demonstrated 1.20 and 1.26 SLR in fatigue
and rutting, respectively compared to conventional
pavement. Hence, service life of proposed pavement is
more than that of conventional pavement.

The C10QD mix satisfies both strength as well as
durability criteria for subbase material in flexible
pavement. Class C fly ash is industrial by-product and
quarry dust is waste from crushing plants, hence
combined used of this material is sustainable and
economical. Using such materials in road construction
can lead to less consumption of natural aggregates which
are depleting. Hence, it is recommended that this mix can
be used in subbase layer in flexible pavement along with
crack relief layer as per IRC 37 [24].

6. REFERENCES

1. Singh, S., and Patel, S. “Potential Use of Fly Ash for Developing
Angular-shaped ~ Aggregate.” International Journal of
Engineering, Transactions C: Aspects, Vol. 36, No. 6, (2023),
1114-1120. https://doi.org/10.5829/ije.2023.36.06¢.09

2. Joshi, A. R., Patel, S., and Shahu, J. T. “Utilization of class ‘C’
Fly ash in flexible pavement system—a review.” Lecture Notes
in  Civil Engineering, Vol. 29, (2019), 629-638.
https://doi.org/10.1007/978-981-13-6713-7_50

3. Nguyen, D. T, and Phan, V. T. A. “Engineering properties of soil
stabilized with cement and fly ash for sustainable road
construction.”  International Journal of Engineering,
Transactions B: Applications, Vol. 34, No. 12, (2021), 2665-
2671. https://doi.org/10.5829/1JE.2021.34.12C.12

4.  Patel, S., and Shahu, J. T. “Resilient Response and Permanent
Strain of Steel Slag-Fly Ash-Dolime Mix.” Journal of Materials
in Civil Engineering, Vol. 28, No. 10, (2016), 04016106.
https://doi.org/10.1061/(asce)mt.1943-5533.0001619

5. Shahu, J. T., Patel, S., and Senapati, A. “Engineering Properties
of Copper Slag—Fly Ash-Dolime Mix and Its Utilization in the
Base Course of Flexible Pavements.” Journal of Materials in
Civil Engineering, Vol. 25, No. 12, (2013), 1871-1879.
https://doi.org/10.1061/(asce)mt.1943-5533.0000756

6. Yi, Y., Gu, L., and Liu, S. “Microstructural and mechanical
properties of marine soft clay stabilized by lime-activated ground
granulated blastfurnace slag.” Applied Clay Science, Vol. 103, ,
(2015), 71-76. https://doi.org/10.1016/j.clay.2014.11.005

7. Bouaissi, A, Li, L. yuan, Al Bakri Abdullah, M. M., and Bui, Q.
B. “Mechanical properties and microstructure analysis of FA-
GGBS-HMNS based geopolymer concrete.” Construction and
Building  Materials, Vol. 210, (2019), 198=209.
https://doi.org/10.1016/j.conbuildmat.2019.03.202

8.  Kanthe, V., Deo, S., and Murmu, M. “Combine use of fly ash and
rice husk ash in concrete to improve its properties.” International
Journal of Engineering, Transactions A: Basics, Vol. 31, No. 7,
(2018), 1012=1019. https://doi.org/10.5829/ije.2018.31.07a.02

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sankar, B., and Ramadoss, P. “Experimental and Statistical
Investigations on Alccofine Based Ternary Blended High-
performance Concrete.” International Journal of Engineering,
Transactions B: Applications, VVol. 35, No. 8, (2022), 1629-1640.
https://doi.org/10.5829/1JE.2022.35.08B.19

Pachideh, G., Gholhaki, M., Moshatgh, A., and Ash, F.
“Performance of Porous Pavement Containing Different Types of
Pozzolans.”  International  Journal of  Engineering,
Transactions C: Aspects, Vol. 32, No. 9, (2019), 1277-1283.
https://doi.org/10.5829/ije.2019.32.09¢.07

Al-Hasan, S. J. A., Balamuralikrishnan, R., and Altarawneh, M.
“Eco-Friendly Asphalt Approach for the Development of
Sustainable Roads.” Journal of Human, Earth, and Future, Vol.
1, No. 3, (2020), 97-111. https://doi.org/10.28991/hef-2020-01-
03-01

Yoobanpot, N., Jamsawang, P., Simarat, P., Jongpradist, P., and
Likitlersuang, S. “Sustainable reuse of dredged sediments as
pavement materials by cement and fly ash stabilization.” Journal
of Soils and Sediments, Vol. 20, No. 10, (2020), 3807-3823.
https://doi.org/10.1007/s11368-020-02635-x

Arif Ali Baig Moghal. “State-of-the-Art Review on the Role of
Fly Ashes in Geotechnical and Geoenvironmental Applications.”
Journal of Materials in Civil Engineering, Vol. 29, No. 8,
(2017), 1-14. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0001897.

ASTM C618. “Standard Specification for Coal Fly Ash and Raw
or Calcined Natural Pozzolan for Use” (2017).
https://doi.org/10.1520/C0618-17.2

Kang, X., Asce, S. M., Kang, G., Chang, K., Ge, L., and Asce, M.
“Chemically Stabilized Soft Clays for Road-Base Construction,”
Journal of Materials in Civil Engineering, Vol. 27, No. 7,
(2015), 1-9. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0001156.

Cocka, E. “Class C fly ahses for the stabilization of an expansive
soil,”, Journal of Geotechnical and Geoenvironmental
Engineering, Vol. 127, No. July, (2001), 568-573.

Pai, R. R., Bakare, M. D., Patel, S., and Shahu, J. T. “Asserting
the Applicability of Copper Slag and Fly Ash as Cemented Base
Materials in Flexible Pavement from a Full-Scale Field Study.”
Journal of Materials in Civil Engineering, Vol. 34, No. 4,
(2022). https://doi.org/10.1061/(asce)mt.1943-5533.0004123

Saride, S., and Jallu, M. “Effect of Fly Ash Geopolymer on Layer
Coefficients of Reclaimed Asphalt Pavement Bases.” Journal of
Transportation Engineering, Part B: Pavements, Vol. 146, No.
3, (2020), 04020033. https://doi.org/10.1061/jpeodx.0000169

Rosa, M. G., Cetin, B., Asce, A. M., Edil, T. B., Asce, D. M,
Benson, C. H., and Asce, F. “Freeze — Thaw Performance of Fly
Ash — Stabilized Materials and Recycled Pavement Materials.”
Journal of Materials in Civil Engineering, Vol. 29, No. 2015,
(2017), 1-13. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0001844.

Qamhia, I. I. A., Tutumluer, E., Ozer, H., Boler, H., Shoup, H.,
and Stolba, A. J. “Durability Aspects of Chemically Stabilized
Quarry By-Product Applications in Pavement Base and Subbase.”
Transportation Research Record, Vol. 2674, No. 6, (2020), 339-
350. https://doi.org/10.1177/0361198120919113

Ajay, C. H., and Durga Rani, K. “Ferrochrome Slag
characterization and its compatibility with Quarry dust in Flexible
pavement.” IOP Conference Series: Earth and Environmental
Science, Vol. 982, No. 1, (2022). https://doi.org/10.1088/1755-
1315/982/1/012008

. U. A. K. “Soft Subgrade Stabilization With Quarry Dust-an
Industrial Waste.” International Journal of Research in
Engineering and Technology, Vol. 03, No. 08, (2014), 409-412.
https://doi.org/10.15623/ijret.2014.0308063



23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

A.R.Joshi and S. Patel / IJE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1597-1604

Sudhakar, S., Duraisekaran, E., Dilli Vignesh, G., and Kanna, G.
D. “Performance Evaluation of Quarry Dust Treated Expansive
Clay for Road Foundations.” Iranian Journal of Science and
Technology - Transactions of Civil Engineering, Vol. 45, No. 4,
(2021), 2637-2649. https://doi.org/10.1007/s40996-021-00645-4

IRC 37. “Tentative guidelines for the design of flexible
pavements.” Indian Road Congress, (2012), 108.

1S2720 Part 8. “Methods of test for soils, part 8 determination of
water content -drry density relation using heavy compaction”
(1983).

IS: 2720 (Part 10):1991. “Indian Standard: Methods of test for
soils, Part 10: Determination of unconfined compressive
strength.” Bureau of Indian Standards, New Delhi, No.
Reaffirmed 2006, (1991), 1-6.

ASTM D559. “Standard Test Methods for Wetting and Drying
Compacted Soil-Cement Mixtures 1” (2018).
https://doi.org/10.1520/D0559

AASHTO T307. “Standard specifications for transportation
materials and methods of sampling and testing Part II” (2000).

Donato, M., Gouveia, B. G., de Medeiros, A. S., da Silva, M. A.
V., and Oda, S. “Mechanical Analysis of Subgrades of Road
Pavements in Life Cycle Assessment.” Civil Engineering
Journal (lran), Vol. 8, No. 7, (2022), 1492-1506.
https://doi.org/10.28991/CEJ-2022-08-07-012

Turkane, S. D., and Chouksey, S. K. “Partial Replacement of
Conventional Material with Stabilized Soil in Flexible Pavement
Design.” International Journal of Engineering, Transactions
B: Applications, Vol. 35, No. 5, (2022), 908-916.
https://doi.org/10.5829/ije.2022.35.05b.07

NCHRP. “Harmonized test methods for laboratory determination
of resilient modulus for flexible pavement design” (2003).

Patel, D., Kumar, R., Chauhan, K. A., and Patel, S. “Experimental
and Modeling Studies of Resilient Modulus and Permanent Strain
of Stabilized Fly Ash.” Journal of Materials in Civil
Engineering, Vol. 31, No. 8, (2019), 4-9.
https://doi.org/10.1061/(asce)mt.1943-5533.0002798

Puppala, A. J., Hoyos, L. R., and Potturi, A. K. “Resilient Moduli
Response of Moderately Cement-Treated Reclaimed Asphalt
Pavement Aggregates.” Journal of Materials in Civil
Engineering, Vol. 23, No. 7, (2011), 990-998.
https://doi.org/10.1061/(asce)mt.1943-5533.0000268

Zhang, J., Zhang, A., Huang, C., Yu, H., and Zhou, C.
“Characterising the resilient behaviour of pavement subgrade
with construction and demolition waste under Freeze—Thaw
cycles.” Journal of Cleaner Production, Vol. 300, (2021),
126702. https://doi.org/10.1016/j.jclepro.2021.126702

35.

36.

37.

38.

39.

40.

41.

42.

1603

Patel, S., and Shahu, J. T. “Comparison of Industrial Waste
Mixtures for Use in Subbase Course of Flexible Pavements.”
Journal of Materials in Civil Engineering, Vol. 30, No. 7,
(2018),  04018124.  https://doi.org/10.1061/(asce)mt.1943-
5533.0002320

Munasir, N., Triwikantoro, Zainuri, M., BaBler, R., and Darminto.
“Corrosion polarization behavior of Al-SiO, composites in 1M
and related microstructural analysis.” International Journal of
Engineering, Transactions A: Basics, Vol. 32, No. 7, (2019),
982-990. https://doi.org/10.5829/ije.2019.32.07a.11

Ramesh, B. A., and Kondraivendhan, B. “Effect of Accelerated
Carbonation on the Performance of Concrete Containing Natural
Zeolite.” Journal of Materials in Civil Engineering, Vol. 32, No.
4, (2020), 1-10. https://doi.org/10.1061/(asce)mt.1943-
5533.0003050

Bura, A. R., and Kondraivendhan, B. “An accelerated carbonation
and its effect on concrete containing natural zeolite.” Innovative
Infrastructure  Solutions, Vol. 7, No. 3, (2022).
https://doi.org/10.1007/s41062-022-00796-x

Patil, V. G., Somasundaram, B., Kandaiah, S., Ramesh, M. R.,
and Kumar, S. “High Temperature Corrosion Behavior of High
Velocity Oxy Fuel Sprayed NiCrMoFeCoAl-30%SiO2 and
NiCrMoFeCoAI-30%Cr203 Composite Coatings on ASTM
SA213-T22 Steel in a Coal-fired Boiler Environment.”
International Journal of Engineering, Transactions A: Basics,
Vol. 35, No. 7, (2022), 1416-1427.
https://doi.org/10.5829/ije.2022.35.07a.19

Kumar, A., and Sivapullaiah, P. V. “Ground granulated blast
furnace slag amended fl y ash as an expansive soil stabilizer.”
Soils and Foundations, Vol. 56, No. 2, (2016), 205-212.
https://doi.org/10.1016/j.sandf.2016.02.004

Feng, Y., Yang, Q., Chen, Q., Kero, J., Andersson, A., Ahmed,
H., Engstrdm, F., and Samuelsson, C. “Characterization and
evaluation of the pozzolanic activity of granulated copper slag
modified with CaO.” Journal of Cleaner Production, Vol. 232, ,
(2019), 1112-1120. https://doi.org/10.1016/j.jclepro.2019.06.062

Zhang, Y., Pan, Y., and Zhang, D. “A literature review on delayed
ettringite formation: Mechanism, affect factors and suppressing
methods.” Magazine of Concrete Research, Vol. 73, No. 7,
(2021), 325-342. https://doi.org/10.1680/jmacr.20.00268



1604 A.R.Joshi and S. Patel / IJE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1597-1604

COPYRIGHTS
©2023 The author(s). This is an open access article distributed under the terms of the Creative Commons @ ®
Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as

long as the original authors and source are cited. No permission is required from the authors or the publishers.

Persian Abstract

PR LS

il e sl 5 Dlasls Sleslinal b a1y S3la oly 53 15 3l5e 5 o il sla o513 Sl eslinal 4 Sl s e b sls S s wliSE 00 g
35548 Jo 5o cl Sl gl o0 il g C 38 (60 S S s = ) L@Tiﬁn8;%}ﬁjqwb@gﬁ;mwuu“;
Y s eslinl sl 1 Odme JLe 53,8 bysee 5 C oS ool Sl 5 )l aallla ol e o 3L Siben sl SladyT b (b s oS el s Al O e
S S 5,180 Jv-:L‘ji 3 dmals (L3 Caaslie O g3 SaS L O e 53,5 5C LS ol mesls sl I3 o 2050 gy Slasil S5l 4l 5
5 ol slajlns & a5 L Odee Sl 53,8 doss Ve wlol 4y il xSt A3 A bl s S 13 el 3 g0 bty o 5 a5 ples Oesl
Sl dade oalgig bses ( SV555 2S1y b s Sleew slasl |35 Ly a4 ool sl s Olanil (g3lgy 53 a5 esle Olge 4 eslanal (gl s el
G ks (Sae 5n Jpene @3l b amlis ) galgniy byl b g3less deke pes o 315 DL Jpens slails il 25 2lge 4 S g 5 LB 5 5ba

el 3k oy (8 L e 5 3lal - ol ol Ollant (g3l 53 sl eolia 3 ol 1Sl 5 Odes JLé 538 5l eslial el VYN 5 VY




IJE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1605-1610

oA

~ @ International Journal of Engineering

Journal Homepage: www.ije.ir

Standards for Selection of Surfactant Compositions used in Completion and

Stimulation Fluids

D. G. Petrakov, A. V. Loseva, N. T. Alikhanov, H. Jafarpour*

Saint-Petersburg Mining University, Saint-Petersburg, Russia

PAPER INFO

Paper history:

Received 15 May 2023

Received in revised form 09 June 2023
Accepted 11 June 2023

Keywords:

Critical Concentration of Micelle Formation
Inhibition

Process Fluids

Surfactants

Waterflooding

ABSTRACT

The growing need of the population for energy and hydrocarbon fuel, leads to an accelerated pace of
development of the oil industry. In this regard, there is a need to develop new or renew the development
of old oil fields. Among a range of existing EOR methods, the use of surfactants is considered as one of
the main options aimed for both raising oil production and improving oil recovery. In this work, a study
was carried out to define the characteristics and criteria for selection of an effective surfactants which
are used in the tertiary scheme of recovery (IOR or EOR) from reservoir formations and especually
during Enhanced Oil Recovery (EOR) flooding system. Three cationic surfactants with specific trade
names were used in this study. It has been revealed that addition of surfactants positively affects
inhibition of clay issues even in a more efficient manner than potassium chloride as one of the most
widespread used clay inhibitors. At the end, a comprehensive discussion and suggestions are provided
on the importance of temperature, concentration and bottom-hole conditions that affect selection of an

optimum surfactant.

doi: 10.5829/ije.2023.36.09c.03

1. INTRODUCTION

Surfactants, well-known substances are used to reduce
surface tension on liquid and solid interfaces, are mainly
consist of non-polar and polar components. They are
widely used in industrial processes, especially, to
increase oil recovery factor from depleted reservoir
rocks. They own a specific capability to reduce interfacial
tension at the "oil-water" interface that is crucial for
increasing the efficiency of residual oil displacement [1,
2].

Surfactants have hyrophobic and hydrophilic
properties that provide the capability to bind in water and
aggregate at the boundary of immiscible phases. The
former property belongs to a range of compositional
characteristics, such as presence of long-chain
hydrocarbon, fluorocarbon, siloxane or short polymer
chain [3, 4]. Hydrophilic groups have been classified into
anionic  (nonpolar  lipophilic), cationic  (polar
hydrophilic), nonionic and zwitterionic (amphoteric)
surfactants by Green and Willhite [5].

*Corresponding Author Email: JafarPour_H@pers.spmi.ru
(H. Jafarpour)

Polymer flooding by addition of surfactants, as one of
the main subgroups of chemical flooding methods, is an
effective method of enhanced oil recovery (EOR), which
can be applied with a high level of efficiency in both
carbonate and terrigenous reservoirs.

Previous review work have identified main criteria
according to which a surfactant can be considered
effective including capability to:

- dissolve in formation water

- reduce interfacial tension at the oil-water interface

- minimal adsorption

- maintain activity when in contact with fluids

- prevent inhibition of clayey rocks as a part of reservoir
- economically accessible and environmentally safe.

Nonionic surfactants that meet all the above criteria
are widely used in the field practice of waterflooding of
reservoirs by surface-active substances. Besides using
surfactants in waterflooding, they have an impact on
rheological and filtration characteristics of process fluids
during primary and secondary recovery. Also, the use of
surfactants during drilling process is recommmended to

Please cite this article as: D. G. Petrakov, A. V. Loseva, N. T. Alikhanov, H. Jafarpour, Standards for Selection of Surfactant Compositions used in
Completion and Stimulation Fluids, International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023), 1605-1610
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reduce the negative impact of fluid filtrate on
permeability of the drilled interval, reduce the hardness
of rocks, increase the lubricating properties and prevent
clay mud thickening, as well as to emulsify oil and aerate
the drilling fluids.

First of all, it is necessary for a surfactant-based mud
to have an effect on reservoir rock wetting and to have
oil-washing properties. In order to fulfill these conditions
the surfactant must take part in dispersion of
heterogeneous systems, in the processes of formation or
separation of hydrophobic films and have stabilizing
properties [6]. To assess these properties it is necessary
to take into account the following physico-chemical
parameters, such as, change in surface tension, critical
concentration of micelle formation and the value of the
boundary wetting angle.

Rock wettability controls the movement of fluids in
the porous medium during drilling and production stages
[6, 7]. For example, hydrophilic rock has low relative
permeability to water, and oil cannot be extracted
efficiently from hydrophobic skeleton of a porous
medium. Thus, a change in the surface wettability of
rocks by drilling fluid filtrate during drilling can have a
positive or negative effect on reservoir recovery at least
in near-wellbore region.

Note that sometimes surfactants become more
hydrophobic due to shielding of electrostatic repulsion
between the end groups (heads) of surfactants by
dissolved electrolytes [8].

Mud invasion can also activate smectite/illite clays
and cause further permeability reduction and formation
damage. The process of changing wettability is more
common at carbonate reservoirs where change of
wettability towards more "water-wet" means reduction in
the residual oil saturation and increasing water
absorption.

It has been suggested that cationic surfactants work
efficiently for the case of clay-rich terrigenous reservoirs
in which carry negative surface charges [9]. In models of
relative permeability and capillary pressure as a result of
changes in wettability were proposed and the effects of
different mechanisms in oil recovery associated with
surfactants are compaired as well. In particular, the effect
of changes in wettability and reduction of the wetting
angle were compared. Numerical simulation results
showed that change in wettability plays an important role
when the marginal angle is high, and it is effective in
early times. The marginal angle plays a very important
role with or without the change in wettability and is
effective throughout the EOR process.

It is important to have a precise study for optimization
of the concentration of surfactant that specially affect the
critical concentration in surfactant micelle formation
(CCM) in which significantly decreases with the addition
of salt [10].

Determination of inhibitory capacity is also
important. Clays are negatively charged aluminosilicates,
blocks of which are weakly held together by electrostatic
forces of attraction due to cations (Na*, Ca%*, Mg?*, K*)
[11].

When clays come into contact with water, water
molecules are adsorbed on positively charged cations by
weak forces (i.e. Van der Waals forces) [12, 13]. The
surface of the shale minerals becomes hydrophilic, and
the incoming water molecules begin to disturb the
internal structure of the shale environment. When the
clay particles are finally dispersed in the aqueous phase,
electrostatic interaction leads to the formation of a double
layer [14, 15].

In addition to the electrostatic forces between water
molecules and cations, osmotic swelling promotes the
penetration of freely moving water molecules into the
clay pores, depending on the concentration gradient [16].
All of these processes lead to the initiation of the swelling
process. For this purpose, it is necessary to conduct a test
for linear swelling of the clay material.

2. METHODOLOGY AND MATERIALS

To determine surface wettability, edge angle
measurements are made using the Kruss droplet shape
analyzer shown in Figure 1. The wetting angle is a
parameter that determines the wettability of a solid
surface with water or another liquid.The wetting angle is
influenced by adhesion and cohesion. The ratio of the two
determines the shape of the droplet and the extent to
which it spreads over the solid. A distinction is made
between hydrophilic and hydrophobic surfaces
depending on the value of the wetting angle.

If the wetting angle is less than 90°, the surface is
called hydrophilic. Liquids will spread widely over such
a surface. And angles up to 60° can be called
superhydrophilic, where water spreads completely over
the surface. The presence of a certain amount of

Figure 1. Device for measuring the edge angle of wetting
Easydrop (compiled by the authors)
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surfactant in the process liquid can change the value of
the wetting angle from a hydrophilic to a hydrophobic.

During this study, according to the experience and
knowledge described above, two basic instruments were
used to select the optimum surfactant for the process
liquids including:

1. EasyDrop DSA 100 tensiometer
2. An instrument for measuring the linear swelling of
clays.

In order to investigate the effectiveness of non-
inogenic surfactants, five samples of each surfactant were
prepared in 0.05, 0.1, 0.25, 0.5 and 1 wt% concentrations.
Next, the study was carried out on a tensiometer, the
principle of which is schematically shown in Figure 2
[17]. First, the effect of surfactant on wettability was
evaluated, the study was conducted as follows:

1. The sample under study was drawn into a syringe.

2. After the syringe is inserted, the needle is dipped into
the cuvette, where the medium is isooctane.

3. The scale was set through the software so that the
outline of the drop at the bottom of the cuvette was
clearly visible.

4. The wetting angle is automatically calculated for the
lying droplet.

5. Three measurements are taken in order to get a more
accurate value.

After 3 measurements have been made, the cuvette
should be washed and dried and degreased with isopropyl
alcohol to prevent deliberately false readings. While the
wetting-angle cuvette is being prepared, a new isooctane
cuvette is placed on the moving stage. The interfacial
tension is then measured:

1. The interfacial tension measurement is performed on a
hanging drop, so a program change is necessary.

2. The needle is not lowered to the bottom of the cuvette,
as space is needed for the hanging drop.

3. Video recording starts automatically when the drops
are squeezed out.

Water Pump.

(]

3

Figure 2. Schematic of the principle of operation of the
tensiometer used to measure the wetting angle and surface
tension [17]

4. The values calculated directly before the drop is
detached from the syringe are recorded.

5. Three measurements are taken in order to get a more
accurate value. Avarge values were reported. In this way
a total of at least 6 measurements were performed for
each sample. It is possible to take more measurements to
reduce the error, but less is not recommended.

After conducting a tensiometer study, there is data on
how effectively surfactants reduce interfacial tension and
change the wettability of the fluid. Since these reagents
will be used in drilling fluids, it is necessary to evaluate
their effectiveness in the composition of the process fluid
on the rock. For this purpose, an instrument for
measuring linear swelling of clays LSM 2100 is used
(Figure 3). The study is carried out as follows:

1. On the compactor tablets are made - compressed rock,
in the form of a cylinder.

2. This tablet is installed in a container under the
measuring device.

3. We carried out calibration, according to instructions
LSM 2100.

4. The test liquid is poured into the container.

5. The study was carried out from 6 to 48 hours,
depending on the regulations.

6. After a certain time, the program stops the test.

7. The meters are lifted and the tablets are taken out for
visual analysis.

Thus, at the end of the test there are the following
data: csv file with the measurements of the device, a
graph of swelling over time: the change in percentage and
absolute value. On the basis of visual inspection it is
possible to estimate the depth of penetration of liquid, to
see violation of tablet integrity, if the liquid contained
colmatant then there is a possibility to see a filtration
crust.

According to the methodology described above,
samples of an aqueous surfactant solution in 5
concentrations were prepared first. Next, a minimum of
3 measurements of each sample were taken to reduce

Figure 3. Linear clay swelling tester LSM 2100 (compiled
by the authors)
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measurement error. Figure 4 shows examples of lying
droplets, from which the edge wetting angle is calculated,
and hanging droplets, from which the interfacial tension
forces are determined.

Based on the results of the studies, the data obtained
is sufficient to make the primary choice of surfactant for
the process fluid.

3. RESULTS

After obtaining all the values, it is necessary to calculate
the average value of the indicators for each sample [18].
The calculated values of interfacial tension for each
surfactant are summarized in a table, and the results of
studies on the tensiometer are presented as graphs, for
ease of analysis (Figures 5 and 6).

Based on the data obtained, it is possible to assess the
effect of each surfactant on the interfacial tension and
wetting properties of the liquid [19]. It is known that there
is a critical concentration above which it is not practical
to introduce surfactants into the system, as it does not
affect the change in the properties of the liquid. This
concentration can be determined in the graphs. If after
adding 0.05 and 0.1% of surfactant there is a sharp

AT — T

RO R,

Figure 4. View of lying and hanging droplets from which
the edge wetting angle and interfacial tension forces are
determined (compiled by the authors)

Interfacial tension . mN/m
S

Concentration, % 0,05 01 0,25 05

Figure 5. Dependency of interfacial tension on natural
logarithm of surfactant concentration (compiled by the
authors)

40,00
2 /
20,00 — /
00,00
w——Surfactant 1
m—Surfactant 2
60,00

Surfactant 3
40,00

Wettingangle, degree

20,00
0,00

Concentration, 0,05 0,2 0,25 05

Figure 6. Dépendency of boundary wetting angle on natural
logarithm of the surfactant (compiled by the authors)

decrease in the force of interfacial tension and the angle
becomes more obtuse, then at a concentration above
0.5% the effect decreases and the line becomes more
straight. Thus, we can say that the optimal surfactant
concentration for solutions is 0.25%. The force of
interphase tension of distilled water at the boundary with
isooctane is 73 mN/m, so it follows from the obtained
data that surfactant 2 is the most effective reagent. This
is confirmed by the fact that the interfacial tension force
at a concentration of 0.05% was reduced almost by 15-
fold. The contact angle has also increased up to 105
degrees, which indicates hydrofibbing of the surface by
the liquid treated with this surfactant. The process fluid
with these values will prevent the negative effect of the
fluid on reservoir properties, and during waterflooding
will provide an increase in the oil recovery. These effects
are achieved because the surfactants in the solution
hydrophobize the rock surface and provide a better yield
for hydrocarbons [20, 21].

The use of surfactants in process fluids can also
ensure the integrity of the rock skeleton. This is achieved
due to the fact that the filtrate will penetrate less into the
rock, thereby preventing swelling and cracking of the
rock mass. It is possible to check this hypothesis thanks
to a device for measuring linear swelling of clays LSM
2100. A comparative study was performed with 4
samples: 2% KCI solution and 3 samples with 0.25%
surfactant added. The results are shown in Figure 7.

L.: Linear Swere Merer 2100

Figure 7. Results obtained from the clay swelling analﬁr
(compiled by the authors)
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4. CONCLUSIONS

It can be concluded that the addition of surfactants has a
positive effect on rock inhibition, and that some are better
than potassium chloride, which is the most widely used
inhibitor of clay. Taken together, these studies allow us
to make an initial selection of surfactants for IOR and
EOR. The importance of this study is that the LSM2100
test results and the information on the interaction of the
system with the surfactant and the rock are sufficient to
recommend the use of the surfactant in EOR. It should be
noted that the tests carried out are not fundamental to a
decision on the choice of surfactant for drilling
conditions. For example, when drilling salt formations, it
is necessary to evaluate surfactants in a highly
mineralized environment, as it is known that
mineralization affects surfactant efficiency and may
result in the need to increase surfactant concentration to
achieve the required performance. Another important
factor is temperature, which affects the value of the
critical concentration for micellar formation; hence, the
need for refinement studies to determine the need to
increase or decrease the surfactant concentration in
solution. The use of a scanning electron microscope is a
promising tool for the study of surfactants, allowing the
behaviour of the surfactant in solution to be assessed, as
well as its interaction with other chemical reagents
present in the dispersion medium. Overall, the results of
our study, based on laboratory tests, show that among the
three surfactants used in this work, OLBECK (trade
name of a cationic surfactant) at a concentration of 0.25
wt% is the most optimal choice.
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ABSTRACT

Accurate land cover classification from the digital surface model (DSM) obtained from LiDAR sensors
is a challenging topic that researchers have considered in recent years. In general, the classification
accuracy of land covers leads to low accuracy using a single-band DSM image. Hence, it seems necessary
to develop efficient methods to extract relevant spatial information, which improves classification
accuracy. In this regard, using spatial features based on morphological profiles (MPs) has significantly
increased classification accuracy. Despite MPs' efficiency in increasing the DSM's classification
accuracy, the classification accuracy results under the situation of limited training samples are not still
at satisfactory levels. The main novelty of this paper is to propose a new feature space based on local
kernel descriptors obtained from MP for addressing the mentioned challenge of MP-based DSM
classification. These innovative feature vectors consider local nonlinear dependencies and higher-order
statistics between the morphological features. The experiments of this study are conducted on two well-
known DSM datasets of Houston and Trento. Our results show that support vector machine (SVM)-
based DSM classification with the new local kernel features achieved an average accuracy of 93.75%,
which is much better than conventional SVM classification with single-band DSM and MP features (by
about 57% and 11.5% on average, respectively). Additionally, our proposed method outperformed two
other DSM classification methods by an average of 4.7%.

doi: 10.5829/ije.2023.36.09c.04

1. INTRODUCTION

Aerial LIDAR is a type of remote sensing sensor that uses

DSM is typically used as supplemental data to optical
or hyperspectral images in order to classify land cover.
For instance, Zhang et al. [6] developed a new

laser pulses to measure the distance between the receiver
and the earth's surface. Generally speaking, elevation
models and 3D point clouds are two important outputs of
LiDAR sensors that are used in various fields, including
forestry research, geodesy, geology, urban research, and
crisis management [1-3]. LiDAR can collect data in all
weather and lighting conditions, unlike optical and
infrared sensors [4]. LiDAR sensors generate a digital
surface model (DSM) as a secondary outcome, which is
produced by implementing various techniques like
denoising and rasterization on a point cloud. DSM
contains elevational data of ground objects, which can be
used to distinguish objects of different heights [5].

*Correponding author Email: b_asghari@email.kntu.ac.ir
(B. Asghari Beirami)

classification system that categorizes land covers using
extinction profiles derived from hyperspectral images
and the DSM. The final results of their research show that
the integration of spectral features and the DSM increases
classification accuracy. Singh et al. [7] introduced a
novel deep-learning strategy for classifying land cover
using LIDAR and hyperspectral images in their study.
The method utilizes sparse stacked autoencoders and
morphological profiles, as outlined in literature [7].
Although DSM has been used in several studies as
supplementary data, researchers' interest in classifying
land covers using a single-band DSM image has recently
increased. When few training examples are available,

Please cite this article as: B. Asghari Beiram, M. Mokhtarzade, Land Covers Classification from LiDAR-DSM Data Based on Local Kernel Matrix
Features of Morphological Profiles, International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023),1611-1617



mailto:b_asghari@email.kntu.ac.ir

1612 B. Asghari Beiram and M. Mokhtarzade / IJE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1611-1617

distinguishing between ground cover with only a single-
band DSM image results in low accuracy, necessitating
the development of more effective techniques. Most
alternative approaches hinge on utilizing the spatial and
contextual details present in DSM images to enhance
classification accuracy, primarily attributable to the
superior spatial resolution of LiDAR sensors. One of the
primary spatial features used by numerous studies to
categorize the DSM image is morphological profiles
(MPs). To classify land cover from LiDAR data, Ghamisi
and Hoefle [8] proposed a composite kernel SVM
classification method based on extinction profiles. Their
research culminated in a classification accuracy of
roughly 87% for DSM images from the University of
Houston dataset. In a separate research project, Wang and
colleagues [4] suggested a new approach to DSM image
classification utilizing the combination of morphological
profiles and deep convolutional networks. He et al. [9]
evaluated the performance of spatial transformer
networks in integration with morphological features to
classify the DSM image after demonstrating the
efficiency of deep learning methods in classifying
LiDAR data. Transformer networks outperform
traditional convolutional neural networks, according to
their final findings. A step forward in this direction was
taken by Wang and colleagues [10], who developed a
superior model for DSM data classification through the
integration of dense convolutional neural networks and
spatial transformer networks.

According to the literature, deep neural networks
underlie the majority of the proposed methods for
classifying DSM images, but it should be noted that using
deep models comes with its own challenges. For instance,
using deep models necessitates tuning thousands or even
millions of parameters and involves computational
complexity. Some expensive, high-end hardware, such as
GPUs, is required to adjust this enormous number of
parameters. On the other hand, overfitting, a condition
that reduces these networks' effectiveness, is possible
when few training samples are available. Therefore,
developing accurate, quick, and shallow methods seem
necessary.

Recent research in machine vision has shown that
using covariance descriptors, which consider linear
dependencies, can improve the performance of machine
learning techniques on certain tasks, such as face
recognition [11]. A more general form of covariance
descriptor is the kernel descriptor, which typically
performs better than covariance by considering nonlinear
dependencies between features and higher-order
statistics [12, 13]. In this regard, in remote sensing,
Beirami and Mokhtarzade [14] developed local kernel
features for classifying hyperspectral images and proving

the efficiency of nonlinear relationships between spectral
features in the classification of hyperspectral images.
Despite demonstrating the efficiency of local kernel
features, their efficiency in increasing the classification
accuracy of DSM images is still unknown. In view of the
potential of local kernel features to enhance the accuracy
of land cover classification, a novel method for extracting
features is introduced herein for DSM image
classification. The novel feature space put forth in this
study takes into account the nonlinear dependences and
higher-order statistics between morphological features.
For this purpose, in this study, after generating spatial
features using MP, local kernel features were generated
from them and then fed to machine vector machines
(SVM) classifier for classification.

Our motivation for proposing a new DSM
classification method based on local kernel matrix
features is twofold. First, these features have shown great
performance in other fields of image processing, such as
hyperspectral image classification [15], particularly in
situations with limited training sample sizes. Second,
producing these local kernel matrix features is
straightforward and does not require advanced hardware,
such as GPUs, unlike some other DSM classification
methods.

The main novelty of this paper is the introduction of
robust and efficient kernel features derived from
morphological features for DSM image classification.
These new features are expected to significantly improve
the classification accuracy of DSM images due to their
ability to consider nonlinear dependencies between
morphological features.

The present paper is structured as follows: In the
second section of this study after introducing the DSM
datasets used in this study, we describe the proposed
DSM classification approach in detail. In the third
section, we report and analyze the classification results.
Lastly, we conclude our research in the final section
before discussing future study plans.

2. THE PROPOSED APPROACH

In this section, we introduce the dataset used in our study
and describe the methodology employed.

2. 1. Datasets Researchers in the IEEE competition
employed the Houston dataset as a reference collection,
which was gathered from the University of Houston
campus in 2012. The dataset includes a LiDAR-captured
DSM with a density of one point in 2.5 meters and a
ground truth map consisting of 15 urban classes such as
buildings, water, soil, trees, and roads. Figure 1 depicts
the DSM image of the Houston University region.
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Figure 1. Houston University LIDAR-DSM

The Trento DSM dataset was acquired by Optech
ALTM 3100EA sensor over a rural region located in the
southern part of Trento, Italy. The dataset, which
comprises 166x600 pixels, has been captured with a
spatial resolution of 1m. The Trento dataset has six
distinct categories, namely apple trees, buildings, ground,
wood, vineyard, and roads. Figure 2 represents the Trento
DSM image.

2. 2. Methodology In this subsection, the proposed
DSM classification method is introduced after reviewing
some related basic concepts.

2. 2. 1. Morphological Profiles Morphological
profiles are among the most significant spatial features
used to categorize DSM images, as was already
mentioned. MPs generally improve classification
accuracy because of their high ability to extract
geometric properties of objects and classes. MP is built
upon two fundamental morphological operators, namely
opening (OP) and closing (CL). These operators are
established using the essential erosion () and dilation (o)
operators, with the following definitions [16]:

OP = (A*B) 0 B 1)

CL=(AoB)sB ®)

A DSM image with only one band is denoted as A,
while B symbolizes a structuring element (SE) in the
equations mentioned earlier. To capture the intricate
geometric details of objects, present within the DSM
image that come in varying sizes, morphological
attributes are generated utilizing SEs of diverse sizes. As
a result, if we represent the dimensions of the structural
element as L, an MP can be displayed as follows:

MP = [OPL, OPL—l! ...,A, ey CLL—l!CLL] (3)

Figure 2. Trento LIiDAR-DSM

In the center of an MP lies the primary DSM image,
while its sides showcase DSM images that have
undergone size-varied structural element operations of
opening and closing. The use of disc-shaped SEs is more
frequent for creating MPs, according to the research
background, because of its isotropic behavior in all
directions.

2. 2. 2. Local Kernel Matrix Features By
calculating  higher-order statistics and nonlinear
relationships between features, the local kernel matrix
can offer significant improvements in classification
accuracy. To illustrate, suppose we have an image with
N bands, and we examine a window of size IxI|
(containing R pixels) centered around each pixel. We
compute every element of the local kernel matrix using
the following formula:

k(viy;) = exp(=Blly: — y;11?) @)

where y is the vector with size R, which contains the grey-
level values of pixels in the local I1xI window, indices i
and j represent the i and j™ bands, and g is the scaling
parameter of the radial basis function, which is setto 1 in
this study by experiment. Since calculating the k in the
fixed window size may bias the final results, similar to
work conducted by Mirzapour, and Ghassemian [17].
This paper uses a weighted version of Equation (4) for
feature generation. To do so, the weight of each pixel in
coordinate (r,c) in the local IxI window is represented by:

P=vVrZ+c? ®)
weight (r,c)=1/(P + 1) (6)

To prevent infinity, Equation (6) employs 1 in the
denominator. Following the computation of pixel
weights within the local IxI window, the weighted form
of Equation (4) can be expressed as follows [14]:

k(yi,y;) = exp (—|[Wy; — Wy;||») ©]

The vector W consists of weights assigned to every
pixel in the IxI local window. Finally, after calculating k
for each pair of features, a weighted local kernel matrix
(WLKM) with size NxN is calculated by Beirami, and
Mokhtarzade [15]:

k(y1.: Y1) k(y1.: Yn)

K= : : (8)
k(yn, 1) k(yn, yw)

After calculating the WLKMs in the form of equation
(8) for each pixel, to further improve the quality of
extracted features, the matrix logarithm operator is

applied to WLKMs as [16]:
logm(K) = Ulog(Z)UT 9)
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The eigen-decomposition of Matrix K is used to
compute U and 2. Subsequently, upper or lower
triangular elements from logm(K) serve as the WLKM
features. The size of the resulting feature vectors is
Nx(N+1)/2, with a total of 325 WLKM features
generated (which equals (25x26)/2, where 25 denotes the
number of MP features).

2. 2. 3. Proposed Method This study aims to
evaluate the potential improvement in the classification
accuracy of DSM images through the integration of
WLKM features that have been extracted from MP. A
block diagram demonstrating the suggested technique is
depicted in Figure 3. Essentially, the methodology put
forth in this study consists of three pivotal phases:

1) In the first step, morphological profiles are created
from a single-band DSM image using equation (3).
The use of MP, which contains geometric
information, enhances classification accuracy.

2) In the second step, the generated features from step
1 are given as input to the WLKM feature generation
method. This method can generate features that
contain nonlinear dependencies and high-order
statistics of MP features.

3) Inthe third stage, the feature vectors generated from
the second stage are classified by the SVM classifier
using training samples. Finally, the accuracy of
classification is evaluated using test samples.

This study's suggested technique is primarily
evaluated against two fundamental methodologies. these
approaches are based on the SVM classification of
single-band DSM and the SVM classification of MP
features.

/ LiDAR DSM image /

Stage 1: generating MP features from
DSM image with SE size form 2 to 25
with step size 2

Stage 2: generating WLKM features
vectors with size 325 from MP features
to model the non-linear dependencies

Stage 3: classify of the generated
WLEKM features vector with SVM
method and evaluate the classification
accuracy

/ Classification results /

Figure 3. Block diagram of the proposed method

3. EXPERIMENTAL RESULTS

The suggested algorithm was put into practice using the
two mentioned DSM datasets. From the ground truth
maps of each dataset, training samples are randomly
chosen in two sizes: 40 samples per class (case 1) and 80
samples per class (case 2), with the remaining samples
serving as test samples to evaluate the classification
accuracy. In our study, we utilized the cross-validation
technique to adjust the SVM classification parameters.
Our assessment of the classification accuracy involved
calculating three metrics from the confusion matrix:
overall accuracy (OA), average accuracy (AA), and
kappa coefficient (k). To ensure statistical significance,
we replicated all experiments ten times and calculated the
average outcomes. MATLAB 2020b was employed for
implementation on a Core i5 4590 3.3GH processor with
8 GIG RAM, with no inclusion of GPU.

3. 1. Experiments on the Houston Dataset

3. 1. 1. Simulation Details To classify DSM, our
approach uses three key settings: the MP feature
dimension,  in equation 4, and the window size for the
WLKM method. We've set the MP dimension to 25 by
creating MP with SE sizes ranging from 2 to 25 (in
increments of 2). We've also set 3 to 1. To choose these
values, we used trial and error, prioritizing speed and
accuracy. To determine the optimum window size of the
WLKM method, SVM classification is conducted with
Figure 4 presents the classification outcomes for several
window sizes (5 to 15) in the initial test of this subsection,
which examines the final classification outcomes of the
WLKM feature generation method in relation to window
size. The results propose window size 13 as the optimal
selection for maximum accuracy. Accuracy drops
slightly after window size 13, as demonstrated in Figure
4. Although the automatic detection of window size is an
interesting topic that will be investigated in future
studies, using any window size between 5 and 15 can
obtain better results than MP-based classification.

96
24
92
20
" /—__‘—/-_.\Q

86

OA

84
5%5 7*7 9%9 11*11 13*13 15*15
=@ case 1 88.01 89.12 89.4 89.84 90.08 89.63
case 2 92.68 92.76 93.92 94.56 94.64 93.7

Window size
Figure 4. Impact of window size on classification accuracy
of WLKM features
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3. 1. 2. Analysis of Classification Results As

stated earlier, the proposed WLKM DSM classification

method is basically compared with DSM-based and MP-
based classification methods. Classification results on

each case of training ratio are shown in Table 1. Figure 5

also displays each method's classified images under case

1 of the training sample.

Below are the key results obtained from these
experiments:

e It can be understood that local nonlinear
dependencies improve the classifier's performance
and reduce noise in the classified image. This means
that the new WLKM feature vectors of each pixel are
similar within the same class and different across
different classes.

e Table 1 shows that the classification accuracy of
DSM images is very poor (OAs are below 30%), and
Figure 5(a) shows that the classified images are very
noisy. As a result, the classified maps produced
using only the DSM image are not very accurate.
Table 1 displays an intriguing finding that increasing

TABLE 1. The Houston dataset's classification outcomes
compared across various techniques

Accuracy Training Methods

criteria ratio DSM MP WLKM
OA 22.8 81.64 90.08
AA Case 1l 35.26 83.48 91.43
Kx100 23.73 79.92 89.12
OA 28.97 77.25 94.64
AA Case 2 36.04 78.99 95.46
Kx100 24.32 75.1 94.1

Figure 5. Classified images (a) DSM feature (b) MP features
(c) WLKM features

the sample size from 40 to 80 does not lead to a
notable improvement in classification accuracy.

e As seen from Table 1, compared to DSM-based
classification, using spatial features of MP can
hugely increase the classification accuracy by about
50%. Furthermore, classified maps obtained from
MP features are smoother than classified images of
the previous experiment, as shown in Figure 5(b).
Table 1 shows that, similarly to the previous finding,
increasing the size of training samples cannot
improve classification accuracy.

e According to Table 1, the proposed method based on
WLKM features provides the most accurate
classified images. Table 1 shows that even with very
few training samples, the proposed WLKM-based
classification of DSM can still achieve above 90%
accuracy (case 1). The image depicted in Figure 5(c)
illustrates the smoother and more refined classified
image obtained through the utilization of the
proposed WLKM approach. Unlike the previous two
findings, this method showcased an improvement in
classification results by increasing the size of
training samples. The effectiveness of WLKM
features was demonstrated by their potential to
consider nonlinear dependencies and higher-order
statistics, which proved highly beneficial in
accurately classifying images.

3. 1. 3. Comparison to other DSM Classification
Methods As a result of the limited availability of
alternative methodologies and the absence of codes for
such approaches, the comparison of the DSM
classification method proposed on the basis of WLKM
has been restricted to only two state-of-the-art (SOTA)
methods. Below are some supplementary descriptions
pertaining to these techniques:

¢  MAP-CNN-SILU [4]: In this method, morphological
and multiattribute profiles are combined with a deep
CNN with sigmoid-weighted linear units (SiLU) as
activation functions to classify DSM images.

e MP-STN [9]: This method combines MPs with
spatial transformation CNN for DSM classification.
Using a spatial transformation network (STN), this
approach identifies the best CNN inputs.

The classification outcomes of each technique are
displayed in Table 2. The results are obtained from the
authors' primary literature and compared to those for the
WLKM-based method that was suggested.

Table 2 demonstrates that our DSM classification
method outperforms the other two methods in
competition. One way to express the complexity of the
suggested approach is by using the subsequent formula:

O(proposed)= O(MP)+O(WLKM)+O(SVM) (10)
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TABLE 2. Comparison of suggested methodology and two
advanced DSM classification techniques

MAP-CNN-SiLU MP-STN

proposed

Casel Case2 Casel Case2 Casel Case2

OA 83.22 90.71 86.87 9287 90.08 94.64
AA 85.94 9192 89.15 9418 9143 9546
Kx100 81.88 8995 8580 9228 8912 9410

In which O(X) is the computational complexity of the
method X. Computation time of the proposed method on
the Houston dataset is about 280 seconds, much faster
than some other DSM classification methods such as
MAP-CNN-SIiLU with 642.09 seconds, as reported in
their paper. To sum up, our shallow method for DSM
classification, as opposed to the other two deep learning
methods, employs a simpler structure that enhances its
effectiveness.

3. 2. Experiments on the Trento Dataset
Assessing the WLKM-based classification technique on
the Trento DSM dataset is the objective of our second
experiment. Due to the unavailability of results of the
previously mentioned SOTA for the Trento dataset, we
only report the results of two basic approaches.
Classification accuracies of DSM-based and MP-based
and WLKM-based classification methods are shown in
Table 3 for two cases of training ratio.

The efficiency of the proposed method on the second
DSM dataset was confirmed by the ultimate findings of
Table 1. On average, the WLKM approach outperformed
the MP-based method by approximately 9.72%.

TABLE 3. The Trento dataset's classification outcomes
compared across various techniques

Accuracy Training Methods

criteria ratio DSM MP WLKM
OA 45.80 82.83 93.42
AA Case 1 42.47 80.19 93.47
Kx100 34.05 77.82 91.25
OA 49.40 87.97 96.83
AA Case 2 44.32 84.57 96.89
Kx100 37.39 84.07 95.75

4. CONCLUSIONS

The classification of DSM images is addressed in this
manuscript by means of a new method. The proposed

approach makes use of local kernel matrix features,
which are generated from MP features. The proposed
method generates MP features containing pixel spatial
and geometric characteristics in the first stage. The next
step involves generating WLKM features from the MP
features. Ultimately, the SVM classifier is applied to
categorize the WLKM features that were extracted. By
adopting the WLKM-based DSM classification
technique, an accuracy rate of more than 90% can be
attained, even when working with limited training
samples. In subsequent work, we will develop a new
WLKM-based method for fusing hyperspectral data with
LiDAR data. Future studies will also examine the
effectiveness of WLKM features generated from
multishape MP features for DSM classification.
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Nowadays Quantum-dot Cellular Automata (QCA) is one of the new technologies in nanoscale which
can be used in future circuits. Most digital circuits are implemented with CMOS technology, but CMOS
has some problems like power consumption and circuit size. So, for solving these problems a new
method (QCA) is presented. It is clear that converters play a crucial role in the digital world. So, due to
the aforementioned point, in this paper, two digital code converters, containing an excess-3 to decimal,

Keywords: and a decimal to excess-3 code converter are presented. The tile method is used to design proposed
Quantum-dot Cellular Automata circuits in quantum-dot cellular automata (QCA) nanotechnology. The tile method gives a unique block
Excess-3 for the majority and NOT gates. This property facilitates integration. Both of the proposed code
Decimal converters have 1.75 clock cycles delay and have an energy dissipation of about 100meV. In the excess-
Energy Dissipation 3 code to decimal converter, 516 cells are used, which occupy an area equal to 0.43um? also in the

Nanotechnology

decimal to excess-3 code converter. 321 cells are used, which occupy an area equal to 0.28 pm?.

doi: 10.5829/ije.2023.36.09c.05

1. INTRODUCTION

Nowadays Quantum-dot Cellular Automata (QCA) is
one of the new technologies in the nanoscale which can
be used in future circuits [1]. Most digital circuits are
implemented with CMOS technology, but CMOS has
some problems like power consumption and circuit size
[2]. So, for solving the aforementioned problems a new
method (QCA) is presented. QCA technology can solve
scaling issues and presents high frequency up to terahertz
[3]. In 1993, this technology was first introduced by Lent
et al. [4].

Systems in digital electronic like digital computers
are worked in binary form. So, for working and
calculating with this type of system, data should be
converted to the right codes, here the importance of code
converting is felt, and that’s why many code converters
like decimal to binary, binary to decimal, decimal to
excess-3, excess-3 to decimal, etc. were presented by
Gholami et al. [5]. Many ICs convert codes. ICs that are
based on transistors have some issues like power
dissipation and short-channel effects at very low device

*Corresponding Author Email: m.gholami@umz.ac.ir (M. Gholami)

sizes [6]. So, utilizing a new method like QCA can be a
key step toward solving these problems. Moreover, some
methods are presented with the aim of making
improvements in the performance of QCA circuits [7].
One of these methods is the tile which is presented by
Huang et al. [8]. Tile presents a combined logic function
for INV and Majority gates, so the tile method is area
efficient because it presents one unique block for INV
and Majority gates [9]. Since reducing the occupied area,
energy dissipation, and of course, improving the
performance is very vital, the technology of integrated
circuits was expanded [10-12]. In this paper by using the
tile method, two code converters are presented: excess-3
code to decimal (that is the topology of 7443 IC from 74
series IC) and decimal to an excess-3 code. There weren't
many papers to present QCA digital code converters,
particularly an excess-3 code converter [5], but in the
following, some papers about code converters are
presented. Raina et al. [9] presented a BCD to seven-
segment code. A seven-segment has seven different parts
and every part includes a light-emitted diode. This work
presents seven circuits for each segment with the gate

Please cite this article as: F. Fouladinia, M. Gholami, Decimal to Excess-3 and Excess-3 to Decimal Code Converters in QCA Nanotechnology,
International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023), 1618-1625
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method style. Presenting seven different circuits instead
of one circuit is the most important defect of this paper.
Kassa et al. [12] presented at first, a full adder (FA); then,
with three of that FA, a binary to BCD converter was
proposed. This circuit was implemented utilizing the gate
method and wasn’t optimized as much as possible. Kaity
and Singh [13] just like the others, used the gate method
and some digital code converters were presented. One of
these converters is excess-3 code to the binary that this
circuit was implemented with Feynman gate. In this
converter, two of the aforementioned gate has been used.
Mukherjee et al. [14] proposed a LTEx module with the
gate method style in which a two-input LTEx module
consisting of 26 cells and 4 clock phases was used to
produce outputs. Every LTEX module is a two-input
NAND gate with the new structure, then for
implementation of 2 to 16 bits binary to gray code
converter, this module has been utilized. Karthik [15]
presented a simple converter utilizing basic structures of
the QCA technology like wire, majority gate, etc. This
circuit is converted BCD to excess-3 code and as
mentioned before, the gate method is used in this design
which has no new idea. You and Jeon [16] designed at
first, a majority gate with five inputs is, this majority gate
uses 3 clock phases to give an output, then with this
majority and the ability to rotate cells in QCA, a BCD to
Excess-3 code converter was implemented. As is clear,
due to the high number of inputs and outputs in
converting decimal to Excess-3 code, this type of
converter has not been paid much attention. Therefore, in
this paper, the main focus is on designing a decimal to
excess-3 and vice versa code converters in QCA
nanotechnology. To design the mentioned converters the
tile method is utilized with the aim of reducing the size
of the circuit and of course, enabling the circuits to be
integrated.

2. QCA’S BASIC CONCEPTS

A QCA cell consists of several parts. Two freely moving
electrons and four areas are used as wells to trap
electrons, known as dots. All of the aforementioned parts
are inside a square showing each cell’s perimeter. All
these cases can be seen in Figure 1. Two valid states can
be defined for cells, one is used for logical zero and the
other for logical one (known as binary 0 and binary 1 in
Figure 1).

One of the advantages of QCA is its very low energy
consumption, due to the movement of electrons only

Dot —_ _— Electron

Figure 1. QCA cell and polarization states

inside the cell instead of moving across a conductor like
wire, which results in high energy consumption and
energy loss. One of the most important gates in this
technology is the majority gate, which has the function
Maj (A, B, C) = AB + AC + BC, and using it, important
gates can be implemented. For instance, AND and OR
gates (by setting one of the three inputs as binary 0 for
AND gate and binary 1 for OR gate), this gate is shown
in Figure 2. As can be seen, five cells are used to
implement this gate. Another important gate that is very
widely used in the implementation of logic circuits is the
inverter gate which is shown in Figure 3. Finally, the wire
gate in this technology is presented. This gate is
responsible for data transmission and has many
applications, as it can be shown in Figure 4.

In QCA, clocking is very important because the
simultaneous arrival of the inputs of a gate is very
necessary to get the correct answer. As can be seen in
Figure 5, in this technology clocking has 4 main phases.
The first phase is called the switch, which is the
increment of the force that prevents the movement of
electrons inside each cell, and the movement of electrons
gradually becomes difficult. In the next phase, which is
called hold, the forces that prevented the movement of
electrons inside each cell, reach their maximum amount
and, because of that the location of electrons has
remained stable or fixed (This way the cell gets new
polarization). In the third phase, called release, the
amount of the blocking force will be decreased, and
electrons are slowly released. Finally, in the fourth phase,
known as relax, the cell has no polarity and electrons will
move completely free inside the cell. To apply clocking,
it is very important to observe the order of the clock
phases, at first, the cells should be in the switch
phase(with green color for cells), then hold (purple
color), then release (light blue color), And finally, relax

b Maj(a,b,c)

c

Figure 2. Majority gate in QCA

IN ouT

Figure 3. Inverter gate in QCA

IN ouT

Figure 4. Wire gate in QCA
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phase (white color), after a complete clocking cycle, if
more phases are needed, second cycle of clocking is
started and again clocking is done from the switch phase
according to the mentioned method.

Generally, there are several mechanisms for
designing and simulating the QCA circuits, the most
common method used for design is the gate-based
method, and the explanations given are all based on this
method. One of the recently used methods to improve
circuits is the tile method [8], which is also used in this
paper to design and simulate the circuit. As seen earlier,
in the gate-based method, there are unique structures for
the majority and inverter gates, eliminating the
possibility of integrating these circuits, but in the tile-
based method, due to the proposed structure, it is possible
to integrate the circuit because just one structure is used
for both majority and inverter gates. As is shown in
Figure 6, a majority gate with three inputs and one output
is presented with a tile block. Also in Figure 7, an inverter
gate with this method is shown in Figure 8. An example
gate is presented that gives ab output without any use of
an inverter gate.

Switch Hold Relax

L®)
(ON)
5
o)

Inter-Dot barrier

Figure 5. Clocking in QCA

o @
N Maj(ab,c)

Figure 6. Majority gate in QCA using the Tile method

@ﬂ.

Figure 7. Inverter gate in QCA using the Tile method

Figure 8. Majority gate in QCA using the Tile method

Also, as it can be seen the inverter gate can be
implemented just like the example that is presented in
Figure 8. This type of inverter is shown in Figure 9.

In this inverter, in the first place, the invert of input
“a” is calculated, then that value is OR with binary “0”
or that value is AND with binary “1”, both of these
calculations have the same results, which is the invert of

[T3%T)

input “a”.

3. PROPOSED DIGITAL CODE CONVERTERS IN QCA
CIRCUITS

In this section, two digital converters with tile method are
proposed, excess-3 code to decimal and decimal to
excess-3 code. At first, a logical circuit for the excess-3
code to decimal converter is presented, then an
equivalent circuit for this converter with tile method is
given, next step the QCA circuit of the excess-3 code to
decimal converter is given, In the following all the
mentioned steps for the second converter namely decimal
to excess-3 code are presented. To explain about
differences between the general and the tile method let’s
take the NAND gate as a sample. One of the ways to
implement this widely used gate there is a need for a
common majority gate plus an inverter gate which means
there is a need for 16 cells and 3 phases of the clock for
implementing a NAND gate. But if the implementation
will be done utilizing the tile method there is a need for
12 cells with just 2 phases of the clock, so it’s clear that
utilizing new methods like the tile method can be a key
step toward decreasing the size and of course, the latency
of the designed circuit.

3. 1. Proposed Excess-3 to Decimal Converter 74
series ICs are very popular, widely used, and have many
educational, research, and industrial uses. One of these
ICs is 7443, which converts excess-3 code to decimal.
The internal circuit of this IC can be seen in Figure 10.
Also, the truth table of the aforementioned IC is given in
Table 1.

As it is seen, this IC includes 4 inputs for the excess-
3 numbers and ten outputs for the decimal numbers, ten
NAND gates with four inputs and eight NOT gates are
used in this circuit. As mentioned, the goal is to
implement the circuit in Figure 10. with the tile method
in QCA technology. For this purpose, NOT and NAND

1]

Figure 9. Inverter gate in QCA using the Tile method
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gates are needed. For NOT gate with tile, the gate
presented in Figure 9. will be used. For the NAND gate,

the gate that can be seen in Figure 11 will be used. E....“....E.........H..........i
The following QCA circuit of excess-3 to the decimal Figure 14. The main layer of the proposed excess-3 to
converter using tile method is shown in Figure 13. decimal converter (7443 IC) QCA circuit.
The presented circuit is implemented in three layers,
the main layer, the via layer, and the top layer, all of these
layers are shown in Figures 14 to 16.
To reduce the occupied area of the circuit as much as
possible, its design and implementation have been done
in three layers. Also, in this circuit, 516 cells are used, .
occupying an area equal to 0.43um?2. In addition, 6 clock .
phases have been used in this circuit. The total energy Figure 15. The via layer of proposed excess-3 to decimal

converter (7443 1C) QCA circuit.

: i' consumption for this circuit is about 1.14e-001 eV. As it

: B can be seen from Figure 13. There are not any NOT gates
o] that make the circuit as faster as possible. In this circuit

22 main blocks (which here are tiles and for gate method

Figure 11. NAND gate in QCA using the Tile method is majority gate) are used.
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Figure 16. The top layer of proposed excess-3 to decimal
converter (7443 1C) QCA circuit

3. 2. Proposed Decimal to Excess-3 Code
Converter In this section, the circuit of a converter is
presented which gives an excess-3 code instead of a
decimal number. Just like the previously proposed
circuit, this circuit is implemented with the tile method.
The logical circuit for this converter is given in Figure
17. Also, the truth table for this circuit is presented in
Table 2.

TABLE 2. The truth table of decimal to excess-3 code
converter

INPUTS OUTPUTS
10 11 12 1314 15 16 17 18 19 Ol 02 O3 O4
1 0 0 0 O OO O O O O O 1 1
01 0 0 0 0 O O O O O 1 0 o
0o 0o 1. 0 0 0 0O 0O OO O 1 0 1
0o o o 1. 0 06 OO O O O 1 1 o
0o o o 01 06 00 0 0 O 1 1 1
0o 0o 0 0 0627 00O OO 1 0 0 o
0o o o 0 06 0O6 2100 0 1 0 0 1
0o o 0o 0 0O OO0 1 0 0 1 0 1 o
0o 0o 0 0O 0O OO 0 1 0 1 0 1 1
0o o 0o 0 0O OO0 0 0 1 1 1 0 O

(10)

=

(12)

® b= » o2

(O ——

|5 —

(i6) » o

)

i) : » o4

O

Figure'i7. Decimal to excess-3 code converter logical
circuit

As it is seen, this converter includes ten inputs for the
decimal number (from 0 to 9) and four outputs for the
excess-3 number (from 0011 to 1100), and four OR are
used in this circuit. In this circuit OR gate which is
implemented with the tile method is shown in Figure 18
is used.

In the following, the QCA circuit of decimal to
excess-3 converter using the tile method is presented in
Figure 19.

Just like the previously proposed circuit, this circuit
also is implemented in three layers, the main layer, the
via layer, and the top layer, all of these layers are shown
in Figures 20 to 22.

Same as the previous circuit, to reduce the occupied
area of the circuit as much as possible, its design and
implementation have been done in three layers. Also, in
this circuit, 321 cells are used occupying an area equal to
0.28 square micrometers. In addition, 7 clock phases

=
N
Figure 19. Proposed decimal to excess-3 converter QCA
circuit

e e e
B R R B B

Figure 20. Main layer of proposed decimal to excess-3
converter QCA circuit
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.
Figure 21. Via layer of proposed decimal to excess-3
converter QCA circuit
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Figure 22. The top layer of the proposed decimal to excess-
3 converter QCA circuit

have been used in this circuit. As can be seen from Figure
19. There are zero NOT gates which make the circuit as
faster as possible. In this circuit, 14 main blocks (which
here are tiles and for gate method is majority gate) are
used. The total power consumption for this circuit is
about 1.04e-001 eV.

4. SIMULATIONS AND RESULTS

In this section, the accuracy of the proposed circuits is
checked using QCADesigner-E software. QCADesigner-
E is one of the most reliable software in the field of QCA,
and version 2.2 is used in this paper [17, 18]. This
software was developed by the University of Calgary.

Using this software, values such as the number of cells,
the number of clock phases, the occupied area, and the
power consumption can be extracted. In the following,
the simulation results of each of the converters will be
given in Figure 23. The inputs of the excess-3 code to
decimal converter can be seen. These inputs have
produced the outputs in Figure 24. As it is clear from the
mentioned figure, the proposed circuit has correctly
produced the expected values, for example, for producing
(ABC’D’)’ inputs are A=1, B=1, C=0 and D=0 that
produce ABC’D’ output, with inverting this output the
main output is produced (this is shown in Figures 23 and
24). For the next converter, decimal to excess-3 code, in
Figure 25. the decimal inputs of this converter can be
seen. These inputs have produced the outputs in Figure
26. As it is clear from the outputs, the proposed circuit
has correctly produced the expected values, for example,
to produce O4 output which one of 10, 12, 14, 16, or 18 is
binary “1” the output will be binary “1” (this is shown in
Figures 25 and 26). As mentioned before the first
proposed circuit had 516 cells and 6 clock phases have
been used in it. Also, the total power consumption for this
circuit was about 1.14e-001 eV. The second proposed
circuit had 321 cells and 7 clock phases have been used
in it. Also, the total power consumption for this circuit
was about 1.04e-001 eV. The most important cell in
energy consumption are fixed cells and of course, the
central cell which is played as the calculator cell. Because
there are no similar works for this type of conversion, we
cannot compare the proposed design with other related
works. In Table 3. details of the proposed circuits are
given.

As it was clear, in the proposed excess-3 to decimal
converter, in Figure 23. An excess-3 code equal to 0100
was chosen. After 6 phases of the clocking, the answer
was checked in Figure 24. (ABC’D’)’ was supposed to
be “0”, as it was. To consider another example, 1010
excess-3 code can be chosen. The answer was supposed
to be “0” just for the (AB’CD’)’, it can be seen that the
correct answer is obtained. To check the proposed
decimal to excess-3 code converter is investigated. In
Figure 25, there were 10 different inputs from 0 to 9 of
the decimal code. Because O1 = 18 + 19 wherever one of
these inputs gets the binary “1” O1 output was supposed
to be “1”, which can be seen in Figure 26.

Figure 23. Inputs of proposed excess-3 to decimal converter QCA circuit
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TABLE 3. Details of proposed circuits 5. CONCLUSION
Items I_Excess-3 to Decimal to Excess-3
Decimal converter converter In this paper, two digital converters were presented, the
Cell count 516 311 first one was for converting excess-3 code to decimal and
Delay (clock phases) 6 ; another one was for converting decimal to excess-3 code.
y P The method that was used in both of them was the tile
Main gate count 22 14 method. This method has some advantages, with this
Inverter gate count 0 0 method circuits can be integrated and get faster because
Power consumtion 1 146-001 8V 1046-001 6V there is no need to use an inverter gate lonely. In the end,
o P - ) both of the proposed circuits were evaluated with
Designing type Tile method Tile method QCADesigner-E, and some reports like cell count,
Ability to integrate HIGH HIGH delays, power consumption, etc. were presented.
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ABSTRACT

The corrosion of reinforced concrete (RC) is a leading cause of structural failures and engineering
problems in current infrastructural aspects; making corrosion monitoring of reinforcements in concrete
structures highly important especially from safety point of view. Non-destructive testing (NDT) methods
are useful approaches for in-situ detection and evaluation of steel corrosion in RC for monitoring time
trend of corrosion of rebars. Recently, some NDT methods such as magnetic and resistive sensors as well
as electrochemical monitoring methods such as electrochemical impedance spectroscopy were develop
for RC rebar corrosion monitoring. This paper presents a novel approach using modermn smartphones
equipped with magnetic sensors and commercially available analog Hall-Effect sensors to monitor rebar
corrosion within the concrete. Results showed a reasonable sensitivity of the methods to detect and
monitor corrosion of rebars with time. In order to check and validate the data obtained in this study,
another non-destructive electromagnetic test by a search coil connected to a LCR meter was used to
monitor corrosion. The results obtained with this method were consistent with the previous methods. In
other words, by using these three methods, it is possible to successfully monitor and determine the
severity of corrosion.

doi: 10.5829/1je.2023.36.09c.06

1. INTRODUCTION

b) By reducing the solubility of Ca(OH),, it causes the
pH of infiltrated water to decrease.

To increase the strength of concrete structures, many
strategies have been adopted, among these methods is the
use of concrete reinforced with rebars, but due to the
presence of corrosive species in the environment, the
problem of corrosion of rebars has become a global
challenge, so these rebars are being continuously
inspected and monitored for corrosion [1]. The
environment species that cause most of the corrosion of
rebars inside structures include chloride, sulfide and
carbon dioxide ions, which facilitate the corrosion of the
structure with oxygen and some of the negative effects of
chloride infiltration into concrete are as follows:

a) It destroys the passive layer of the steel rebar and
makes possible the corrosion attack.

*Corresponding Author Email: ahadzadeh@tabrizu.ac.ir
(I. Ahadzadeh)

c) Due to the hygroscopic property of salts in concrete
(such as NaCl, CaCl,), it increases the amount of
humidity, and d) It increases the electrical conductivity
of the concrete [2].

Common methods of reducing corrosion damage of
reinforced concrete include correct selection of metal,
proper design, cathodic protection, anodic protection,
coating and corrosion inhibitors [3].

The whole corrosion process in concrete rebar can be
expressed as depicted in Figure 1.

Corrosion of steel in concrete is a result of the
dissolution of iron in pore water, which can be indicated
as anodic and cathodic reactions mentioned in Equations
(2)-(5). At the anodic site, the reaction of Equation (1)
oCCurs:

Please cite this article as: B. Hazrati Dorigh, E. Khakzadeh, I. Ahadzadeh, R. Salamat-Ahanghari, Non-destructive Corrosion Monitoring of
Reinforced Concrete Steel Rebars in Chloride Media by Smartphone Magnetic and Analog Hall-Effect Sensors, International Journal of
Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023), 1626-1635
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Fe — Fe?*+2e (1)

In the cathode site, due to the presence of O; and H20O
ions, the cathodic reaction is expressed in the form of
Equation (2):

4e™ + 02+ 2H,0 — 40H" )

If the attacking ions are not present in the pore solution,
the reactions of Equations (3)-(5) continue to occur, but
in the presence of ions such as chlorine, the reaction of
Equation (6) is performed, which prevents the formation
of a passive layer on the surface of the rebar [4].

Fe?* + 20H — Fe(OH)z ?)
4Fe(OH)2 + 2H20 + O — 4Fe(OH)s @)
2Fe(OH)3 — Fe203 - H20 + 2H20 (5)
Fe?* + 2CI" — FeCl ©)

Corrosion of steel bars embedded in reinforced
concrete structures reduces the useful life and durability
of structures causing premature failure of the structure,
which has a significant cost for the inspection and
maintenance of the structures that are being destroyed.
Therefore, monitoring the corrosion of reinforcements is
very important to prevent the premature failure of
structures [5-8]. Recently, different methods have been
implemented to monitor corrosion in reinforced concrete
structures. They are classified into six main categories as
follows:

Visual  Inspection, Electrochemical Methods,
Electromagnetic (EM) Waves, Infrared Thermography
(IRT), Optical Sensing Methods, and Elastic Wave
Method. Each of these 6 methods is classified into
various corrosion monitoring methods. For example,
among the various techniques for monitoring corrosion
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Figure 1. Schematic of corrosion concrete rebar [8]

by electrochemical method, the open circuit potential
technique, resistance method, polarization resistance,
galvanostatic pulse method (GPM), electrochemical
noise (EN), impedance (EIS), and Tafel could be
mentioned [9]. Each of these methods has its own
disadvantages and advantages. However, it is almost
impossible to identify and locate corrosion damage with
solely electrochemical devices [10]. Nowadays,
monitoring devices such as electromagnetic sensors,
acoustic emission analyzers, X-ray machines, industrial
CTs, optical fiber sensors, and digital imaging techniques
have emerged based on various physical fields. Among
these devices, first electromagnetic sensors and then
digital image technology are considered as the best
methods for monitoring the corrosion of steel buried in
reinforced concrete and the deformation of concrete
surface [11].

Nowadays, smartphone has become an important tool
for corrosion monitoring. The sensors in the smartphone
have been used to collect data for processing and
evaluation and final explanation [6, 12]. Hall-Effect
sensor is one of the types of electromagnetic sensors. The
Hall-Effect sensor is a device that is activated by
applying a magnetic field. Magnetic flux density
intensity and polarity (north and south poles) are two
important characteristics of the magnetic field. When the
magnetic flux density around the sensor exceeds a certain
threshold, the sensor recognizes this issue and produces
an output voltage called "Hall voltage”. Recently,
smartphones have been equipped with a feature in
sensors such as magnetic sensors, acceleration sensors,
pressure, temperature sensors. Smartphones equipped
with a magnetic sensor can be used as a detector to
measure the magnetic field [13, 14]. The innovative
aspect of this research is the monitoring of steel corrosion
in reinforced concrete using the electromagnetic method
by the smartphone equipped with the Hall effect sensor.

Zhang et al. [13] have used an innovative magnetic-
based corrosion evaluation apparatus to investigate the
fundamental relationship between corrosion rate and
magnetic induction surrounding steel reinforcement. This
apparatus can be embedded directly inside reinforced
concrete structures and monitor the rate of corrosion of
the reinforcement. The preliminary calibration results
show that there is a linear relationship between the weight
loss of corrosive reinforcement with the voltage
increment detected by the Hall-effect sensor surrounding
the corroded reinforcement. This increment in voltage is
due to the variation of magnetic field induction [13].
Zhang et al. [15] have presented a non-destructive
method for monitoring steel corrosion in reinforced
concrete bridges by using a 3D digital micromagnetic
sensor. In their research, the setup of the magnetic
scanning device and the measurement mode of the micro-
magnetic sensor have been examined to detect and
analyze the leakage of the magnetic field from corroded
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reinforced concrete. On the other hand, the numerical
analysis model has also been developed and presented
based on the linear magnetic charge theory. By
comparing magnetic field leakage data and numerical
calculations, the authors have concluded that the
tangential magnetic field curves cross at different heights
near the corrosion zone. As a result, through the
intersection of magnetic field curves, it is possible to
detect and evaluate the steel corrosion area in reinforced
concrete [15]. Li et al. [11] have introduced a novel
electro-magnetic monitoring apparatus (EMMA) to
monitor the corrosion of reinforced bars in concrete.
Novel EMMA has twenty-four Hall-effect sensors
embedded and a magnification monitoring probe that can
detect variations in the intensity of the magnetic field of
reinforced bars in concrete. As their results showed, the
magnetic flux varied with the occurrence of corrosion,
and this variation increased the Hall-effect voltage at
cross-section of the reinforced concrete [11]. Van Steen
et al. [16] have used the acoustic emission (AE)
technique to monitor corrosion. Results show that AE can
detect damage during the corrosion process [16].
Elyasigorji et al. [17] have introduced a DC magnetic
field in the vicinity of the reinforcing steel in concrete to
detect the corrosion of the prestressing steel of the
magnetic flux leakage (MFL) concept in several
configurations. The results indicate that the variations in
the induced magnetic field are due to the presence of
corrosion [17].

The LCR meter method is another modern corrosion
monitoring method. The basis of this method is based on
the change of parameters L (inductance), C
(capacitance), R (resistance) and Q (quality factor) of an
electric circuit elemnt applied as sensor. In common
researches, the coil is used as a monitoring probe in series
with the LCR meter device, and when corrosion occurs,
the values of L and Q change according to the amount of
corrosion [18].

In this research, a simple and non-destructive method
of smartphone and Hall effect sensor methods were used
to monitor corrosion. Results were obtained regarding the
location of corrosion, intensity and depth of corrosion,
and mechanism of corrosion.

2. EXPERIMENTAL

To monitor the corrosion of reinforced concrete, a
simulation of industrial structures was used. The
smartphone’s magnetic sensor and analog Hall-Effect
sensor was used to corrosion monitoring and and the LCR
meter was used to monitor and validate the obtained data.

2. 1. Materials A plastic cast with a length of 22.7
cm, a width of 14.9 cm, and a height of 4.9 cm was used
to make a reinforced concrete block (Figure 2) [19-22].

The mixing ratio of Portland cement and sand is 1:5. Four
rebars were used with a length of 140 mm and a diameter
of 8 mm, and the position of the rebars is 40 mm apart
and 10 mm deep in the concrete [23-25].

2.2.Methodology  In order to monitor the corrosion
of reinforced concrete with a smartphone and Hall-Effect
sensor, first the rebars in the concrete have been made to
undergo intentional accelerated corrosion. Considering
that the corrosion of steel is basically a time-consuming
process, it is possible to induce the corrosion of the
reinforced concrete steel sample by applying direct

©
Figure 2. Schematic of steps for preparation of concrete
block
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current to the steel rebars in contact with a chloride
electrolyte. Humidity, temperature, current density,
carbon concentration, chlorine concentration, cement
content, types of cement, etc. are important factors in the
design of an intentional acceleration corrosion test
method. The applied current density is known to be an
essential parameter for intentionally accelerated
corrosion [26]. The schematic of the corrosion process
setup is shown in Figure 3. In this research, the applied
potential between the cathode and the anode (rebar) is
about 30 V by the help of an ADAK PS405 power supply
(Iran) to start the corrosion of three rebars, which in the
long time causes corrosion of the target rebars and
corrosion products cause micro-cracks in the concrete.

According to Figure 4, the areas marked with hatches
are the location of the stainless steel cathode on the
sponge dipped in salt water, and these points are subject
to selective corrosion. Area number 1 (rebar number 2)
for 12 hours, area number 2 (rebar number 3) for 14
hours, and area number 3 (rebar number 4) for 10 hours
have been subjected to a constant voltage of 30 volts.

After the intentional acceleration of corrosion, at first,
a smartphone equipped with a magnetic sensor was
employed to monitor the corrosion. The magnetic sensor
in Samsung A30s series smartphones is activated by
installing the Engineering Toolbox Application. The
calibration of magnetic corrosion monitoring devices was
necessary before the use of this device to detect corrosion
of reinforced concrete structures. The calibration process
is performed with the aim of increasing the voltage of the
sensor. As shown in Figure 5, a smartphone was used for
corrosion monitoring based on a non-destructive
(electromagnetic) way.

As shown in Figure 6, a ratiometric linear analog
Hall-Effect sensor (OMH3150) was used for corrosion
monitoring based on a non-destructive (electromagnetic)
method. The output of this sensor is 2.5 volts in the
absence of a magnetic field due to the application of 5
volts and when the sensor is placed on the S pole side of
the structure, the output voltage value of this sensor
increases and when it is placed on the N pole side of the
structure, the voltage value. The output of this sensor
decreases and finally the voltage changes are
proportional to the changes in the intensity of the
magnetic field. As the Hall-Effect sensor was moved in
different areas of the reinforced concrete surface, the
analog output voltage changed.

Finally, according to Figure 7, the LCR meter device
(UNI-T(UT,612), China) was used to verify the data
obtained. This technique involves the combination of a
search coil (about 11 mm in diameter, 25 turns of 0.3 mm
copper wire) and a LCR meter device at fixed frequency
of 100 kHz. By moving the search coil on the surface of
the concrete in regular pattern for corrosion monitoring,
the LCR meter device indicates the inductance (L in pH)
and quality factor of the inductor (Q, as a dimensionless

number). Finally, it can be concluded that this simple
experimental setup employing a search coil can easily be
used for monitoring corrosion through recording spatial
changes of L and Q parameters by an LCR meter. As the
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Figure 4. View of the reinforced concrete after intentional
corrosion
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it A R |
Figure 5. Schematic of corrosion monitoring of rebars in
reinforced concrete by a smartphone equipped with a Hall-
Effect sensor
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Figure 6. Schematic of corrosion monitoring of rebars in
reinforced concrete by an analog Hall-Effect sensor

Figure 7. Schematics of corrosion monitoring of rebars in
reinforced concrete by a LCR meter

coil moves on the reinforced concrete surface, the L and
Q values change. According to Equation (7), at a
frequency of 100 kHz, one can obtain the resistance R (in
Ohms) from the relationship between Q (dimensionless
number) and L (in pH):
_ (0.628x%L)

e

R U]

3. RESULTS AND DISCUSSIONS

3. 1. Corrosion Monitoring with a Smartphone
Magnetic Sensor Figure 8 shows the three-
dimensional plot of the magnetic field signals measured
by the smartphone on concrete and four rebars that had
limited corrosion. By analyzing the sensor signals, it is
possible to check the corrosion progress of reinforced
concrete steel bars.

According to Figure 8, the areas with the highest
magnetic field (139.1-200 uT) were not corroded. The

areas with a magnetic field (96.88-139.1 uT) detect
rebars that have suffered from partial corrosion. The
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Figure 8. (a), (b) The 3D-Colormap and (c) the Contour-
Color Fill plots of corrosion monitoring by a smartphone, i.e.
magnetic field intensity (UT) at various point of the surfaced
concrete block
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rebars showing a relatively low magnetic field (55.63-
96.88 UT) have suffered from relatively severe corrosion.
Concrete itself has a magnetic field of 35-55.63 uT. As a
result, rebar 2 is corroded at distances 6 and 7 on the Y-
axis (column) and between distances 4 and 14 on the X-
axis (row). Rebar 3 is corroded at distances 9 and 10 on
the Y-axis (column) and between distances 4 and 14 on
the X-axis (row). Rebar 4 is corroded at distances12 and
13 on the Y-axis, and between distances 6 and 14 on the
X-axis. Therefore, the areas drawn in dark blue color
represent the intact concrete areas; the areas drawn in
light blue color indicate the part where the rebar has been
corroded, and the areas drawn in red, orange, and yellow
color indicate the areas in which the rebar, in comparison
to the areas with light blue, has the greatest magnetic field
and is not affected by corrosion.

As shown in Figure 9, the magnetic field of the

corroded rebars is between the magnetic field of the non-
corroded rebar and concrete. Rebar 1 has the highest
magnetic field because it has not been affected by
intentional corrosion. Therefore, rebar 2 is more corroded
than rebar 4, and rebar 3 is more corroded than rebars 2
and 4. Rebar3 has the longest length of corrosion.
The Hall-Effect sensor is used in corrosion science to
detect the metallic properties of metals and the areas of
the rebar that have corroded. Therefore, the output
signals from the Hall-Effect sensor in the areas with a low
magnetic field indicate the area of concrete. By detecting
and analyzing the output signals using a smartphone, we
find that the magnetic field intensity plots all intersect at
the same point and the distance between the intersection
points can be used as a measure of the length of the
corrosion area.

3. 2. Corrosion Monitoring by a Hall-Effect Sensor
Figure 10 shows the three-dimensional plot of the
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Figure 9. Profile of the concrete block, corroded rebars, and
non corroded rebar by a smartphone equipped with a Hall-
Effect sensor, i.e. magnetic field intensity (UT)

Figure 10. (a), (b) The 3D-Colormap and (c) the Contour-
Color Fill plots of corrosion monitoring by a Hall-Effect
sensor, potential difference (voltage) at various point of the
surfaced concrete block
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magnetic field signals as recorded by a Hall-Effect sensor
on concrete and four rebars.

According to Figure 10, Rebar 2 has been corroded
between distances 6 and 7 on the Y-axis (column) and
between distances 1 to 3, 6 to 8 and 16 to 19 on the X-
axis (row). Rebar 3 has been corroded between distances
9 and 10 on the Y-axis (column) and between distances 6
to 8, and 8 to 19 on the X-axis. Rebar 4 has been corroded
between distances 12 and 13 on the Y-axis (column) and
between distances 10 to 13 and 14 to 19 on the X-axis.
During smartphone monitoring, the corroded areas in
Rebar 2 were detected at distances 7 and 12, in Rebar 3
at distances 6 and 17, and in Rebar 4 between distances 8
to 13 on the X-axis. When the Hall-effect sensor moves
from one side of the rebar to the other, the potential
difference changes, with the highest and lowest values
indicating the peak and valley areas, respectively, as
shown in Figure 10 (a and b). The areas shown in green
represent the concrete itself and a part of the rebar
embedded in the concrete at a lower depth. The areas
drawn with red, orange, and yellow colors, respectively
indicate the areas with the greatest potential difference.
The areas drawn with red, orange, and yellow colors,
respectively represent the areas that have the greatest
potential difference, and the areas drawn with blue color
represent the areas of the rebar that may be corroded.
According to these statements, it can be concluded that
rebar 1 is not corroded and only in the first rows it may
suffer minor corrosion.

Figure 11 shows that by detecting and analyzing the
voltage output signals from the Hall-effect sensor, the
potential difference of a part of the corroded rebar is
between the potential difference of the concrete and that
of the non-corroded rebar. Therefore, rebar 3 has the
lowest potential difference and has the longest corrosion
rate, in agreement with corrosion monitoring results
using a smartphone. On the other hand, in rebars 2, 3 and
4, the potential difference is much less in the last rows
(16-19) than in the first rows (1-5) due to rebar
displacement. Because the rebar 1 may be affected by the
corrosion products of other corroded rebars, the potential
difference in this rebar is almost small in the first rows
compared to the last rows. By comparing Figures 9 and
11, for corrosion monitoring with a smartphone and Hall-
Effect sensor, respectively, the magnetic field and
potential difference as output signals for corroded rebar
are in midway of their corresponding values for concrete
and corrosion-free rebar, and rebar number 3 has the
lowest magnetic field and potential difference. Because
rebar number three has been affected by intentional
corrosion for more hours than rebar number two and four,
through corrosion monitoring using these two methods,
it can be seen that rebar number three has been corroded
more and the length of the corrosion zone is long in this
rebar.
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Figure 11. Profile of the concrete block, corroded rebars,
and non corroded rebar by a Hall-Effect sensor, potential
difference (voltage)

In general, according to the graphs drawn, through
corrosion monitoring using these two methods, the
corrosion locations can easily be visually identified. The
time evolution of corrosion can also be studied. It is
possible to select areas with a certain corrosion rate based
on the intensity of the field changes and to monitor
corrosion without the need to destroy concrete or apply
external current to the reinforcement bars, especially in
complex structures. Finally, larger diameter rebars can be
monitored at greater depth.

3. 3. Corrosion Monitoring by a LCR Meter In
order to validate the data obtained from the previous two
methods, the LCR meter was used and the results are
reported in Figure 1Y. According to Equation (7), the
higher the corrosion rate of the rebar, the more the
behavior of the coil moves towards being ideal and the Q
factor increases and the R-value decreases. Therefore, in
areas where the amount of Q increases, it indicates more
corrosion of the rebar in that area.

According to the diagrams in Figure 12, the X-axis is
row, the Y-axis indicates column and the Z-axis shows
R. Rebar 2 is corroded at a distance of 6 in the Y axis
(column) and between distances 1.5 to 3 in the X axis
(row). Rebar 3 is corroded at distance 9 in the Y axis
(column) and between distances 2.5 and 4 in the X axis.
Rebar 4 is corroded at a distance of 12 in the Y axis
(column) and between 1.5 and 3 in the X axis. The areas
drawn with red, orange and yellow colors, respectively
represent the areas that have the highest resistance, and
the areas drawn with light blue and green colors represent
the areas of rebar that are corroded and have the lowest
resistance value. In areas where the value of R has
decreased, it indicates local corrosion in that area. The
results are completely consistent with the two previous
methods and confirm the previous results.
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Figure 12. (a), (b) The 3D-Colormap and (c) the Contour-
Color Fill plots of corrosion monitoring by a LCR coil
sensor

As shown in Figure 13, by detecting and analyzing
the output signals from the search coil, the strength value
of corroded rebars is between the strength of non-
corroded rebar and concrete. Rebar 1 has the highest
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Figure 13. Profile of the concrete block, corroded rebars,
and non corroded rebar by a LCR meter, resistance (€2)

resistance value because it has not been affected by
intentional corrosion. Rebar 2 is corroded more than
rebar 4, and rebar 3 is corroded more than rebar 2 and 4,
which is due to the difference in the duration of selective
corrosion.

4. CONCLUSIONS

In this research, two new cos-effective electromagnetic
methods were developed to monitor the corrosion of
reinforced concrete and the results were compared and
verified with the LCR method. The main conclusions are
as follows:

1. When the corrosion occurred, the intensity of the
induced magnetic field increases of Hall-Effect voltage
at the cross-section of reinforced concrete.

2. A smartphone is capable of detecting as well as
monitoring corrosion initiation and location of the
reinforcement bars inside concrete based on the electro-
magnetic properties of the corroded reinforced bars.

3. The results of corrosion monitoring by a smartphone
and the Hall effect sensor are in agreement with LCR
meter and therefore, the smartphone and Hall-effect
sensor can be used for monitoring purposes due to ease
of operation, small size, and low cost.

4. The advantages of these methods are non-
destructivess, simplicity of use, short test duration, being
inexpensive compared to other methods, precise
determination of the depth and area of the rebar under
corrosion, precise determination of the location of the cut
rebar, and to some extent determining the corrosion
mechanisms that can be determined by the time evoltion
of corrosion data.
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ABSTRACT

In this study, five one-way brick slab specimens were manufactured to investigate the behavior of brick
slabs composed of various types of bricks (solid bricks, perforated bricks, and cellular concrete blocks
(thermostone). The span ranges from 600 to 800 mm, while the camber ranges from 0 to 30 mm.
Previously, cellular concrete blocks, solid and perforated clay bricks were employed as the building
materials. These samples were tested by being subjected to flexural three-point loading. The results
revealed that increasing camber by 30 mm for solid brick specimens increased ductility, and ultimate
strength, by 5.5% and 77.62, respectively. Increasing the span from 600 to 800 mm for solid brick
specimens decreased the ultimate strength and ductility by 37.96% and 6.83%, respectively. Cellular
concrete blocks can be used in the construction of slabs due to their lightweight and acceptable structural
response when compared to solid brick specimens. Due to their good structural performance and
lightweight, perforated bricks can be used to build brick slabs. Brittleness and the sudden collapse of the
brickwork arch characterized the failure mode in all samples.

doi: 10.5829/ije.2023.36.09c.07

NOMENCLATURE

f Flexural bonding strength in Mpa \ Weight of brick in Newton
I Length of a brick unit in mm. Wi Width of brick unit in mm
Imi Length of mortar joint in mm Au Ultimate Deflection

P Failure load in Newton Ay Yield Deflection

Eoar

Thickness of steel bar i

nmm

1. INTRODUCTION

popularity as a flooring system in various Middle Eastern
nations by the mid-20th century, especially in Iran and

Brick slabs are composed of I-section steel beams that
stand on bearing walls with span centers that vary from
70 to 90 cm. Gypsum mortar is utilized to bind together
clay brick units and form the spans between steel I-
section beams because of the quick setting time of
gypsum (See Figure 1). For aesthetic reasons, the brick
slab's bottom face may not be plastered with mortar. The
brick slab was developed in the late nineteenth century
by Victorian architects in Britain. The brick slab
eventually reached the majority of nations, including
India, Eastern Europe, and North America. It had gained

*Corresponding Author Email: noroozinejad@kgut.ac.ir
(E. Noroozinejad Farsangi)

Irag. Brick slabs were a well-known technique that was
extensively utilized in Iraqg. Brick slabs are still utilized
in construction in spite of the widespread use of
reinforced concrete in the majority of Irag's regions
because of their reasonable cost, speed of construction,
lack of need for skilled labor, suitability for narrow areas,
and avoidance of forms, casting, reinforcement, and
curing. Those from limited-income families commonly
use the arch brick slab. It was recently found that ceramic
panels and cellular concrete block units are being used in
their construction due to the cellular concrete block's
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Performance and Ductility of Various Brick Materials, International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023),
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Figure 1. Brick slab after construction

speed of work, thermal insulation, and lightweight (see
Figure 2). Brick slabs have significant drawbacks despite
their general benefits. In particular, it uses gypsum
mortar, which has low moisture resistance and is
vulnerable to seismic loadings as a primitive construction
technique.

The brick slab system is stable under typical static
loading because the arches of the brick slabs
predominantly transmit stress loads along the archway to
the beams, then transfer stresses to the supporting beams
or walls. Due to its geometric shape, the brick slab
structure is often described as a one-way slab [1]. As
suggested a revolutionary two-way method in 2003, the
vulnerabilities of conventional one-way brick slabs are
Investigated. A steel grid was created by the suggested
technique, in which a series of steel transversal beams
that crossed through the main I-beams were used. The
disjointed steel transversal beams will subsequently be an
element of a steel grid that enables the distribution of
applied loads in two-way directions. The brick slab
system, which was developed and constructed, was found
to improve the diaphragm's action and resistance to
gravity and seismic stresses [2]. A research investigation
was conducted on how the existing structures performed
during the 2003 Bam earthquake. The result
demonstrates that brick slabs with the supporting two X
bracings that are welded at the end of the slab corner as
indicated in Figure 3 performed well when subjected to
lateral loads [3]. Pourfalah et al. [4] conducted research
on the experimental study of placing a layer of concrete
on the top of brick slab in 2009. The result demonstrated
that strength, ductility, and seismic performance had all

(a) cellular concrete blocks (b) ‘ceramic panels
Figure 2. Construction of a brick slab

£

Figure 3. Samplé“with two X-bracings on the\ floor slab
during construction [4]

increased. Experimental research has been done on the
in-plane seismic response of traditional and strengthened
brick slab diaphragms. The findings indicate that the
seismic response, integrity, and ductility of end arch
spans were improved by using simultaneous diagonal
bracing and steel tension ties [5]. The ferrocement layer
and the brick slab's corresponding effects increased
stiffness, ductility and flexural strength, without
considerably adding to the weight of the slabs [6].
According to finite element analysis, a brick slab in
southern Irag's seismic performance was examined, and
the results demonstrated that flexural forces rather than
membrane stresses dominate behavior of the brick slab.
The tensile stresses were high, but the slab's compressive
stresses were smaller than the allowable stress. In steel
support beams, displacement, stress, and strain were
generally within acceptable limits [7]. An historic
American boarding school for girls in Merzifon, Turkey,
with a one-way masonry brick slab, has been evaluated
for its seismic sensitivity and structural behavior. The top
of the structure and the connection areas between steel
beams and brick arches exhibited the highest
compression and tension loads, based on the results of the
static tests [8]. Slant-jack arch masonry slabs are
considered semi-rigid roofs, and improving them can
make them more rigid. A layer of reinforced concrete can
be poured on masonry buildings to increase their seismic
performance after being retrofitted with slant-brick slabs.
The results demonstrate that the most economical method
for jack arch retrofitting is to add a concrete layer [9].
According to the result of an experimental investigation
of standard and retrofitted brick slabs in a single-story 3D
steel building, the double X strapping approach can
greatly improve the other two techniques in regards to
stiffness in plane, capacity, and even energy dissipation
[10]. Flexural failure was the main mode of failure for the
cellular concrete block (thermostone) roof structure.
There was no evidence of cellular concrete block
crushing through the test at the point where the unit of
cellular concrete block split almost entirely in the center
[11]. The proposed ferrocement sandwich slab is a
possible replacement for the conventional brickwork slab
[12]. The suggested approach and its use are validated by
achieving a good correlation between the analytical
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findings and the observed fragility features in field
testing [13]. It is noted that a significant factor in the
structural damage anticipated for the Fertek building is
slab discontinuities on the gallery floor [14]. The severe
damage that out-of-plane accelerations cause to masonry
infill walls makes load-bearing masonry structures
extremely vulnerable to seismic damage and potential
collapse. Largely enhanced accelerations occur on the
face of the laden infill wall as a result of the dynamic
interaction between the vibrating structure, slab
diaphragms, and the infill wall loaded out-of-plane,
leading to significantly increased inertia forces [13]. The
use of new lightweight materials in building applications
is encouraged by their increased thermal and mechanical
properties [15]. In all combinations, the early age
strength is reached, but the dosage of 10% alcooline
results in a stronger effect [16]. With 10% waste glass
and 20% waste clay brick, the flexural strength at 400°C
increased by 56% and 69%, respectively. All
combination mixes also demonstrated greater strength
than the control [17]. According to the feedback earlier
in this section, no in-depth research has been done on the
behavior of brick slabs constructed from various types of
bricks (solid, and perforated bricks), cellular concrete
block units (thermostone), and mortar made with
gypsum, which are the majority of regularly used
materials in their construction, particularly in Irag. As a
result, the purpose of this study is to gather information
and provide statistics about how the brick slabs made of
solid bricks, perforated bricks, and cellular concrete
blocks behave. Five one-way brick slab specimens were
manufactured in order to demonstrate the effects of span
length, camber, and brick types utilized on the structural
behavior of brick slabs and were experimentally tested.

2. EXPERIMENTAL PROGRAM

2. 1. Materials Properties

2.1.1.Clay Bricks The most common type of brick
used in brick slab construction is clay brick. According
to 1QS 24-1989 the bricks were subjected to testing, and
the findings are summarized in Table 1.

2. 1. 2. Gypsum Mortar Gypsum and water are
mixed to form the gypsum mortar. Gypsum mortar
testing is done in accordance with the Iraqi Reference
Guide (1042-2011). Table 2 illustrates the test results.

2. 1. 3. Cellular Concrete Blocks  Thermostone, an
instance of a precast lightweight cellular concrete block,
is made of cellular concrete. As stated in Figure 4, its
mechanical and physical characteristics have been
evaluated in accordance with the Iragi Reference Guide
(810-2009). The results satisfy Iragi standards (1QS
1441-2013). Table 3 demonstrates the test results.

TABLE 1. Test results for clay brick properties

Solidclay  Perforated Limit of IQS

Type of brick Bricks clay Bricks No0.25/1988

Per. of Perforated [%)] 0 24.44 25% Max

Density [kg/m®] 1500 1207 -
233.0x11 235.20% L*, W* =+

Dimension [mm] 3.0x72.0 114.63x73.46 3%

Rupture Modulus [MPa] 2.0 1.2 -
Efflorescence Light Light -
10
Water units 25 22 26
Absorption [%] 4 i 5 23 28
Average 19 9 7 9
Compressive units
Strength [MPa] 1 unit 8 6 7
TABLE 2. Properties of gypsum mortar
Test Limit of 1QS

Property Result  N0.28/2010 [20]
Fineness [%] 5 8 % Maximum

. . . (for brick slab using
Time Setting [Minute] 13 15 max) [8-25]
Compressive Strength [MPa] 3 3 [MPa] Minimum
Rupture Modulus [MPa] 0.7 -
Gypsum / Water 0.39 -

(a) Dimesions test ity test

(S TR

(d) Compressive strength test ~ (e) Modulus 6f rupture test
Figure 4. Cellular concrete block tests

2. 1. 4. Cement, Aggregate, and Water The
bottom faces of the specimens used in this study are
plastered with cement mortar. This mortar was produced
using sand (S) and ordinary Portland cement (C). The C:S
ratio for this mix was 1:2 with a W/C of 0.5. Ordinary
Portland cement mechanical and physical characteristics
have been tested in accordance with the Iraqi Reference
Guide (No. 198-1990). The test findings are given in
Table 4, while chemical properties are tested according
to the Iraqi Reference Guide (472-1993). The results of
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TABLE 3. Test results of cellular concrete blocks

TABLE 6. Sand test result

Standard Test

Cumulative  Cumulative  Limit of IQS

_I?ler:tensmn Dimension  Result LlTLii?Zfoll(gS Sieve Size [mm] Retained Passing No.45/1984-
[mm] [mm] [%6] [%6] Zone No.2
Length 600 +2 10 [mm] 0 100 100
Height 200 05 * Zmnfggr?”y 4.75[ mm] 0 100 90-100
Thickness 100 +1 2.36 [mm] 10 90 75-100
Averade Class 1.18 [mm] 16 84 55-90
Specimen Average volun"?e Density accqrd_ing 600 [Mi 45 55 35-59
weight for 2 2 toLimitof [Micron] -
[mm] cubes [kg] for 2 [kg/m?] 108 .
cubes [m3] 144112013 300 [MICI’OI’]] 72 28 8-30
150 [Micron] 94.5 55 0-10
0.51 0.00095 536.80 0.50
Material Finer
Limit of Than 75 Micron 11 5 % Max
Compressive strength [MPa] 1QS
1441/2013 . [2.3-3.1] ASTM
100x100%100
( ) ' Fineness Modulus 2.375 Caamil3 [18]
One unit 2.16 1.60
Averi%%:r two 290 5
2. 1. 5. Flexural Bonding Strength According
Modulus of rupture [MPa] to Khalaf, tests and calculations were done to determine
600x200x100 average for two unit _

600%x200x100

the tests are shown in Table 5. Sand is available as natural
silica sand. Its grading is tested according to Iraqi
standards (IRQ No. 30/1984). Test results are satisfactory
by Iragi standards (IQS No. 45/1984) as shown in Table
6. Drinking water is used for mixing all the cement and
gypsum mortar, as well as curing specimens and other
testing of the materials. Drinking water satisfied the Iraqi
standard (1QS 1703/2018).

TABLE 4. Properties for cement and plastering mix

Physical and Mechanical Test Limit of 1QS
Properties Result No.5/2019
Fineness [m%kg] 254.30 >250
Time Setting Initial [Hour: Minute] 0:59 > 45 Minutes
Final [Hour: Minute] 8:2 <10 Hours
Compressive Strength [MPa]

19.0 >10
2- Days

34.2 >325
28- Days

TABLE 5. Chemical properties of cement
Content [%] Limit of 1QS No0.5/2019

Chemical Property

MgO 2.65 <5%
SOs 2.20 <2.8%
Loss of Ignition 311 <4%
Insoluble Materials 1.15 <15%
Lime Saturation Factor 0.86 0.66 —1.02

the flexural bond strength between solid, perforated clay
brick, cellular concrete block units, and gypsum mortar.
A new test procedure was proposed by Khalaf.
According to this approach, three-point loading caused a
flexural bond failure parallel to the bed joint when bricks
were manufactured using two brick units arranged in a Z-
shape. Two assumptions are made for calculating the
values of the flexural bond strength (fw). The first is a
linear stress distribution, and the second type of stress
distribution is a parabolic distribution. In this study,
flexural bond strength values based on two assumptions
were determined by using Equation 1 for linear stress
distribution and, Equation (2) for parabolic stress
distribution. The results of the tests are summarized in
Table 7.

fro =

(0513 —lptpar+0.5tf,,)P+(0.751F —1.25lptpar+0.5tFq )W 1)
(033313, ;wp)(1.51p~tpar)

frp =

(0513 —lptpar+0.5t7,,)P+(0.751F —1.25lptpar+0.5t5, )W )

(04212, Wy ) (1.5Lptpar)

2.2.Specimen Manufacturing The experimental
program emphasizes one-way testing of brick slab
specimens. Five samples are fabricated using perforated,
solid clay bricks, and cellular concrete blocks with a
workable gypsum mixture to bind units together and fill
gaps between them. Cement mortar as plastering of 10
mm in thickness is applied on the bottom face of the
specimens. The compressive strength of cement paste
used for plastering is (50x50x50) mm cubes and
(160%x40x40) mm prisms, whereas the flexural strength
is35.7 MPa and 7 MPa, respectively. After 28 days of
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TABLE 7. Test Results of flexural bonding strength according
to Khalaf [22]

Test Result

Average (Two Average (Two
Samples) by Linear Samples) by Parabolic
Stress Distribution  Stress Distribution

Specimen Type

[MPa] [MPa]
Solid Clay Bricks 0.321 0.253
Perforated Clay 0410 0324
Bricks
Cellular 0.254 0.200

Concrete Blocks

plastering five samples with cement mortar, to prepare
the samples for testing and to have a good overview of
the cracks during the test, a white coating layer is put over
the plastering coating. The main variables that are
considered for these samples are span length (600-800)
mm, camber height (30) mm, and brick types (solid
bricks, perforated bricks, cellular concrete blocks
(thermostone) are used in construction of specimens to
show their effects on the behavior of the brick slab. Table
8 summarized the specimens’ details and Figure 5 shows
the construction process of brick slab specimens.

2. 3. Procedure Testing All five specimens are
subjected to a line load with three-point bending. Brick
slabs are tested using a hydraulic piston with a 10-ton
capability. At each load step, the load is progressively
increased and applied monotonically in equal increments.
Two steel rods support the slab specimen on either side.
A dial gauge with a 50-mm capacity is used to measure
the displacement at the midpoint of the span. A crack
microscope is used to view the cracks. The applied load
at a slab's midspan is measured using a calibrated load
cell. Figure 6 depicts an image of the test setup, and
Figure 7 shows a plan of the test setup.

3. RESULTS AND DISCUSSIONS

The main objectives of this study are to investigate
behavior of brick slabs made of various bricks (solid clay

TABLE 8. Specimens’ details

. Span . Camber :
No. Specimens Length Width Height Type of Bricks
Symbol [mm] Used
[mm] [mm]
1 Js-60-0 600 320 0 Solid brick
2 Js-80-0 800 320 0 Solid brick
3 Js-80-3 800 320 30 Solid brick
4 Jv-60-0 600 320 0 Perforated brick
5 Jc-60-0 600 320 0 Cellular

concrete block

(d) Apply gypsufﬁ mortar
on top face

(e) Apply a plaster layer on
bottom face

(9) Samples after-painting
and symbols

' (f) All samples after
plastering

Figure 5. Steps for preparing brick slab specimens

Figure 6. Test setup image

I-section steel beam
Load cell
Specimen of jack arch - Loading Pin

A

'+ Hydraulic jack
Isection Beam vd !

i Steel frames

Figure 7. Test setup strategy

bricks, perforated clay bricks and, cellular concrete
blocks (thermostone)) subjected to flexural three-point
loading (line load). The results of the tests are presented
regarding the ultimate load, load-deflection at the slab's
mid-span, ductility index, and failure mode.
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3. 1. Ultimate Strength The results of ultimate
load for brick are shown in Table 9 and Figure 8. The
effects of the type of bricks used in the construction of
the brick slab on ultimate loads are studied by using three
brick types. These are solid, perforated clay bricks, and
cellular concrete blocks with a span length of 600 mm.
The results indicate that the specimen with perforation
bricks Jv-60-0 has a greater ultimate load than the
specimens with solid clay bricks Js-60-0 and cellular
concrete blocks Jc-60-0 by 37.4 and 41.07%,
respectively. These results are due to the fact that the
flexural bonding strengths between brick units and
gypsum mortar are higher than those between cellular
concrete block units as mentioned in the flexural bonding
tests in the previous section. Also, the poor mechanical
properties of cellular concrete blocks compared to clay
bricks are expected. To study the effect of span length on
the ultimate loads of brick slabs are considered for
samples made with solid bricks. The selected span is
between 600 and 800 mm. The results show a clear
decrease in the ultimate loads when increasing the span
length for solid clay brick samples. The findings indicate
that when the span was increased from 600 to 800 mm
for Js-80-0 the ultimate loads decreased by 37.96%.
Increasing camber has an impact on the brick slab's
ultimate loads, which are tested on specimens. For this
purpose, a camber of 30 mm is used for specimens made
of solid clay bricks. The results show an increase in the
ultimate loads for specimens when the camber is
increased. Increasing camber from 0 to 30 mm for Js-80-
3 improves ultimate loads by 77.62%.

TABLE 9. Test results
No. Specimens Symbol  Ultimate Load [KN]  Weight [kg]

1 Js-60-0 3.53 40
2 Js-80-0 2.19 51
3 Js-80-3 3.89 52
4 Jv-60-0 4.85 33
5 Jc-60-0 3.44 14
10.0
_. 90
g 8.0
= 7.0
5 6.0 4.85
< 50
= 4.0
£ 30
= 20
° 10
0.0

®Js-80-0

HJs-60-0 Js-80-3

Figure 1. Ultimate loads for brick specimens

3. 2. Load-Deflection Curves and Ductility Index
The ability of a material to resist plastic deformation
under load is called ductility. The ductility index (pA) is
defined as the proportion of total displacement (Au) to
elastic limit displacement (Ay) [19, 20]. The point at
which strength behavior is believed to switch from elastic
to plastic is the elastic limit deflection. The approach for
calculating the ductility indices for each tested specimen
in the current experimental study is based on Figure 9.
The load-deflection curves for brick slab specimens are
shown in Figure 10. This figure depicts the load-
deflection curves of all five brick slab specimens, Js-60-
0, Js-80-0, and Js-80-3, Jv-60-0, and Jc-60-0. It is seen
clearly show that the specimens made from perforated
and solid clay brick behave approximately linearly until
they reach their ultimate load. A sudden failure occurs
after reaching ultimate loads. The loading-deflection
curve for specimen Jc-60-0, depicts a sample made with
a cellular concrete block (thermostone block) and
gypsum mortar that has been widely used in recent years
in the construction of brick slabs. It is obvious from this
figure that the samples behave similary to the behavior of
brick specimens made with solid and perforated clay

Load

Ductility (pa) %

ay . Au
Deflection

Figure 9. The ductility index calculation approach [23, 24]

[milaYaY

4.50
4.00
. 3.50
é 3.00
5 2.50
9 2.00
1.50 == ]s-80-3
1.00 =@=Js-60-0
=@®—Js-80-0
0.50 —@—Jv-60-0
-0.50 0.50 1.50 2.50

Deflection [mm]
Figure 10. Load-deflection curves for specimens
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bricks, where the behavior is linear until reaching their
ultimate strength. As soon as the maximum load is
reached, an abrupt failure occurs. This linear behavior of
jack-arch slab specimens made with solid, and perforated
bricks, and cellular concrete blocks bonded together
using gypsum mortar is due to the fact that they are brittle
materials and do not exhibit the ductility of ductile
materials. From previous load-deflection curves, the
specimen Jv-60-0 has a higher stiffness than the
specimens Js-60-0, and Jc-60-0. The specimen Js-80-3
has a higher stiffness than Js-80-0.

Ductility index results for brick slab specimens are
shown in Figure 11 and Table 10. The effects of the type
of bricks used in the construction of the brick slab on the
ductility index are studied by using three brick types,
solid, and perforated bricks, and cellular concrete blocks
(thermostone) for a span length of 600 mm. The results
show that the specimen with solid bricks, Js-60-0 has a
greater ductility index than the specimens with perforated
clay bricks Jv-60-0 and cellular concrete blocks Jc-60-0
by 4.46 and 13.59%, respectively. To investigate how
span length affects the ductility index of brick slab is also
considered for samples made with solid bricks. The
selected span is between 600 and 800 mm. The findings
indicate that by increasing the span from 600 to 800 mm
for Js-80-0 the ductility index decreased by 6.83%. Also,
the effect of increasing camber height on the ductility
index of the brick slab is investigated. For this purpose,
one camber of 30 mm is used for specimens made of solid
clay bricks.The results show an increase in the ductility
index for the specimens when the camber is increased.
The results showed an increase in camber of 30 mm for
the specimen Js-80-3 which improve the ductility index
by 5.50%. From the above results of ductility index, all-
control brick slab specimens have a very low ductility
index as a result of consistent materials, clay bricks,
gypsum mortar, and cement (plastering), which are not
ductile and brittle. Also, cellular concrete blocks do not
have ductile properties.

4. FAILURE MODES

Failure modes for all brick slab specimens are shown in
Figure 12 (a-e). For those specimens, failure is

characterized in all brick slabs made from solid, and
perforated brick specimens by the sudden collapse of
brickwork slabs due to initiate cracks at the joining brick
units together. Due to the fact that the bond joints
between brick units are the weakest part of the element,
this characterized failure in the control of conventional
brick slab samples. The failure mode is characterized by
a brittle failure, this is due to the brick slab constituent
materials that are brittle and have low tensile strength.
The observation made during the test show that the
specimens' compression faces are not crushed, and the
clay bricks do not break or break, see Figure 12 (a-d). For
brick slab specimens made with cellular concrete blocks,
the failure mode is similar to that of brick slabs made with
perforated and solid clay brick specimens. The failure is
characterized by brittleness and the sudden collapse of
cellular concrete block. The fracture occurs in the cellular
concrete block unit at mid-span instead of in the bond
joint between units. This failure mechanism occurs
because cellular concrete blocks have brittle and low
tensile strength. During the test of this specimen, no
crushing in the compression face occurred, see Figure 12
(e). From the above explanation, the flexural failure
mode is dominates the brick slab specimens at mid-span
for brick slab specimens made with cellular concrete
block and nearer the bond joint at mid-span for brick slab
specimens made with perforated and solid clay brick.

3.0 7

2.0 ]

Ductility Index

Js-80-3

& Js-80-0

| Js-60-0
Figure 11. Ductility index results for specimens

TABLE 10. Sample test results

Specimens Ultimate Load Ultimate Deflection Yield Load Yield Deflection Ductility Weight
Symbol [KN] [mm] [KN] [mm] [Au/Ay] [ka]
Js-60-0 3.53 0.80 3.50 0.68 1.17 40
Js-80-0 2.19 0.73 2.16 0.67 1.09 51
Js-80-3 3.89 1.10 3.73 0.95 1.15 52
Jv-60-0 4.85 0.57 4.80 0.50 112 33
Jc-60-0 3.44 2.10 3.43 2.03 1.03 14
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(e) Failure Mode for Jc-60-0
Figure 12. Mode of failure for specimen

5. CONCLUSIONS

Steel I-section beams that are supported by bearing walls
with span centers ranging from 70 to 90 cm make up
brick slabs. The behavior of brick slabs made of different
types of bricks solid bricks, perforated bricks, and
cellular concrete blocks (thermostone) was examined in
this study using five one-way brick slab specimens.
While the camber varies from 0 to 30 mm, the span is
between 600 and 800 mm. Previously, the buildings were
constructed of cellular concrete blocks and solid and
perforated clay bricks. Flexural three-point loading is
used to test these samples. The results revealed that
increasing camber by 30 mm for solid brick specimens
increased ductility, and ultimate strength, by 5.5%, and
77.62, respectively. Increasing span from 600 to 800 mm
for solid brick specimens decreased the ultimate strength
and ductility by 37.96% and 6.83%, respectively.
Conclusion based on the study's findings showed that
cellular concrete blocks can be used in the construction
of slabs due to their lightweight and acceptable structural
response when compared to solid brick specimens. Due
to their good structural performance and light weight,
perforated bricks can be used to build brick slabs. Brick
slab specimens generally exhibit flexural failures.
Brittleness and the sudden collapse of the brickwork arch
characterized the failure mode in all samples. The authors
suggest adopting this kind of slab when constructing
residential buildings because it is quick to construct,
inexpensive, and suitable for narrow spaces when
applying the required engineering techniques.

6. RECOMMENDATIONS FOR FUTURE RESEARCH

To increase strength, we should increase the bond
strength between brick units, and mortar used.

Our main emphasis in this study was on
experimental work. We are currently creating the
empirical equations and finite element models for
the methodology covered in this paper. This, in our
opinion, should be covered in a different study.
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ABSTRACT

This work presents an experimental study that investigates the behavoir of both conventional and under-
reamed piles embedded in a single layer of sand with varying relative densities and examines piles in
different soil layers, subjected to pullout static monotonic loading. The study focuses on the influence of
the spacing ratio between under-reams and the number of bulbs on the pile's ultimate pullout load. A
uniform pile stem, a pile with a single bulb, and a pile with twin bulbs were the three varieties of small-
scale models of aluminum piles that were utilized. The pile's measurements were 25 mm in shaft diameter
by 550 mm in height, with a 62.5 mm bulb diameter. To establish their impact on the uplift capability of
an under-reamed pile in sand, the current work examines the location, spacing between bulbs, and the
number of bulbs. At 35% relative density, the influence of various bulb spacing ratios S/Du is
investigated (S/Du =1.0, S/Du = 1.25, S/Du = 1.5, S/Du = 1.75, and S/Du = 2). The test results revealed
that the maximum ultimate pullout capacity is achieved when the bulb spacing ratio is S/Du =1.5. The
pullout capacity increases 3.5 times for a single bulb and 7 times for a double bulb compared with a
straight pile under the same condition, as well as an under-reamed pile in a dense or medium sand layer
overlain by loose sand rises to a peak before capacity declines. Load-displacement curves and initial
stiffness improve compared to homogeneous, loose, sandy soil.

doi: 10.5829/ije.2023.36.09c.08

1. INTRODUCTION

The under-reamed piles are enlarged piles constructed
insitu with single or more bulbs around a pile shaft to
resist compressive loading, uplift loading, and ground
movement. They are a type of deep foundation for
different structures, such as offshore platforms, multi-
story buildings, and transmission towers. Das and Shin
[1], Khatri et al. [2] explained that belled pile are very
promising in terms of tensile load resistance and suited
for soil that experiences ground movements as a result of
seasonal moisture variation.These piles had been
introduced first in India for use in expansive soil, which
is classified as problematic soil. Soil layers and pile
dimensions greatly affect the load capacity of an under-
reamed pile. Hassan [3] reported that under-reamed piles
are considered a good foundation technique due to being
the safest and most economical foundation. Patra et al.

*Corresponding Author Institutional E-mail:
40008@uotechnology.edu.ig (M. A. Al-Neami)

[4] evaluated experimentally and discovered that the
maximum uplift load capacity for medium-dense (DR =
52%) over dense conditions (DR = 80%) was greater than
for dense conditions overlaid on medium-dense
conditions. Liu et al. [5] concluded that the uplifted
movement of the belled pile decreases when the uplift
loading is increased to its maximum. Bose and Krishnan
[6] demonstrated that for a given displacement, the pile
resistance to pullout load increases with surface finishes
ranging from smooth to rough. In addition, when the
slenderness ratio increases, the pile resistance at any axial
displacement increases exponentially. Nazir et al. [7]
demonstrated that the embedment ratio (L/D) has a main
consequence on the support of any increasing pullout
load, and increases in the angle of the base and stem
diameter result in a slightly reduced failure displacement
and net uplift capacity. Harris et al. [8] studied
experimentally the effects of varying the under-reamed

Please cite this article as: A. W. Al-Bayati, M. A. AL-Neami, F. H. Rahil, Experimental Work on the Effect of Under-reamed Pile Geometry on the
Pullout Capacity of Sand, International Journal of Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023), 1645-1651
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angle, 6 (20°, 30°, 40°, 60°, and 75°), on uplift capacity
and load-deformation curves. The results showed that the
capacity drops off when the bulb angle of the under-ream
pile is increased, which is especially apparent at an angle
of 75°. Christopher and Gopinath [9] showed that when
the space between two bulbs was increased up to 150
mm, an increase in pile capacity occurred. The
improvement in load-carrying capacity becomes smaller
as the spacing increases. Moayedi and Mosallanezhad
[10] indicated that the pullout resistance increases by
more than 60% when the under-reams is positioned at the
base of the pile and reduces by around 4% when it is
installed at a depth corresponding to 33% of the pile's
length. Schafer and Madabhushi [11] made a study to
clarify the impact of different layers of soil, and they
concluded that the uplift capacity gradually rises, and the
installation of a lower layer of dense sand under a higher
layer of loose sand improves an under-reamed pile
foundation's peak uplift capability but has no influence
on the displacement necessary to achieve this peak.
Substituting clay for the overlying loose sand layer can
raise the uplift even more. Nasr et al. [12] showed that
the uplift capability of a belled base piles installed in
sandy soil with various unit wieghts increases when the
ratio of embedment length to base diameter (L/Dy) rises.
Sakr et al. [13] and Sakr et al. [14] performed an
experimental study to clarify the influence of under-
reamed pile factors such as position, spacing between
bulbs, and bulb numbers on the pullout loading. They
noticed that the pile pullout load increased with
increasing under-ream diameter, number of bulbs, and
relative density. Alhassani [15] conducted numerical
research using the ABAQUS program to explore the
behaviour of the under-reamed pile undr the pullout,
lateral, and compression loads. The results of the testing
models revealed that the uplift pile capacity of SURP and
DURP is much greater than that of a straight pile for all
L/D pile ratios. Al-Tememy et al. [16] used PLAXIS-3D
software to examine a model of the steel pipe pile
installed in dry sand. Based on the outcomes, the relative
density of the sand has an influence on the peak
resistance pullout load of vertical piles. When the relative
density of sand improves from 40% to 60%, the ultimate
pullout load of a vertical pile increases by around 35%—
56%. Goudar and Kamatagi [17] tested the influence of
two distinct geometries of aluminum model pile groups,
L/D ratios, and S/D spacing ratios. The investigation
employed uniform pile section and enlarged base
(Belled) piles embedded in locally accessible sandy soil.
It was discovered that the load-carrying capability of a
belled model pile increases at a greater L/D ratio.
However, the extension angle enhanced the load-carrying
capacity by 40% over straight piles. Furthermore, (S/D)
exhibits large variability in bearing capability.
Under-reamed piles are used to enhance the
performance and stability of foundations in weak soil

conditions, control settlement, improve lateral, uplift
stability, and provide a cost-effective solution for
constructing buildings and structures on challenging soil
types. Experimental findings can contribute to the
development of improved construction techniques for
under-reamed piles. By understanding the behavior of
these piles under uplift loads, researchers can suggest
optimized installation procedures, reducing construction
costs and potential issues during installation. Finally, the
conventional pile used to estimate the improvement of
adding one or double bulbs to the uniform pile shaft.

There are a lack of comprehensive experimental
studies specifically focused on the behavior of under-
reamed piles subjected to pullout loads. This could result
in a scarcity of data regarding factors such as load-
displacement behavior, failure mechanisms, and load
transfer characteristics and The interaction between the
under-reamed pile and different types of soil, including
cohesionless and different soil strata, may not be fully
understood. The influence of various soil properties, such
as shear strength, soil density on the pullout behavior of
under-reamed piles may require further investigation

So, this research shed light on the behavior of load-
displacement curve of under-reamed piles, both single
and double bulb configurations, improves compared to
straight piles when embedded in loose, medium, and
dense sandy soil. On other hand, the investigation studies
the performance of piles in different soil layers and its
effect on the load- displacement curves when subjected
to pullout load. Furthermore, an experimental work was
conducted in the current study to evalute the effect of
under-reamed pile’s geometry (the distance between
bulbs and the number of bulbs) on the uplift resistance
load with varying relative densities of dry sand.

2. METHODOLOGY

2. 1. Soil Properties Sand soil used is classified
as (SP) poorly graded according to the USCS. Various
tests are made on this sand per ASTM specifications to
obtain its properties (physical and mechanical), as shown
in Table 1. Three states of relative density were used to
achieve the goal of the study (the loose, medium, and
dense states).

2. 2. Pile Model Three small-scale models of
aluminum piles used of length 550 mm in length were
used, with a bulb diameter of 62.5 mm for a 25 mm pile
diameter. Three pile shapes were adopted in this study:
the stright pile and multi under-reamed piles (single
bulb and two bulbs) with different vertical spacings
between bulbs. The design of the under-reamed pile and
under-reams was carefully chosen per the Indian Code
(IS 2911) specification [18]. Table 2 depicts the pile
model properties used in the study, and Figure 1 depicts
its shape.
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TABLE 1. Soil used properties

Property Value Specification

Maximum unit weight kN/m® 17.1 ASTM D 4253

Minimum unit weight kN/m? 14.88 ASTM D 4254

Effective Size,

Das 0.12 ASTM D 422
and ASTM D

Deo 0.28

Friction angle at 35% Rp

('Yused=15.6) kN/m?® 30

Friction angle at 55% Rp

(Yusea=16.0) kKN/m? 35 ASTM D 3080

Friction angle at 75% Rp

(Yused:16-5) kN/m?3 39

TABLE 2. Model piles used

Description Notation Dimension
Pile length, mm L 550
Pile diameter, mm D 25
Under-reames diameter, mm D./Dp=2.5 62.5
1Dy 62.5
. . 1.25Dy 78
Bulb spacing ratio
1.5Dy 93
C-C (S/Dy)
1.75Dy 109
2Dy 125
Upper angle of under-reams pile, o1 45
degree
Lower angle of under-reames @2 45
pile, degree
(a) (b) (©)

Figure 1. Pile geometries considered, a. conventional pile,
single and double under-reamed piles, b. bulb spacing c-c,
C. under-reamed geometries

2. 3. Pile Model Preparation and Testing To
prepare the soil bed, a steel container measuring (650
mmx 650 mmx 750 mm) was used, and to avoid the
effect of lateral fraction, a rubber layer was applied to the

inner faces of the container. The soil was poured into the
container and tamped to the desired density; after that, the
pile model was put precisely in its location during the soil
preparation (see Figure 2).

A strain-controlled pullout system was used with a
0.25 mm/min sustained rate until the displacement
reached 30 mm. In addition, all the pile model tests were
carried out at a static monotonic load; as it has been
reported by Qian et al. [19].

3. RESULTS AND DISCUSSION

Outcomes of effectiveness of relative density, number of
bulbs, and bulb spacing ratio on the ultimate pullout
capacities and their discussions are described below.
Schafer and Madabhushi [11], the ultimate capacity was
determined according to the clear breakpoint (maximum
uplift load before failure).Vali et al. [20] and Kumar et
al. [21] used the double tangent technique to evaluated
the ultimate pullout carying capacity. It was discovered
that the outcomes were 99 percent similar between the
two methods.

3. 1. Influence of Relative Density Figures 3, 4,
and 5 depict the pullout load-displacement relation for
the conventional pile, and the one and two under-reamed
piles, respectively. All figures show that the pull-out load
increases as the relative density increases to some
limiting values, after which the value becomes nearly
constant and insensitive to the change in displacement
that continues to increase. This behavior is attributed to
the roughness between the soil and the pile skin. The
ultimate pullout carrying capacity of the different types
of model piles is shown in Table 3.

Table 4 shows the improvement in the pullout load of
one and two under-reamed piles in three relative densities
compared to a conventional pile. A good enhancement is
observed compared to the staright pile was detected.

By evaluating the results for a single pile (P) and after
adding one bulb PSUR and two bulbs PDUR, it was
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Figure 3. The load-displacement curves for the conventional
pile

20
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Figure 4. The load-displacement curves for single under-
reamed pile
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Figure 5. The load-displacement curve for double under-
reamed pile

TABLE 3. Pullout load value of the different types of model
pile

| Relative Pullout carrying capacity (N)
density Conventional One under- two under-
(DR%0) pile reamed pile reamed pile
35% 65 229.7 637
55% 90 275 719
75% 107 350 775

TABLE 4. Uplift loading improvements of one and two under-
reamed piles

Soil % Degree of Improvement

types One under-reamed pile  two under-reamed pile
Loose 250 % 800%

Medium 205 % 700%

Dense 2271 % 600%

obvious that raising the relative density increased the
pullout load and caused a corresponding decrease in the
displacement for all types of piles. In all cases, a double
under-reamed pile had the higher pullout force than a
single under-reamed pile. It indicates that increasing the
number of under-reams will improve its pullout capacity.
However, this comes at the expense of more concrete
being used to make bulbs. Therefore, under-reamed piles
perform better when buried in loose, medium-density
sand.

3. 2.Influence The Bulb Spacing In order, to study
the under-reams spacing ratio S/Du effect, the relative
density was kept constant throughout this set of tests. The
bulbs were spaced at S/Du = 1.0, S/Du = 1.25, S/Du =
1.5, S/Du = 1.75, and S/Du = 2, where Du is the bulb
diameter. Figure 6 shows the load-deformation curves for
various spacings between bulbs. The results of the
pullout load indicate that the best value was obtained
when S/DU = 1.5; below and above this ratio, the pullout
load decreases. This behavior is mainly attributed to the
load gated from the above bulb and between the two
bulbs and its effect on the failure zone. Figure 7 shows
the highest value of the ultimate uplift capacity for each
experiment conducted by changing the distance between
the two bulbs.

3. 3. Influence of the Number of Bulbs Figure 8
shows the results of increasing the number of under-
reams to Du/Dp = 2.5 with various relative densities. It

S/Du=1
800 S/Du=1.25
S/Du=1.5
= S/Du=1.75
£ 600 $/Du=2
ko]
@
o
+ 400
=]
o
& 200
0
0 10 20 30 40

displacement (mm)

Figure 6. The load-displacement curve of different vertical
spacing between the bulbs
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Figure 7. The ultimate pullout capacity with different
vertical spacing between the bulbs

mDR=35% ®DR=55% DR=75%

1000

719
800 637

775

600

400

200

Ultimate pullout load (N)

Number of bulbs

Figure 8. Variation of ultimate pullout load with bulb
number

can be noted that the ultimate pullout capacity increases
as the number of bulbs increases, which means that
increasing the number of bulbs has an important effect on
the ultimate pullout load. Also, it can be observed that the
increasing number of bulbs is greater when the sand is in
a loose state. This behavior is caused by the surrounding
soil adhering to the under-ream, which has the
advantages of increasing soil strength and reducing
deformation.

3. 4. The Behavior of Under-Reamed Piles Under
Pullout Loads in Layered Stratum As a result,
this study tries to provide a clear image of the under-
reamed pile anchored to a two-layers system. Figure 9
shows the problem statement model of (single and double
bulbs) in the soil’s layers.

Hence, the study could shed light on the load-
displacement response of a single and double under-
reamed pile embedded in a dense and medium sand layer
overlain by loose sand is shown in Figures 10 and 11.

The load-displacement response of an under-reamed
pile placed in a dense or medium sand layer overlain by
loose sand shows a rise to a peak before a decline in
capacity caused by soil arching at large displacements.
The overall form of the curve is quite similar to that
observed in a homogenous loose sand bed, but the
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ultimate capacity is substantially higher. This indicates
that the bottom dense layer of sand has a significant
influence on the peak capacity of the under-reamed pile.
The initial stiffness measured at a small strain is slightly
higher than that measured in homogenous loose sand.
Table 5 illustrated the ultimate pullout loading for the
belled pile in layered soil.

A double under-reamed pile will initially show more
powerful resistance to pullout load than a single under-
reamed pile due to the extra bearing surface and load
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TABLE 5. ultimate pullout load for under-reamed pile
embedded in soil layered system

Ultimate pullout load (N)

Type of soil Double under-

reamed pile

Single under-
reamed pile

Medium sand overlined by

loose sand 247 657

Dense sand overlined by

loose sand 27 720

distribution given by the two under-reams, the load-
displacement curve for a double under-reamed pile may
demonstrate higher initial stiffness and load-carrying
capability. The inclusion of two under-reams can
improve load distribution and contribute to a more
progressive displacement progression before the peak or
ultimate load.

4. CONCLUSIONS

The influence of the number of bulbs and spacing
between under-reams in the under-reamed pile was
investigated with various relative densities to examine
the pullout load of an under-reamed pile subjected to the
axial pullout force. Following conclusions result from the
study's outcomes:

1. In terms of increasing pullout capacity, under-
reamed pile is more advantageous in different
relative densities composed of loose and dense.

2. Spacing between bulbs affected on pullout capacity.
When spacing is less than 1.25 Du, the pile doesn't
work effectively. When spacing between bulbs is
1.25-1.5 Du, the pile and soil work together as one
block, which enhances the maximum uplift load.
After this value, decrease in the maximum load is
very clear.

3. Rate of pullout load for a single under-reamed pile
rises from no bulb to one bulb by up to 200%. For
double under-reamed piles, where it surpasses
700%, the influence of an increase in the number of
bulbs on pullout loads is particularly significant.

4. For a two-under reamed pile, the influence of
increasing the number of bulbs on a pullout capacity
is more advantageous, but this necessitates using
more concrete for bulb formation.

5. In the term of layered soil, load-displacement
response of an under-reamed pile placed in a dense
or medium sand layer overlain by loose sand shows
a rise to a peak before a decline in capacity. In
general, there is an improvement in the load-
displacement curves and show higher initial
stiffness compared with homogeneous loose sandy
soil.
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We have designed and simulated a 10-nanometer regime gate High Electron Mobility Transistor
(HEMT) with an undoped region (UR) under the gate with high k dielectric as hafnium oxide (HfO2).
The thickness of metal gate(G) and undoped regions are equal but length of channel(C) is not equivalent.
The proposed Undoped under the gate dielectric High Electron Mobility Transistor reduces the
maximum electric field(V) in the channel region and increases the drain current significantly. The High-

. K dielectric High Electron Mobility Transistor structure obtained a saturated lon current of 60% higher
Keywords: . > . > e
Silicon Dioxide than the conventional structure. For High critical Power and High-frequency Power transmission
Radio Frequency Amplifiers utilizes the AlGaN/GaN/SiC-based High Electron Mobility Transistor with an undoped
Transconductance region under the gate with High-K Hafnium oxide. The Proposed advanced High Electron Mobility

High Conductivity
High Electron Mobility Transistor

Transistor Produces a higher Drain current (Id), 54% high transconductance (Gm) with Low On-
Resistance (Ron), and High conductivity in comparison to typical High Electron Mobility Transistor. In
Addition to these improved characteristics, the Electric field along the Y direction is also observed. The
proposed structure formed by Low-k Dielectric materials in the process of Silicon Dioxide(SiO,) and
High-k dielectric being Titanium Dioxide (TiO,) and Hafnium Oxide (HfO,) created more opportunities
in Power electronics and radio frequency operations.

doi: 10.5829/ije.2023.36.09c.09

1. INTRODUCTION

The technology develops year to year, there is drastic
demand for VLSI devices as its device dimensions are
scaled down to nanometer technology and more evident
of short channel effects. In submicron technology, the
channel length is very less i.e. less than 5 nanometer
innovation and able to control the nanodevices due to
decreases in gate length and subsequent undesirable
conditions of Drain Induced Barrier Lowering (DIBL).
To suppress the short channel effects, Double Gate (DG)
structure, Triple Gate (TG) structure, and Nanowire
(GAA) structures are excellent scalability over the
conventional devices in nanometer technology [1].

*Corresponding Author Email: vahividi@gmail.com (B. Balaji)

The traditional Metal Oxide Semiconductor Field
Effect Transistors (MOSFETS) are considered moderate
and slower devices compared to Nanomaterial Oxide
Nanowire High Electron Mobility  Transistors
(NWHEMTS). Therefore, Gallium Nitride (GaN) HEMT
devices have a large bandgap, larger critical electric field,
higher electron drift velocity, and attained good thermal
conductivity and good thermal stability [2]. The
optoelectronic devices such as high-power devices utilize
the I11-V bandgap semiconductors being Aluminum
nitride, Gallium nitride, and Low-k dielectric material
such as Silicon dioxide being SiO; and High-K dielectric
material being hafnium oxide represented as HfO, and
Titanium Dioxide (TiO2) [3]. Due to its heterostructure
undoped channel is possible in Nanowire HEMT and

Please cite this article as: E. Radhamma, D. Vemana Chary, A. Krishnamurthy, D. Venkatarami Reddy, D. Sreenivasa Rao, Y. Gowthami, B. Balaji,
Performance Analysis of High-K Dielectric Heterojunction High Electron Mobility Transistor for RF Applications, International Journal of
Engineering, Transactions C: Aspects, Vol. 36, No. 09, (2023), 1652-1658
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attained higher breakdown voltages due to its higher band
gap semiconductors being Gallium nitride (GaN) and
Silicon dioxide as SiO; and high -k dielectric material
(HfO.) [4].

The Nanowire High Electron Mobility Transistor
(HEMT) is a specific Heterostructure field effect
transistor (H-FET) and it gives very high realization at
RF and microwave frequencies as well as exhibits lower
noise [5]. The working principle of HEMT is based on
two-dimensional electron gas due to its heterostructure
and less electron collision. The HEMT gives high current
(lon) at lower gate voltages (Vs). Due to its high current
and various heterostructures, Nanowire HEMT is
suitable for finds applications in Radio Frequency design
including cellular mobile telecommunications, broadcast
radio receivers, and radar communications [6].

Nanowire High Electron Mobility Transistor (GaN-
HEMT) are extensively used for a wide variety of
material properties high electron saturation velocity, high
breakdown electric field, and minimizing the Gate
Induced Drain Lowering (GIDL) [7] by the
implementation of underlap. Therefore, the effective
length of the gate decreases, obviously decreasing the on
current (lon) and degrading the gate controllability of
silicon (Si) and Silicon dioxide (SiO.) as low-k dielectric
Nanomaterial and high-k dielectric Nanomaterial in the
process of Hafnium oxide (HfO,;) based Nanowire
HEMT devices [8, 9].

Nanowire HEMT was invented based on
Nanomaterial oxide being Low-k Dielectric Nano and
Titanium Dioxide (TiO2) will work without doping due
to its high carrier concentration, resulting in the
distribution of non-uniform dopants and reducing the
dopant scattering. The self-heating effect is the major
concern in GaN-based HEMT due to increases in channel
temperature [10, 11]. To reduce the self-heating effect
and thermal resistance in the device, continuous efforts
are made. But few efforts have been taken to reduce both
in the nanodevices. To reduce the self-heating effect and
thermal resistance in the device, the GaN-based HEMT
is passivated. The Silicon carbide (6H-SiC) establishes a
good quality interface with GaN-HEMT to reduce the
leakage current in the device [12].

The Organization of the paper is as follows: Design
of Undoped 5 nm regime gate Nanowire HEMT, mesh
view, Electric filed, and potential distribution are
discussed in the second section. In the third section, the
results of various materials and their performance
comparison are discussed. The final section is discussed
with conclusion

2. STRUCTURE OF PROPOSED DEVICE

The proposed 5 nm regime gate with an undoped region
Nanowire High Electron Mobility Transistor is shown in
Figure 1. The U-HEMT is made of high-k hafnium oxide

(HfO) material and device dimensions are measured in
nanometers using the Silvaco TCAD ATLAS simulator
[13]. The new device has an undoped region with HfO,
compared with the conventional device. The length of
metal gate is Lg=0.005 um and metal gate with a work
function of 4.87eV. The length of the device, spacing
between gate-source and gate-drain, and length of the
undoped high-k dielectric material (HfO.) region are
Lg=0.032um,  Lg=0.015um,  Lg=0.015um, and
L,=0.08um, respectively. The undoped region under the
gate reduces the electric field in the channel region and
increases the drain current significantly [14, 15]. The
undoped Nanowire HEMT mesh view is shown in Figure
2, where the grid spacing on both axes is not equal [16].
Electric field distribution and potential distribution of the
new structure are shown in Figures 3 and 4. The speed
and performance parameters of the device is depending
on the gate length [17, 18]. Channel doping increases will
increase the drain current. Silvaco ATLAS Simulator is
used to simulate the Undoped HEMT under a 5
nanometer gate regime with high-k dielectric material
being hafnium oxide (HfO2) and extracted all electrical
parameters [11]. In this proposed structure, Silicon
Carbide (6H-SiC) is used as a substrate instead of Silicon
(Si) [19].

DC characteristics and RF characteristics of Undoped
Nanomaterial oxide HEMT with HfO, are analyzed for
different material combinations that have been obtained
by using the ATLAS simulator, where the length of the
gate is 0.005um [20, 21]. The undoped HEMT device
dimensions are shown in Table 1 and Gate length (5nm)
is a very important parameter. The High-k dielectric, 5
nm regime gate HEMT used various materials and
methods for simulation of the device as shown in Tables
2 and 3.

HfO, has a high dielectric constant (typically around
20-25), than traditional gate dielectrics like silicon
dioxide (SiO2). This property enables the formation of a
thicker dielectric layer, facilitating better gate control
over the channel and reducing gate leakage current. The
high-k dielectric nature of HfO; allows for a higher gate
capacitance per unit area compared to low-k dielectrics.
This increased gate capacitance enhances the control of
charges in the channel region, resulting in enhanced
device performance, reduced threshold voltage variation,
and lower leakage current. Mitigation of Short-Channel
Effects: Incorporating HfO; as a high-k dielectric beneath
the gate helps alleviate short-channel effects in HEMTs.
These effects, such as threshold voltage roll-off and
drain-induced barrier lowering (DIBL), can detrimentally
impact device performance. The high-k dielectric layer
helps mitigate these effects and improves the scalability
of HEMT devices.

The high-k dielectric Hafnium Dioxide (HfOy)
material insertion in the HEMT model presents several
advantages over previous works, making it highly
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suitable for real-time applications. HfO, material
insertion in the proposed HEMT model delivers

improved device performance across key metrics such as
higher transconductance, lower gate leakage current, and
enhanced linearity. These enhancements translate into
superior signal amplification, increased operational
efficiency, and overall improved device functionality.
Mitigation of Short-channel effects, including threshold
voltage roll-off and drain-induced barrier lowering,
present challenges in HEMTs.HfO, material insertion
effectively addresses these issues by reducing channel
length dependence and improving device behavior at
smaller dimensions. HfO, material offers improved gate
control and reduced gate leakage current, resulting in
lower power consumption compared to previous works.

By integrating Hafnium Dioxide (HfO) into the gate
structure of AlGaN HEMTS, a notable improvement in
breakdown voltage can be achieved compared to
previous dielectric materials. HfO, exhibits exceptional
thermal stability, making it a highly reliable choice for
the gate structure of AlIGaN HEMTs with reduced gate
length. The compatibility of HfO, with standard
semiconductor fabrication processes allows for seamless
integration into existing manufacturing techniques. This
compatibility greatly simplifies the production and
scalability of AlGaN/GaN HEMTs with HfO, gate
structures, making it more practical for large-scale

TABLE 1. Utilized Device performance Parameters

Parameter used for device Value

Device Length 0.032pum
Length of the Gate 0.005um
Source to Gate space 0.015um
Gate to drain Space 0.015um
Length of undoped region 0.008um
Length of Source 0.004um
Length of Drain 0.004um

Doping of Channel(Dc) 1x10% cm®

Work function =4.87eV

TABLE 2. Utilized Methods for simulation of Proposed
structure

Method Model

Description

Used as solution method in subsequent solve
Gummel

statement.
Newton trap Newton solver for SHJ models and SIS models
maxtral Specified by the parameter of the method
P statement and trap is enabled.
Specifies the name of the output file where the
Gummel structure information will be stored after every

iteration
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deployment. It brings enhancements in breakdown
voltage, improved thermal stability for high-temperature
applications, and compatibility with existing fabrication
processes.

The proposed model introduces a novel approach to
transistor design by combining several unique features,
High Electron Mobility Transistors (HEMTs) with a
reduced gate length, a Silicon Carbide (SiC) substrate,
and Hafnium Oxide (HfO) materials beneath the gate.
HEMT model incorporates a shorter gate length
compared to conventional designs. This reduction
enhances device performance by improving current flow
control, enabling faster switching speeds, and
minimizing signal distortions. In contrast to traditional
HEMTSs that use standard semiconductor substrates, our
model utilizes a Silicon Carbide (SiC) substrate. SiC
includes high thermal conductivity, excellent mechanical
strength, and a wide bandgap. These properties enable
higher breakdown voltage and lower on-state resistance.
An essential aspect of our model is the integration of
Hafnium Oxide (HfO) as a material beneath the gate.
HfO, is a high-k dielectric material that improves gate
control, reduces leakage current, and enhances
electrostatics. By incorporating HfO; beneath the gate,
our model achieves superior device performance,
increased reliability, and reduced power consumption

3. RESULTS AND DISCUSSIONS

If the gate voltage (V¢) is less than the Vt i.e threshold
voltage, then the device is OFF state, then minority
charge carriers are flows from the source [22], obviously
subthreshold current. The Gate voltage (Vg4) more than
the threshold voltage (V+) is known as ON Current. The
drain current (Id) Vs Drain voltage (V) for different
material combinations used as shown in Figure 5 [23].

The undoped region with 5nm regime gate high-k
dielectric material being hafnium oxide (HfO2) Nanowire
HEMT drains current as shown in Figure 6, where gate
length is kept 5 nm and observed that leakage current
(loff) is the same [24]. The higher ON current resulted
for AlGaN/GaN/SiC than other material combinations
[25].

The drain conductance(gad) Vs various drain voltages
is shown in Figure 7. The AlGaN/GaN/SiC drain

TABLE 3. Utilized Models for simulation of Proposed
structure

Material Model Description

conmob Concentration Dependent

srh Uses fixed minority carrier lifetimes
Auger Used as high current densities
fldmob Parallel Electric Field Dependence

conductance is improved compared to other material
combinations [26, 27].

Drain Conductance(Gy) = (‘;I/ds Q)
ds

The high Transconductance is required for the proper
gain of the amplifier, and it is set with different gate [28]
voltages (\Vgs) as shown in Figure 8.

8lgs

Vs )

The simulated on-resistance (Ron) Vs drain voltage
(V4) as shown in Figure 9. As drain conductance

Transconductance(G,,) =
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increases the corresponding on-resistance decreases for
various materials [29]. The electric field distribution of
the proposed undoped HEMT structure under the 5 nm
regime gate with HfO, is shown in Figure 10. The
undoped HEMT electric field concentration improved
compared to conventional devices [30].

The performance parameters of the proposed HEMT
as shown in Table 4. From the obtained results it is
observed that AIGaN/GaN/SiC Nanowire HEMT
possesses good performance compared with two material
HEMT structures.

T 300000
—=— AlGaN/GaN

g 250000 —— InGaAs/InP
s —a— AlGaAs/GaAs
-2 200000 4
©
=
2
§ 150000 -
©
k=]
& 100000 -
o
=
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¢} r T

0.00 0.05 0.10 0.15

depth along Yaxis(um)

Figure 10. Electric Field Along Y-axis for different hetro
combination materials

TABLE 4. Performance metrics for proposed structure

Parameter AIGaSI\il(/:GaN/ é;ﬁ;’gf(/: InGaAs/InP/SiC
lon(A) 5.92E-04 1.70E-04 2.21E-05
10ff(A) 1.39E-13 2.90E-17 9.27E-12
lon/loff 4.20E+09 5.80E+12 2.30E+06
Gd(S) 6.43E-04 4.53E-04 4.03E-04
Ron(ohms) 1.56E+02 2.20E+02 2.48E+02
Vth(V) 0.2 0.35 05
Gm(S) 8.07E-04 6.46E-04 4.38E-04

SiC is a wide-bandgap semiconductor known for its
excellent thermal conductivity, high breakdown electric
field strength, and ability to operate at high temperatures.

The state of the art in SiC-based HEMTs with
AlGaN/GaN as the channel material showcases several
notable features. Firstly, these devices offer impressive
power density, enabling them to handle high voltages and
currents with minimal power losses. Secondly, their
high-frequency operation is excellent, making them
suitable for microwave and millimeter-wave frequencies.

SiC  substrates provide exceptional thermal
conductivity and material properties, allowing HEMTS to
operate reliably at high temperatures. Additionally, GaN-
on-SiC technology has surpassed GaN-on-silicon (GaN-
on-Si) due to SiC's superior thermal management,
reduced parasitic effects, and higher breakdown voltage
capabilities.

AlGaN/GaN HEMTs can accommodate higher
voltages and currents, enabling greater power density.
GaN possesses a broader bandgap than InGaAs and
AlGaAs, leading to improve operation at high
temperatures and enhanced breakdown voltage
characteristics. AlIGaN/GaN HEMTSs exhibit remarkable
high-frequency characteristics due to the superior
electron mobility of the 2D electron gas (2DEG) formed
at the AIGaN/GaN interface. GaN demonstrates superior
thermal conductivity in comparison to InGaAs and
AlGaAs, facilitating efficient dissipation of heat. This
attribute is particularly valuable in high-power
applications. AlGaN/GaN HEMTs exhibit lower
parasitic effects, such as reduced gate leakage and drain-
source capacitance.

Recent advancements in GaN technology have
contributed to a reduction in manufacturing costs
associated with AlGaN/GaN HEMTs.

4. CONCLUSION
The paper presents a design and simulation-based 10nm

gate regime advanced High Electron Mobility Transistor
(HEMT) with an undoped region under the gate using the
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Silvaco TCAD simulator. The undoped region of the new
HEMT structure made of high k material as hafnium
oxide (HfO2) material with AlGaN as channel, and
silicon carbide (SiC) as the substrate. The GaN material-
based advanced HEMT with high k material being
hafnium oxide (HfO2) under the metal gate obtained High
Current (lon), increased lon/loff ratio, high trans
conductance, high drain conductance, and low ON
resistance, respectively. Therefore, the proposed HEMT
device with a high-k dielectric material, Hafnium oxide
(HfO.) under the gate has preferred as the best material
for high power and high-frequency applications.
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ABSTRACT

Structure health monitoring is still a challenging issue despite continuous research efforts since a long
time. Modeshape changes are a remarkable symptom of the damaged element location in structural
system identification. In this paper, various mode shape based prediction techniques are applied to a
common structural model. A cantilever beam model is formulated using the distributed mass and
stiffness matrix based finite element modelling. Multiple damages are introduced in the above cantilever
beam even with two, three and four member damage combinations. The results does not provide a
concrete solution on the damage element location prediction. Further, in the computational part, the
distributed computing technique using element-to-element matrix multiplications is applied. The Roving
technique is also applied, which acts as a counter for self-automation. The proposed approach provides
a better damage element location prediction even for the multiple damaged member combinations. The
roving technique means an element scanning technique, which works with a computer clock speed. The
novelty of the approach is that the method is simple and it could be applied to other structures. While
scanning as automation no element is left out. Another beauty of the method is that no prior damage
elements are assumed as many statistical based approaches assumed in prior. This approach could be a
better way to the automation process, for the system identification and machine learning tools.

doi: 10.5829/ije.2023.36.09c.10

NOMENCLATURE

m Number of modes considered Greek Symbols

h Length of the element (mm) ¢ Modal amplitude of the structural system

M Distributed mass matrix (N) ¢ Modified normalized modal amplitude of the structural system
c Damping coefficient matrix A Square of the frequency (Hz)

K Stiffness matrix (N/mm) ud_¢ Modal amplitude of the undamage structural system

t Time period (s)

u(t)  Structural response matrix in terms of displacement (mm)

u(t)  Structural response matrix in terms of velocity (mm/s) d
ii(t)  Structural response matrix in terms of acceleration (mm/s?)

Modified normalized modal amplitude of the damage
structural system

Subscripts

Damage case

i Natural number to denote mode number
j Natural number to denote node number
u

Undamage case

dam_qs

1. INTRODUCTION

Various methods have been proposed based on the mode
shape response and its derivatives, such as the modal

Mode shapes data are the significant field response data
for any vibration based structural system identification
[1]. These data are widely used for damage identification,
damage location prediction, assessment of its severity,
and the estimation of the future life of the structure [2].

*Corresponding Author Institutional Email:
bpatel.phd2018.ce@nitrr.ac.in (B. Patel)

assurance criterion (MAC), cumulative damage factor
method (CDF), mode shape based damage index method
(MSDI), coordinate modal assurance criterion
(COMAC), mode shape difference method (MSD),
machine learning-based approaches, mode shape
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curvature method (MSC), and many more [3-15]. In
addition, various other techniques are employed which
are not modal parameter based, such as the wave
propagation based approach, neural networking, machine
learning and frequency response function (FRF) method
[16-18]. The aforementioned techniques are limited to
predicting and locating the damage. The mode shape
based prediction techniques; MAC method and COMAC
method are useful for finding the presence of damage [19-
21]. The MSD method predicts the damage location and
was noticed that, for the higher modes, the difference in
modal curvature exhibits several peaks, which could
result in a false indication of damage [22]. The mode
shape curvature demonstrated that a useful indication of
the location of the damage is the variation in the
curvature mode between an undamaged and damaged
structure [22]. Studies based on bridge assessment have
been performed by Jayasundara et al. [23]. The CDF
method [9, 24] and the MSDI [25] could identify 2, 3, and 4
number of damaged member combinations, the possibility
of a false signal exists in cases of extremely small damage.
Additionally, if the damage number is larger, there is a risk
of a false alert. The reason behind the multiple member
damage element location false output is that most of the
algorithm has taken normal/regular matrix multiplications
that lead the elements of the matrices to mix when
computing the eigenvalue and eigenvector. For small
damage, the element could be in order to catch the fine
damage. The structural member is discretised to the different
number of small finite elements. With an increase in the
number of elements, during the formulation, the number of
equations also increases hence its prediction will be more
complex. For such a case, more research is necessary and it
is covered in section 3.3. Machine learning-based
approaches, such as neural networks and support vector
machines, can also be used for mode shape extraction
[26].

Currently, there is no reported literature on mode
shape based system identification for multiple damage
combinations using Distribute Computation Technique
(DCT) and Roving Technique (RT). Hence, the primary
goal of this research is to propose a new algorithm DCT
and RT, and use it for an improvement in the current
algorithm. In this paper, the damage caused by both
changes in mass and stiffness as well as only the stiffness
change, are considered. Another goal is to provide a
common approach to improve the computational part of
the existing techniques for mode shape based system
identifications. Further, for the single damage case, many
research works have been published. In order to identify
the structural system with multiple damages, the RT
means a scanning location technique which will work
with a computer clock speed. The novelty of this paper is
that the method is simple and automated and it provides
a common algorithm for any mode shape based structural
system identification. The method leads to a better way

on automation process for system identification and for
future machine learning techniques.

2. THEORETICAL DEVELOPMENT

2. 1. Damage Assessment Methods The damage
assessment methods based on the modal amplitude
response, are mentioned in this section. Although there
are many other methods by various researchers, in this
paper the authors have compared the developed method
on these indexes hence only the following methods are
discussed.

2. 1. 1. Modal Assurance Criterion (MAC) This
technique makes use of the baseline data, i.e., the mode
shape response of the structure in the initial stage and of
the damage condition. This method provides a single
response for the whole system. The MAC is given by
Equation (1) [19-21].

> loTodl’

e TS |pdgdl
Zi=1|¢l¢l |Zi:1|¢l ¢l |

MAC = 1)

2. 1. 2. Coordinate MAC (COMAC) Method This
method also makes use of the baseline data, i.e., the mode
shape response of the structure in the initial stage and of
the damage condition. This method provides response at
the individual nodes. The COMAC is given by Equation
(2) [21].
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2. 1. 3. Mode Shape Difference (MSD) Method
This method also makes use of the baseline data, i.e., the
mode shape response of the structure in the initial stage
and of the damage condition. The absolute modal value
of intact and damaged cases for the particular element
will be used to determine the MSD value. The MSD is
given by Equation (3) [22].

MSD= ) |t~y @

COMAC = (2

2. 1. 4. Mode Shape Curvature (MSC) Method
This method also makes use of the baseline data, i.e., the
curvature of the mode shape of the structure in the initial
stage and of the damage condition. The curvature of the
mode shape is determined, by taking the second
derivative of the mode shape. The damage could be
located more precisely by this method. MSC for the
structural system is given by Equation (4) [22, 23].
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2. 1. 5. Cumulative Damage Factor (CDF) Method
This method also makes use of the baseline data, i.e., the
curvature of the mode shape response of the structure in
the initial stage and of the damage condition. CDF is the
damage indicator whose value depends on the MSC. For
any particular node of the structure, say the j™" node, this
damage indicator value is given by Equation (5) [24, 25].

m
_ 1 d
CDF; = — E _ (Mscfl = Msc) (5)

2.1. 6. Mode Shape Damage Index Method (MSDI)
This method also makes use of the baseline data, i.e., the
the derivative from the mode shape response of the
structure in the initial stage and of the damage condition.
This method is based on the comparison of the
normalized modal amplitude of damage and the
undamaged state of the structural system. The MSDI for
a particular node is given by Equation (6) [26].
PS¢t

= — L 6
MSDI = == (6)

The above indices based methods are applied on a
common cantilever beam model for the damage element
location detection which is explained in section 3.2.

2. 2. Distributed Computing Technique (DCT) A
DCT is a method to perform computations over
numerous matrices for superior results and fault
tolerance. This method is based on the application of the
vectorize operation for matrix multiplication [27] to
modify the computational part, of the system represented
by the matrix form. While performing the
regular/common matrix multiplication of any two
matrices, let's say K and Q, as demonstrated below:

a11 a2
K= 7
L dz1 dAzz )
2x2
by; by
Q= (8)
L by; byy

2x2

On regular/common matrix multiplication, the product
will come out as:

R=KxQ )

(a11-b11) + (@12-b21) (@11-bya) + (ag2.byz)

R= 10)

(az1-b11) + (a22-b21) (az1.by2) + (azz.-byz)

Equation (10) illustrates that the matrix output at R(1,1)
location represents the mix behaviour K(1,1).Q(1,1) +
K(1,2).Q(2,1). Hence, element property is mixed
completely in regular/common multiplication. On the

other hand, when doing vectorize operation for matrix
multiplication, the product will come out as:

a;; *byy  ap *byy
S= KxQ= (11)
az1 *bz1  azg xby
Here, * represents the
multiplication.

By observing the S matrix properties from Equation
(11), it can be easily observed that the element property
doesn’t get mixed, hence the individual element property
is not lost. Say, for example if K is a stiffness and Q is
the response and if they are connected by a relationship
like K.Q = F and if F is a unit matrix. It will not mix the
other locations elements property, rather it will be one to
one means for the same element location. The benefit is
that damage could be located, as the position of the
individual element is not lost. For the division of matrix
again the same element to element operation are
considered in the computation process.

term-by-term  matrix

2. 3. Roving Technique (RT) The RT is, scanning
each element one by one for the computation process.
This technique is using an automatic counter which is
starting from one to the number of elements (e) just like
a for-end loop. For example for element_number i=1to e

fori=1:e
The algorithm
end

3. METHODOLOGY

3. 1. Finite Element Modelling A cantilever
beam was employed as the beam specimen for the study.
The beam considered is 200 mm long, its width is 9 mm
and its depth is 50 mm. The Young’s modulus (E) for the

specimen material is 69.1 N/mm?, Poisson’s ratio is
0.334 and the density of the specimen material is 2668.32
X 101 N/mmé,

The finite element method is used for further analysis.
The beam is discretized to 10 elements and the finite
element model is shown in Figure 1(a). The two noded
beam elements are used for discretization as shown in
Figure 1(b). The nodal unknown will be vertical
deflection (ul at node 1 and u3 at node 2) and rotation
about the z-axis (u2 at node 1 and u4 at node 2) at each
node. The degree of freedom then is 2 at each node.

For the study, a total of 20 damage cases are taken into
account. For this, four locations were selected at random at
adistance of 40 mm, 100 mm, 120 mm, and 160 mm. Figure
1(a) illustrates the specifics. These damage positions are
represented by D1, D2, D3, and D4, respectively. The width
of damage is considered insignificant, and its depth was
measured in terms of percentage reductions in depth as 20
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%, 30 %, 40 %, and 60 % reductions. The reduction in mass
to 40 % and 60 % has also been considered. Figure 1(c)
represents the damage considered. Three different damage
combination has been presented. Cases 1 to 12 represent the
2 members' damage at a time. Cases 13 to 17 represents the
damage scenario for 3 member damages at a time, and Cases
19 and 20 represents for 4 member damage at a time. All
these cases are taken as any random combination for the
demonstration purpose. Also, the damage in terms of depth
reduction only and combined mass and depth reduction is
considered. All of these cases are mentioned in Table 1.

1 D1 D2 D3 D4

ololelele[eloel®®] |
/@12345678910

/M 200

1l (a) 13
11 42 —)}Tp;‘
Ir—h L - I L Crack
; depth
L,‘ Crack width
(b) (c)

Figure 1. (a) Beam element (b) Vertical section of the crack
damage region (c) Finite element model of a cantilever beam
with damage positions

TABLE 1. The various damage cases for the cantilever beam

Imposed damages

Damage Location of
case damage Depth Mass
reduction (%) reduction (%)
Case 1 D1, D2 0.2 -
Case 2 D1, D3 0.2 -
Case 3 D1, D4 0.2 -
Case 4 D2, D3 0.2 -
Case 5 D2, D4 0.2 -
Case 6 D3, D4 0.2 -
Case 7 D1, D2 0.4 0.4
Case 8 D1, D3 0.4 0.4
Case 9 D1, D4 0.4 0.4
Case 10 D2, D3 0.4 0.4
Case 11 D2, D4 0.4 0.4
Case 12 D3, D4 04 04
Case 13 D1, D2, D3 0.3 -
Case 14 D1, D2, D4 0.3 -
Case 15 D1, D3, D4 0.3 -

Case 16 D1, D2, D3 0.4 0.4
Case 17 D1, D2, D4 0.4 0.4
Case 18 D1, D3, D4 0.4 0.4
Case19 D1, D2, D3, D4 0.2 -

Case 20 D1, D2, D3, D4 0.6 0.6

3. 2. Mode Shape based Prediction Techniques
Since the mode shape based methods taken into
consideration for the study are baseline based methods, it
is necessary to estimate the modal response for both the
initial condition and after damage. These responses are
determined using MATLAB programming. Additionally,
the damage detection and localization indicators for the
various methods has been determined using these
responses, for the damage case 20 i.e. four members
damages at a time considering damages in terms of both
the depth and mass reduction.

Initially, various mode shape based prediction
techniques mentioned in section 2.1, are applied to a
common structural model a cantilever beam, for the
different multiple damage combinations. It has been
observed from Table 2 that the results do not provide a
concrete solution for the identified damage element location
prediction. The MAC method and COMAC method are
useful for finding the presence of damage only. The methods
such as MSD, MSC, CDF and MSDI could identify 2, 3,
and 4 damages simultaneously. The possibility of a false
signal exists in cases of extremely small damage.
Additionally, if the damage number is larger, there is a risk
of a false alert. Table 2 makes it clear that the identified
damage location and the actual damage location are not
precisely the same. The reason behind this is as follows:

a) In the above the normal/regular matrix multiplication
rules are followed which leads the elements of the
matrices in which the element properties of different
elements get mixed while computing the eigenvalue
and eigenvector. As a result, it gives the mixing of
different properties of elements at the damage position
as per Equation (10).

TABLE 2. Mode shape based prediction techniques

Actual damage
location (mm)

Identified damage

S.No. Methods location (mm)

1 MAC 40, 100, 120, 160 -
2. COMAC 40, 100, 120, 160 -
3. MSD 40, 100, 120, 160 32, 105, 129, 152
4. MSC 40, 100, 120, 160 39, 101, 122, 161
5. CDF 40, 100, 120, 160 38,103, 121, 162
6. MSDI 40, 100, 120, 160 39, 101, 122, 161
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b) For the very small damage prediction, the number of
elements could be increased theoretically for
computation.

Therefore, more research is necessary, which has

been covered in Section 3.3.

3. 3. An Improvement using the Distribute
Computing and Roving Technique In the following
section, all the matrix operation follows the distributed
computing as per Equation (12). In structural dynamics,
for the linear structural system, the general form of the
equation of motion is given by Equation (12):

Mii(t) + Cu(t) + Ku(t) =0 (12)

Equations (13) represents the stiffness matrix for damage
localization as the difference between the stiffness matrix
of the undamaged structure and the damaged structure,
and Equation (14) represents the mass matrix for damage
localization as the difference between the mass matrix of
the undamaged structure and the damaged structure.

M = Mu - Md (14)

The global matrix of the system is used to determine the
element location for inverse problems. In a way similar
to the method by which the global stiffness matrix is
created, the global mass matrix is also created, using a
distributed type of mass matrix rather than a lumped
method. Further, the solution to the problem for Equation
(12) is reduced to the solution to Equation (15) for the
multiple degrees of freedom system.

(K=2gy M)p=0 (15)

For the cantilever beam, the lumped mass matrix is used
for global matrix formulation. The stiffness matrix for
damaged and undamaged elements is given below:

987000 9870000 -987000 9870000

9870000 131600000  -9870000 65800000
we 987000 -9870000 987000 -9870000

9870000 65800000 -9870000 131600000

where, i= element numbers 1, 2, 4, 5, 8 and 10 are for
undamaged elements

123375 1233750  -123375 1233750
ke = 1233750 16450000 -1233750 8225000
-123375 -1233750 123375 -1233750

1233750 8225000  -1233750 16450000

where, j=element numbers 3, 6, 7 and 9 are for the
damaged elements.

From the above element matrices, it has been
observed that, when a structure is damaged, the stiffness
value of the damaged element changes. Hence, after
assembling the stiffness matrix, the value of the

particular elementin the global stiffness matrices
changes; all other values remain unchanged. The regular
matrix multiplication leads the elements of the matrices
to mix when computing the eigenvalue and eigenvector.
As a result, the damaged element's position is lost. The
DCT mentioned in subsection 2.2 is applied for
calculating A ;) and ¢ to ensure that the position of the
specific element is not lost and the damage could be
located. The modal amplitude value ¢, is used for each

of the mode shape based prediction techniques addressed
in subsection 2.1.

The RT is done by scanning each element one by one.
Basically, the technique is using an automatic counter
which is starting from one to the number of elements (e)
just like a for-end loop. The RT for the MAC method is
given below:
fori=1:m

y1 = square(mode(ud_¢ ' (i) * (dam_¢ (i)

y3 = mode(dam_¢ (i) * (dame ' (i)

end
fori=1:n

y2 = mode(ud_¢ (i) * (dam_¢ ' (i)
end

MAC = y1/(y2 * y3)

The MATLAB code for the RT of MAC method is
given above. The Similar procedure has been followed
for all the mode shape based prediction techniques
addressed in subsection 2.1.

4.RESULTS

The system identification predictions based on mode
shape changes have been improved for better damage
location prediction. The algorithm applies DCT and RT.
It has been observed that the damage existence and
location predicted for the particular element could be
visualized in Figures 2 to 7. A total of 20 damage cases
are considered in this paper; the authors have shown the
developed method for Case 20 in the following section.

1.2

1
0.8
0.6
0.4
0.2

0

Modified MAC value

0o 1 2 3 4 5 6 7 8 9 10
Node along the length of beam

Figure 2. Plot for modified MAC value, for 4 elements
damage
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Tl

Modified COMAC

7 8 9 10
Node along the Iength of beam

Figure 3. Plot for modified COMAC value, for 4 elements
damage
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0.4
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Modified MSD Value
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Node along the length of beam

Figure 4. Plot for modified MSD value, for 4 elements
damage
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Figure 5. Plot for modified MSC value, for 4 elements
damage
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Figure 6. Plot for modified CDF value, for 4 elements
damage

Modified MSDI Value

0.7
0.6
0.5
0.4
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910

Node anng the Iength of beam

Figure 7. Plot for modified MSDI value, for 4 elements
damage

With a significant change in the numerical value, the
approach identifies a system with multiple damages, as
well as it is very clear from Table 3 also. The results
conclude that the modified method practice predicts
better damage element locations even for the multiple

damaged member combinations.

TABLE 3. Multiple damage location identification by modified
algorithms, for Damage Case 20

Multiple Damage location (For damage

S case 20)
' Method —
No. Actual damage Identified damage
location (mm) location (mm)
40 40
Modified MAC 100 100
1.
method 120 120
160 160
40 40
2. COMAC
method 120 120
160 160
40 40
Modified MSD 100 100
3.
method 120 120
160 160
40 40
Modified MSC 100 100
4,
method 120 120
160 160
40 40
5 Modified CDF 100 100
' method 120 120
160 160
40 40
6 Modified 100 100
' MSDI 120 120
160 160
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5. CONCLUSION

In this study, the mode shape change based system
identification predictions improvement is performed for
the better prediction of damage location using the mode
shape data. The improvement has been done, using the
DCT and the RT.

1.

When a structure is damaged, the value of the mass
and stiffness matrices of that particular element in
the global matrix changes at that location while all
the other elements' parameter remains unchanged. In
the case of normal/regular matrix multiplication, the
matrix properties at the element location
damaged/non-damaged elements get mixed during
the eigenvalue and eigenvector computation, as a
result, the damaged element's position is lost.
Hence, the DCT is performed while computing the
eigenvalue and eigenvector which is incorporated to
the existing algorithms. The benefit of doing so is
that damage could be located, as the position of the
individual element is not lost.

The implementation of DTC and RT is capable of
small damages cases also.

An improvement using the DCT and RT shows the
better for finding locations even for the multiple
members' damage combinations which are taken as
the random combination.

In the age of the forthcoming computer era, the RT

means a scanning location technique which will work
with a computer clock speed. Hence it will be a better
solution for the automation process, of the machine
learning technique. This paper will provide a landmark
submission for an unknown element
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ABSTRACT

The integration of Internet of Things (IoT) and cloud-based cathodic protection (CP) systems is an
innovative approach that can lead to improve pipeline protection from corrosion. Using a printed circuit
board (PCB) to measure and control current and voltage makes it possible to monitor PC systems in real
time. The web interface that is connected to the PCB circuit through 10T technology provides a platform
for instant evaluation of the data obtained, thereby enabling early detection of potential problems. One
of the key benefits of real-time monitoring is improved data management and security. The data obtained
can be stored on a cloud server, making it easier to access and analyze. This eliminates the need for
manual inspections, which can be time-consuming and error-prone. Additionally, real-time monitoring
can reduce downtime, as problems can be detected and resolved quickly, preventing the need for lengthy
manual inspections and maintenance. This innovative approach has tremendous potential for the future
of pipeline protection and corrosion control. The developed PCB circuit features a mobile UART that
provides program protection, and the interface can control multiple PCB cards and relays independently.
The monitoring system can be updated without interrupting data acquisition. The use of open-source
software, database hosting, and low-cost PCB development facilitates commercialization. This study
could inspire new applications in asset management and monitoring.

doi: 10.5829/ije.2023.36.09c.11

1. INTRODUCTION

Another challenge is the potential for property
damage to pipelines by external factors such as

Pipelines are critical infrastructure that plays a vital role
in the movement of energy and other essential products.
They are durable and can withstand a variety of
environmental  conditions, but require regular
maintenance and inspections to ensure their reliability
and safety [1]. Corrosion is a natural process that occurs
when metals react with the harsh environment, causing
material loss and structural changes in the metal [2].

Corrosion is one of the biggest challenges facing
pipelines because it weakens the pipeline material over
time. To prevent corrosion, pipeline operators use
coatings and protective materials, as well as CP systems
that use electrical currents to prevent corrosion [3].
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construction, natural disasters and human activities. To
mitigate this risk, pipeline operators use a variety of
measures, including the use of aerial and ground surveys,
regular monitoring of construction activities in the
vicinity of pipelines. In the oil industry, pipelines are
often subjected to harsh conditions, including exposure
to corrosive liquids and gases, high temperatures, and
pressures. These conditions can increase the risk of
corrosion and make it more challenging to protect the
pipeline from corrosion. CP is often regarded as the most
effective way of avoiding pipeline corrosion [1].
Corrosion properties of materials can significantly
affect the durability and reliability of oil and gas systems,
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which can result in additional costs for companies to
control corrosion [4].

Cloud computing and loT are often combined to
enhance modern technological applications. Cloud
computing offers internet-based access to computer
resources that are flexible, reliable, and decentralized,
while 10T is a system of internet-connected devices that
gather and send data. When these two technologies are
utilized together, it is known as Cloud-1oT [5]. In this
integration, the Cloud supplies the essential framework
for storing, handling, and organizing loT data, whereas
loT provides the devices and data.

Advanced communication and internet technologies,
such as 10T [6], Cloud [7], Artificial Intelligence (Al) [8],
and high-speed internet, are being utilized in various
fields such as the development of autonomous trains [9],
rail transportation [10], in construction [11], smart
energy [12] and smart grid [13], healthcare [14], smart
water [15], surveillance [16] and smart cities [17]. In
these applications, smart sensors are used to monitor,
identify possible problems, anticipate incidents, and
improve safety while using less energy.

This collection [18-23] includes articles on gas
detection, management of air or water quality using
sensors, and machine learning. These articles cover
equipment configuration, sensor use, decision support
systems, intelligent management of air/water quality and
a dashboard for the water distribution network and
provide real-time data.

The following papers, discussed in the literature,
explore various emerging techniques and technologies
for monitoring and control of CP systems in underground
pipelines. These include the implementation of wireless
sensors networks (WSN) [24], Cloud-based systems and
real-time data analysis. These approaches involve the
utilization of different processing units, PCBs,
communication networks, and protocols. The integration
of these solutions into databases and platforms.

Kodali and Soratkal [25] utilized message queuing
telemetry transport (MQTT) in a prototype designed for
remote monitoring and control using Wi-Fi. They
established connections between sensors and actuators
with ESP8266, leveraging a Cloud platform for data
analysis and visualization. The system also integrated a
customized graphical interface to improve user
interaction. Mononen and Mattila [26] have proposed an
affordable open-source supervisory control and data
acquisition  (SCADA) system that utilizes a
microprocessor to process data and transmit it to the
Cloud through the user datagram protocol (UDP) and an
ethernet frame. Medrano et al. [27] developed an
affordable SCADA system using loT technology. The
system connects field devices to remote terminal units
using the transmission control protocol (TCP), internet
protocol (IP) and is based on a NoSQL database. Kara et
al. [28] propose the design and construction of linear
wireless sensor networks (LWSN) for use in monitoring

CP in exceedingly difficult areas. Li and Wang [29]
developed a terminal device with an S3C2440A
microprocessor and various sensors for parameter
monitoring. It ensures secure remote data transmission
and storage in the Cloud using a 4G DTU communication
module and the TCP protocol.

A hybrid architecture was proposed by Singh et al.
[30] to monitor oil pipelines by combining 2.4 GHz-
based ZigBee, LoRa and Wi-Fi communications to
overcome the problems of using one of these two
architectures alone. Aba et al. [31] combined an Arduino
and a Wi-Fi module, programmed and used them to
produce a wireless communication device that
communicates with the ThingSpeak 10T analytics
platform. As mentioned by Puviarasi et al. [32], it is
possible to ensure appropriate pressure in the pipelines
through continuous monitoring via the ThingSpeak
Cloud network. In the event of abnormal sensor readings,
a GSM900A module connected to the Raspberry Pi sends
an alert SMS to the workers. According to Priyanka et al.
[33], the utilization of Wi-Fi loT modules enables
wireless interaction with Cloud servers through MQTT
protocol and hypertext transfer protocol (HTTP).
Additionally, the web Monitor platform facilitates real-
time data analysis and control, enhancing the
optimization of oil pipeline transportation management.
Chavala et al. [34] proposed an architecture to monitor
the management metrics of oil pipelines through the
utilization of 1oT and LoRa WAN network. They
performed simulations using the OPNET simulator to
assess the effectiveness of the suggested technology. Yas
and Al Qassab [35] developed a monitoring system using
an Arduino Mega microcontroller and the ESP-01
module, with real-time monitoring on the Blynk loT
platform.

Li et al. [36] have created a distributed mixed reality
and loT system for operating and maintaining an
underground pipeline network. Overall, these papers
highlight the potential of 10T technology in improving
the efficiency and reliability of CP systems for
underground pipelines, along with the requirement to
persist in exploring and advancing in this field. The
authors have proposed different frameworks and systems
for monitor and control CP in a diverse manner.

The use 4G DTU communication, Wi-Fi, ZigBee and
LoRa modules to communicate between devices. They
integrate TCP/IP, MQTT, HTTP, UDP, and Ethernet
frame to handle data processing and transmission to the
Cloud platform. Additionally, they investigate various
platforms such as the BLYNK IoT platform, the
ThingSpeak 10T analytics platform, and connectivity
options through the ThingSpeak Cloud network and
LoRa WAN network, among others to communicate
between devices and the Cloud networks. Furthermore,
the research explores the choice of database, considering
both MySQL, a relational database management system,
and NoSQL options.
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Our research introduces a cost-effective solution that
effectively addresses the limitations encountered in
commercial systems through the utilization of open-
source hardware and software technologies.

Several references have explored the use of PCB in
previous works [28-31, 33]. It is important to mention
that our contribution is unique in the following aspects,
which sets it apart from other works:

-In the design of our PCB, we have chosen a different
hardware configuration than what is commonly used.
Instead of combining an Arduino Nano V3
microcontroller and the Wi-Fi module (BOLT loT) [33],
we have opted to use a single component, the Wi-Fi
ESP_12E module, which offers integrated Wi-Fi
capabilities better suited for loT applications.

-To enhance the hardware security of program access,
we did not use the ESP8266-based NodeMCU
development board as stated by Kodali and Soratkal [25],
but rather an ESP_12E.

However, it should be noted that the ESP_12E does
not have a direct method for power supply and program
transfer. Additional circuits are required to provide a
voltage of 3.3 V to power our microcontroller. The
program transfer is done using a USB to UART TTL
serial adapter. Once the transfer is complete, the adapter
is disconnected and removed, ensuring a secure
connection.

-The processing power of the Arduino Nano
(ATmega328) is set at 16 MHz, which is suitable for
general tasks, whereas the ESP-12E (ESP8266) operates
at a higher frequency range of 80-160 MHz, thus
providing enhanced processing capacity.

-To ensure connectivity, we established a wireless
connection to the Cloud server using Wi-Fi.

-Furthermore, data is efficiently transmitted through
the utilization of the HTTP protocol. We opted to store
the database using MySQL. It is worth mentioning that
we did not utilize any 10T platforms such as BLYNK loT
[35] platform or ThingSpeak 10T [31] in our work.

The goal of the proposed PCB is to provide a more
affordable and reliable solution for monitoring and
managing pipelines using open source based loT
technology. Additionally, there were no costs incurred in
implementing the 10T technology and maintaining the
Cloud server. We have implemented the hardware and
software sections ourselves, from scratch; we made it
without using any prepared tools or software. There are
challenges related to security and connectivity due to the
limitations in coverage, the requirement to operate with
both 12V/5V DC voltages. To address the limitation of
having only one analog input on the ESP_12, there is a
need to develop multiple analog inputs capable of
acquiring both voltage and current analog values.

Several sections make up the paper's structure.
Section 2 discusses the strategies for protecting pipes
against corrosion. The limitations of traditional pipeline
monitoring methods are examined in section 3. hardware

and software solutions to monitoring and control are
detailed in section 4 along with a novel real-time
monitoring system that makes use of Cloud networks.
Section 5 presents the results of tests conducted to
evaluate the effectiveness of the monitoring and control
systems, as well as their respective methodologies.
Finally, section 6 provides a conclusion based on the
findings presented in the previous sections.

2. CATHODIC PROTECTION (CP)

CP is a technique that prevents metal corrosion by
making the metal surface the cathode in an
electrochemical cell. To do this, direct current is applied
to the metal and connected to a more easily corroded
metal (anode) that provides electrons. The flow of
electrons from the anode to the cathode neutralizes the
corrosion process and protects the metal. This method is
often used to protect metal structures in contact with
water, such as ships, pipelines, and offshore oil
platforms. The two CP methods that can be used are:
Sacrificial anode: involves using a metal with higher
susceptibility to corrosion as the anode, physically
connected to the metal to be protected.

Impressed current: involves an electrical current
impressed onto the metal and a separate anode supplying
electrons. and that’s what we are going to use in our
system.

3. THE LIMITS OF TRADITIONAL CP MONITORING

Traditional CP involves the need to regularly move
technicians to take potential readings along pipelines
using a multimeter. The measurements are recorded on
checklists and sent to an engineer for analysis, processing
and interpretation. However, this method can no longer
be considered effective as the actions and information
returned are not performed in real time, which does not
allow for constant and effective monitoring.
Consequently, it is necessary to upgrade this method of
monitoring CP. Figure 1 shows the classic supervision.
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Test point 1: 0.60mV
Test point 2: 0.65mV
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Supervisory
Technician ™
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& Engineer
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Figure 1. Classic supervision
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4. A PROPOSED REAL-TIME MONITORING
SOLUTION FOR CP

As a solution, an automatic monitoring system was
proposed that eliminates the technician actor and the
register as shown in Figure 2.

The system is made up of two major components:

The transmitter is installed at each measuring point
and functions as a voltmeter, sending the measured
values to the supervisory station in real time.

The receiver, which is installed at the supervisory
station, and can be software or a web application,
receives the data and performs a variety of operations
such as displaying potential values, plotting curves
against time, storing all values in a database [37], and
automatically notifying in the event of a danger. It will
be able to control the biocide injection pump remotely.

4. 1. The CP System With Cloud Networks
Topology  We have proposed the Cloud networks as
topology on this system according to the importance of
the factors and priority in realization (minimum cost,
reliability, short and easy to install, and accessible for
remote control).

Each model will be connected to an internet modem
through this topology, allowing each one to send its own
data to the Cloud and display it in an interface.

Securing Cloud data by controlling user access and
eligibility to restrict usage to authorized users only [38].
Figure 3 shows Topology through the Cloud.

Transformer-Rectifier Unit |
DC power supply
. —

Biocide injection

— Monitoring and control system
from anywhere

& Engineer
n Reference
DL
electrode Ground level

k () UAnode
—

Figure 2. Proposed solution for real-time supervision and
control of the CP
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Figure 3. Topology through the Cloud
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4. 2. Materials and Methods for Supervision This
section discusses a remote CP system that is capable of
measuring current and voltage potential. To improve CP
monitoring, we are developing a web page that displays
sensor readings in a graphical format that can be accessed
from anywhere in the world. The task is divided into two
sections; hardware and software. Figure 4 shows the
supervision process.

4. 2. 1. Hardware section In this part, we need the
different circuits and electronic components to realize
our PCB. The use of printed circuit boards in expensive
switchboards can significantly reduce the cost of CP
installations. Inexpensive and readily available sensors
can provide reliable monitoring data at low cost.

The six most important blocks that make up our PCB
are:

1.  Wi-Fi module (ESP_12E) for make the connection
between the web interface that transfers the
measured data.

2. The voltage regulation: Pre-regulation circuit
DC/DC 12/5V, the circuit (EUP3458VIR1)
regulates the output voltage to 5V, voltage regulator
3.3V (AMS1117-3.3).

By consulting the datasheets [39] of components
associated with pre-regulation and taking the desired
output voltage into account, one can obtain the specific
values of the electronic components utilized in the PCB.
3. Relay circuit (G6S-2-12V) to control the biocide

injection pump, requiring a 12V power supply.

4. UART /USB (FT232) to transfer data and programs
from the PC to the circuit.

5. Voltage divider with two resistors in series (the
voltage module was used with a range of 16.5 V,
R1=30k Q, R2=750Q).

6. OLED Display 0.96 (SSD1306) to display the
voltage and current values.

INTERNET

WI-FI “I'

+ Router (access point) +

MY DOMAIN

HTTP POST
nitps://pipimsi.000web
hostapp.com/index.php

Request every
30 seconds

@ script

Publish sensor readings \‘,\
to database Mysal

: |
“— script

Data visualization
from anywhere
Figure 4. The supervision process
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On the online, open-source Easy EDA platform, the
PCB layout and design are completed, with proper
component placement and high-quality wiring ensuring a
0% short-circuit rate. The result as PCB desigin is shown
in Figure 5.

We worked with JLCPCB to create five printed
circuit boards (PCBs), two of which were assembled with
modules and components. The total cost for
manufacturing and assembly was €116.99.

In practice, miniature PCBs with a Wi-Fi modem are
used to integrate them into a Transformer-Rectifier Unit
(TRU) to connect multiple remote measurement points.
The TRU ensures a continuous supply of 24V DC
between the anode and the pipeline weld for enhanced
cathodic protection.

The power supply of our PCB is provided by a pre-
regulator that delivers a voltage of 3.3V. Voltage and
current sensors are connected to the PCBs using voltage
dividers. The system is scalable, allowing for the
connection of unlimited measurement points. Voltage
data is securely transmitted via Wi-Fi to an 10T platform
and the Cloud, enabling real-time analysis and
adjustments to the rectifier as needed.

The loT technology enables communication between
the PCB and the web interface.

4.2, 2. Software Section  After finishing the design
of our PCB, we began writing scripts in a variety of
programming languages in order to get our system
running in real time. Among these scripts we find:

o C++script

We utilized the C++ programming language to
develop a measuring device that enables the
measurement of potential and transmission to the Cloud
loT through the HTTP POST communication protocol.

The analog-to-digital converter is used to convert the
input value analog to voltage value. We used two
resistors R1 and R2 are connected in series like a divider
tension.

V;, applied as input to the two resistors and the

output voltage V,,; is measured across R2.

Figure 5. PCB design

R2
= .V 1
out = By Ry Vin @
After numerical computation, we find:
R2
=02
R1+R2 @)
Means that :
Vin =5-Vout 3

Vgt - IS the potential measured by ESP_12E in pin A0,
then we can say that : V,; = A0

Vi, =3.3V : is the potential can be provided to power the
ESP_12E board.

Vin =5- A0 @)

In this caseV;, will be in bits but we need the equivalent

in volts, the ESP 8266 receives potential values in bits
from 0 to 1024 bits, therefore:

A0-5
Adc_volt = (A0-5) )
1024
»  Server

To ensure accessibility of the web interface from
anywhere with an internet connection, we have created
an account on a free server, "000webhost.com™ which
allows us to load our scripts (MySQL, PHP, HTML, and
CSS support), as well as having the possibility of
providing us with a local database.

» Database Creation
We have set up a MySQL database on our server, with a
storage capacity of 1 GB, meeting our specific needs.
To ensure the system's accuracy and reliability, the
measurement potential data (input) must be suitably
stored in a dedicated table called TBO within the Cloud
0T environment.

»  Creating an SQL table (TBO)
We can create a table in the database using this SQL
code.

«  Communication
We needed to establish a link between the PHP script and
the database. A connexion script is shown in Figure 6.

» Display on the database

/public_html/conexion.php

1 <2php

2

3 fuser = "our user id "}

4 = "our password ";

5 = "localhost";

[ our id db *;

7 fcon = mysgli_connect{%server, %user, %pass, %db);
3

RS

Figure 6. A connexion script
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We have created a PHP script to receive the data from the
PCB and send it to the TBO table.

*  Web Interface
After acquiring the data, we needed a script to convert
the data into graphs and tables.

For this, we used HTML, CSS, and a free API called
"Highchart" written in JavaScript. The cloud server's data
is shown on the web interface in JSON format for
organized transmission. The communication between the
cloud and the web interface is facilitated by employing
the respective APl key, which plays a vital role in
enabling seamless communication between the loT
device and the cloud, utilizing the HTTP protocol.

4. 3. Materials and Methods Control Part  After
measuring the current and voltage potentials, we need to
control the impressed current biocides injection pump
remotely in case of problems.

For this purpose, we have created another web
interface to control the measuring points. The control
process is shown in Figure 7.

» Database preparation
In the same server we have created our database,
username, password and SQL tables.

After the preparation of the database, we will create
files responsible for the creation of the control interface.
The following files:

- Entering and accessing the database.
- Managing HTTP requests.
- Displaying the control buttons.
- A CSSfile to customize the appearance of the web page.
+ Database insertion
PHP scripts are used for storing and retrieving output
states that are stored within a MySQL database. The store
and retrieve output states are shown in Figure 8.
* Handling HTTP requests
We will create a PHP script to receive incoming requests
and interact with the MySQL database. PHP script to
receive the requests is shown in Figure 9.

= Update database @
- H‘

Server with database

Control outputs
P that stores GPIOs states

from anywhere

[ HTTP GET
HTTP GET
‘ Internet ‘

: "
Board #1 hulni — Board #2

router (access point)

Figure 7. The control process

$sql = "INSERT INTO Outputs (name, board, gpio, state

VALUES ('™ . $name . "', " . $board . " "™ . $gpio . "', '" . $st

if ($conn-rquery($sql) === TRUE
return “"New output created successfully”
else
return “Error: " . $sql . "<br>" . $conn-»error

$conn->close

function deleteQutput($id
global $servername, $username, $password, $dbname

/{ Check connection
if ($conn->connect_error
die("Connection failed: "

$conn->connect_error

$sql = "DELETE FROM Outputs WHERE id="". $id

if ($conn-rquery($sql) === TRUE

Figure 8. Store and retrieve output states

£3php
include_once('esp-database.php');

- if {$_SERVER["REQUEST_METHOD"] == "POST")
faction = test_input(3_POST["action"1);

1

2

3

4 Saction = %id = Sname = fgpio = §state = "7}
5

6

7

Br if (Saction == "output_creste”

$name = test_input($_POST["name"]);
18 $board = test_input($_POST["board"]);
11 = test_input(%_POST["gpic"1);
12 = test_input($_POST["state"]);
13 ult = createQutput($name, fhoard, $gpio, Istate);
14
15 $result? = getBoard($board);
15~ if(!5result2-»feteh_assoc()) {
17 createBoard($hoard);
18 }
19 echo fresult;
208 }
21~ else {
22 zcho "No dsta posted with HTTP POST.";
23 1
24 '
25

Figure 9. PHP script to receive the requests

»  Creation of control buttons
This is the page that gives access to the control of the
measurement points. The control buttons are shown in
Figure 10. In the beginning, we will generate the output's
name, its board ID, and the corresponding connection
number.

5. TESTS AND RESULTS

To test the operation of our electronic board, we used the
humidity and temperature sensor DHT11.

5. 1. Supervision Part We have connected the
DHT11 to measure the temperature and humidity of the
environment. Our graph in Figure 11 is available in the
web site: https://pipimsi.000webhostapp.com/chart.php.
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Control of Measurement
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Boards
Create New Output
Name
The pump relay
Board ID
1
GPIO Number
14
Initial GPIO Siate
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Note: refresh the page to see your newly created buttons or to remove deleted
butions

Figure 10. Control buttons
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Figure 11. DHT11 monitoring

5. 2. Control Part A button has been created to
control the relay which is a switch for controlling the
injection pump. The relay control is shown in Figure 12.

The led on the relay lights up, which means that the
relay is working and that the temperature has dropped.
Figure 13 shows the relay correctly works by lighting the
Led.

The proposed electronic board is ready to be installed
in a classic cathodic protection station for corrosion
protection. To be able to perform all measurements and
control relays in real-time via 10T, the new system had to
be connected to the pipeline and have access to WiFi. All
this work allows us to design and evaluate our PCB.
Depending on the number of sensors and actuators
required, multiple cards can be connected.

Control of Measurement
points

You should first put your board settings

The pump relay - Board 1 - GPIO 14 (Delere)

«©

Boards

Board 1 - Last Request Time: 2023-04-26 00:57:43
Create New Output
Name
Board ID
GPIO Mumber

Initial GPIO State

0=0FF ~

Greate Output

Mote: refresh the page to see your newly created buttons or o remove deleted
butlons.

Figure 12. Relay control

Figure 13. The relay works correctly by lighting the Led

Further research in this field could consider the
integration of advanced optimization algorithms into the
proposed system to improve pipeline surveillance and
decision-making. For instance, potential algorithms
include machine learning [40], deep learning [41],
Bayesian network (BN) [42, 43], BN combined with
genetic algorithm (GA) [44], GA, Particle Swarm
Optimization (PSO) and Firefly Algorithm (FFA) meta-
heuristic optimization algorithms [45], multi-objective
optimisation techniques [46], and adaptive intelligent
systems [47].
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Advanced optimization algorithms, including hybrid
and metaheuristic heuristics, adaptive and self-adaptive
algorithms, as well as island algorithms, have been widely
employed to address complex decision-making issues.
These algorithms have demonstrated their effectiveness in
various domains such as online learning [48], planning [49],
multi-objective optimization [50], transportation [51, 52],
medicine [53], data classification [54], and other relevant
fields.

6. CONCLUSION

This paper has demonstrated the design and implementation
of a stand-alone CP system for pipeline monitoring. The
proposed system allows the acquisition of real-time data on
voltage potential and current, which is crucial to protect
pipelines from corrosion. The web interface provides real-
time visualization of the measured data in the form of
graphs, tables and also allows remote control of the relays
for managing the biocide injection pump. However, there
are improvements that can be made to this system such as
using more reliable communication protocols and adding a
memory card for data storage. Overall, this system has great
potential for CP of pipelines and can be adapted for other
similar applications.
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ABSTRACT

Catalytic pyrolysis of Ulva lactuca macroalgae was studied over Amberlyst-15 catalyst at temperature
400, 500, and 600 °C. The comparison between catalytic and non-catalytic pyrolysis in the conversion
of Ulva lactuca was determined. Intriguingly, it was found that Amberlyst-15 catalyst improved bio-oil
production efficiency. The highest bio-oil yield of 29.54 wt% was achieved at 600 °C with the presence
of an Amberlyst-15 catalyst. Furthermore, Amberlyst-15 catalyst could enhance gas production by over
73.88%. It could be attributed due to the catalytic pyrolysis could promote more small molecules that
are more volatile through a cracking process. Elemental and functional groups in pyrolytic bio-oils were
identified via GC-MS analysis. The acidity and structure of Amberlyst-15 catalyst significantly affected
the distribution of product components, especially the formation of aromatic hydrocarbons, with a
27.78% relative yield. The first-order kinetic model showed that the production of aromatic
hydrocarbons follows Arrhenius law.

doi: 10.5829/ije.2023.36.09c.12

1. INTRODUCTION
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Green fuels

Biomass is a readily available and cost-effective energy
source that may be used for various purposes, including

Due to its widespread availability and capacity to be
farmed on a massive scale, biomass has become an
attractive option for renewable energy use in recent years
[1, 2]. Rising oil prices and concerns about the impact of
human activity on the environment drive these trends.
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generating heat and electricity, manufacturing chemicals,
and providing fuel for transportation [3]. Therefore,
researchers are looking for different energy sources, such
as substituting biomass with lignocellulosic materials,
agricultural wastes, and aquatic environment waste. In
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recent years, macroalgae and aquatic macrophytes have
received a lot of attention since their production rate is
more significant than that of agricultural and forest
biomass [1, 4]. In addition, the limited data on the
pyrolysis of aquatic biomass [5, 6] demonstrated that
algal bio-oil is greater than lignocellulosic bio-oil in
several aspects.

The thermochemical and biochemical/biological
processing technologies are the two basic techniques by
which biomass obtained from various resources can be
converted into a form of energy that can be utilized. The
thermochemical process can undergo several stages,
including pyrolysis/gasification, liquefaction, and
combustion [7-9]. However, digestion and fermentation
are both viable options for biochemical conversion [10].
Thermochemical conversion of biomass via pyrolysis
provides an alternative route to fuel production [3, 11].
Pyrolysis is the thermally decomposition of organic
compounds into several phases of an energy-rich product
in an atmosphere free of oxygen. The pyrolysis process
generates several different final products, including
liquids (bio-oil) and solids (bio-char), and gases (syngas)
[12]. In this context, the term "bio-oil" refers to the liquid
byproduct of pyrolysis. It is a complex mixture of
hydrocarbons and water. There is potential for this oil to
be used as a chemical feedstock and an alternative to
transportation fuel [13, 14]. However, from several
pyrolysis studies for bio-oil production, such as purun
tikus [15], empty fruit bunch (EFB) [16], and Crofton
weed [17], the characteristics of bio-oils obtained contain
high acetic acids, which directly cannot be used.
Therefore, there is an urgent need to improve the quality
of bio-oil obtained from pyrolysis.

To address this issue and improve the quality of bio-
oil, in-situ catalytic pyrolysis is the term employed to
describe improving the quality of the bio-oil product
directly within the reactor. This process involves the use
of catalysts and a biomass mixer. Several researchers
investigated catalytic pyrolysis using zeolite, and they
noticed that the bio-oil produced undergoes
deoxygenation and produces aromatic hydrocarbons and
nitrogen-containing molecules [18, 19]. Thangalazhy-
Gopakumar et al. [20] examined the catalytic pyrolysis of
Chlorella vulgaris biomass with HZSM-5 and found that
the aromatic hydrocarbon increased from 0.9% to 25.8%.
Hematkhah et al. [21] investigated the direct pyrolysis of
the microalgae Spirulina sp. with the zeolite-based
catalysts at 425-625 °C. The introduction of the catalyst
increased both the high heat value and the bio-oil energy
yield. Thus, the use of zeolite-based catalysts during co-
pyrolysis may be a new route for high-value-added
compound production. It also increases the aromatic oil
by causing deoxygenation, decarboxylation, and
dehydration [22].

Anand et al., [23] used several catalysts (ZYH,
ZYNa, MgO, ZrO,, and TiO,) to catalytically pyrolyze

Shizochytrium limacinum biomass at 350—800 °C. At 400
°C, ZYH®60, TiO,, and ZYH30 catalysts enhanced
nitrogen-containing compounds by 12.22, 12.75, and
19.32 area%. They saw that the catalyst enhanced the
amide dehydration process, producing nitriles. Wang et
al. [24] observed similar results while studying
Enteromorpha growth. Bio-oil had 13.77-36.2%
nitrogen compounds. Mg-Ce/ZSM-5 catalysts produced
the most nitrogen-containing compounds, while ZSM-5
catalysts produced less. Catalytic pyrolysis of Chlorella
vulgaris was studied by Zainan et al. [25] using a range
of Ni-supported zeolites catalyst concentrations. More
hydrocarbons and fewer oxygenated and acidic
compounds were generated during catalytic pyrolysis
than non-catalytic pyrolysis. Catalyst processing did not
alter bio-oil yield. However, it had an impact on the
composition. According to Uslamin et al. [26], loading
Ga onto ZSM-5 changes the acidic characteristics by
adding Lewis acid sites and replacing Bronsted acid sites,
enhancing aromatic compound selectivity. Therefore,
proper acid sites are crucial in developing catalysts since
they affect the system's selectivity and coke generation
[27].

Previous studies give insights that acid catalyst could
enhance the hydrocarbon and suppress the oxygenated
compounds. However, bio-oil production from U.
lactuca with the presence of Amberlyst-15 has not been
studied well. Therefore, this study aims to investigate the
effect of temperature and catalyst on product distribution
and kinetic model in detail. The novelty of this finding
highlights the use of Amberlyst-15 catalyst to enhance
the high aromatic yields that can improve bio-oil quality.
A systematic analysis of bio-oil and bio-char products
was also evaluated to determine their physicochemical
properties.

2. MATERIALS AND METHODS

2. 1. Preparation of Raw Materials Ulva lactuca
feedstock was collected from Ekas Beach (Lombok
Island, West of Nusa Tenggara, Indonesia). Deionized
water and ordinary tap water were used to remove sand
and other contaminants from the sample. After washing,
samples were dried overnight at 105 °C in an oven. The
macroalgae were dried, then pulverized into a powder,
and sieved at 0.25 mm. Amberlyst-15 catalysts were
purchased from Merck KGaA (Darmstadt, Germany)
with a particle size of 0.355-1.18 mm, a concentration of
H, ion concentration of 4.7 meq./g dry, surface area 50
m2/g, porosity 0.36 ml pore/mL bead, pore diameter 240
A°.

2. 2. Reaction procedure A 20 g of feedstock was
fed into the reactor (350 mm height, 38 mm inner
diameter). The experimental set up is shown in Figure 1.
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Figure 1. Experimental apparatus

Before each experiment, 2 wt% of the catalyst was
suspended from the reactor's top in a quartz hopper. After
evaluating the device for gas tightness, 30 mL/min of
continuous N, was utilized to remove excess air.
Subsequently, the reactor's temperature was increased
from its initial setting of 25°C to the desired temperatures
of 400, 500, and 600°C. Prior studies support this
condition. After heating to appropriate temperatures, the
reactor was maintained for 1 h. A thermocouple
measured the reactor's temperature. The measuring
cylinder contained condensable volatiles. The
atmosphere was purged of non-condensable gas. By
using ether solvent, the organic and aqueous fractions
were separated. The reactor was cooled after each
analysis. Every preliminary step had to be repeated to
determine the quantity of bio-oil produced and get
the correct data. The amount of biochar produced was
determined by comparing the initial and final masses of
the quartz reactor. The percentage of gas produced (in
terms of weight) was calculated as the mass difference
between the bio-oil and bio-char yields. The following
formulas are used to determine product yield [8].

(W,)—(W1)
Weight of feedstock x 100 (1)

Bio-oil yield (wt%) =
Bio-char yield (wt%) =
UARUA 100 @

Intial mass of feedstock (g)

Gas yield (Wt%) = 100% — (bio —

oil yield (wt%) + bio — char yield (Wt%)) ®)

where wi is empty measuring cylinder weight, w; is
measuring cylinder weight with bio-oil, ws is empty
reactor weight, and wj is reactor weight after reaction.

2. 3. Feedstock and Products Analysis for the
study on thermal degradation, a Shimadzu DTG-60 was
used for thermogravimetric analysis (TGA). For this
study, 5-7 mg of biomass was heated from 25 - 900 °C at
a rate of 10 °C per minute in an N, atmosphere. FT-IR
was performed using a NEXUS670, and the sample

powder was immersed in KBr before analysis. The
spectral band that was utilized was 4000 to 400 cm™.
Scans have been captured at a resolution of 4 cm™. A new
baseline was established for the original data, and the
adjusted data was then normalized. Bio-oil was
investigated using gas chromatography and mass
spectrometry (GC/MS-QP2010 SE-Shimadzu, Japan)
with an Rtx®-5MS capillary column. Before introducing
the bio-oil to the GC/MS, it was diluted with
dichloromethane in a 1:4 volume ratio (v/v). The oven
was heated to 40 °C for one minute. After that, the
temperature was raised to 10°C per minute for several
minutes untill it reached to 150 ° C. The temperature rose
at a rate of 10 °C per minute until it reached 300°C, where
it remained stable for 30 minutes. Lastly, the device was
kept at a temperature of 250 °C. The GC/MS was filled
with up to 1 L of the bio-oil that had been dissolved. The
compounds that comprise bio-oil have been identified
using the mass spectra in the NIST2008 c2.0/Xcalibur
data set. The ultimate analysis was performed with the
assistance of a CHNS/O analyzer, and the findings were
previously reported [8].

3. RESULTS AND DISCUSSION

3. 1. TGA Analysis of the Feedstock and Catalyst
Initially, the thermal degradation properties of the
original feedstock and Amberlyst-15 were investigated to
identify the structural stability and produced types, which
is essential for a reasonable elucidation of Amberlyst-
15's practical function during the pyrolysis process. The
TG and DTG curves of the raw material are displayed in
Figure 2(a).

There are three primary steps in the pyrolysis of raw
materials. Internal moisture was driven out in the first
phase (between 100 and 260 °C), and low molecular
weight components were volatilized as indicated by Chen
et al. [28] and Dewangan et al. [29]. It was formerly
argued that temperatures from 268 to 498 °C were
essential for the decarboxylation, depolymerization, and
cleavage of carbohydrates, lipids, and proteins during
stage 2 of the reaction [30]. This trend was also in line
with previous research reported by White et al. [31 and
D’Almeida et al. [32], who mentioned that the
temperature range of 300-500 °C was responsible for the
decomposition process of lipids and proteins. The third
stage of biochar pyrolysis occurred at temperatures
between 415 and 657 °C, and it was characterized by a
steady, soft weight loss [33]. The TG and DTG curves of
the Amberyst-15 catalyst are illustrated in Figure 2(b).

The temperature profile at which catalyst degradation
began could potentially be calculated with the use of this
interpretation. The heating process typically consists of
three distinct phases of degradation. The process started
at room temperature and increased to 110 °C when water
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Figure 2. (a) The TG and DTG curves of raw material, (b)
The TG and DTG curves of the catalyst

was evaporated. The subsequent stage, between 280 and
480 °C, had the most significant weight loss, and the third
stage, between 500 and 700 °C, showed the least weight
loss.

3. 2. Product Yield Distribution

3. 2. 1. Effect of Temperature The effects of
temperature (400, 500, and 600 °C) on the pyrolysis of
macroalgae (Ulva lactuca) were investigated in the
presence of nitrogen for 60 min. Figure 3 illustrates the
observed percentage of product yield that was achieved.

100
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20 -m-Bio-oil
- Gas
S
= 70
3
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=
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g 50
o
T 40
%
s 30
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20 __—
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Figure 3. Effect of pyrolysis temperature on products yield
distribution

At a pyrolysis temperature of 400°C, the bio-oil
produced was 14.32 wt%. Increasing the reaction
temperature from 400 to 500 °C increased bio-oil
production. However, it dropped during the reaction from
500 °C to 600 °C. The highest bio-oil production (24.05
wt%) was achieved at 500 °C. However, as the
temperature was increased to 600 °C, the bio-oil
production dropped to 23.87 %. Therefore, 500 °C was
optimal for the pyrolysis of Ulva lactuca algae, resulting
in the complete breakdown of all algae links and a high
liquid yield. Several research teams noticed an increase
in char production after observing a rise in the re-
polymerization of the decomposition intermediates [3,
34, 35]. At temperatures above 400°C, some short-chain
liquid products are converted into non-condensable
gases, increasing the yield of gases. These results follow
the former research of Yorgun et al. [36], who reported
that higher temperatures, longer reaction times, and
lower heating rates lead to greater yields of gaseous
products. Furthermore, biochar yield decreased with
increasing temperature, possibly due to a secondary
reaction occurring at elevated temperatures [37].

3. 2. 2. Effect of Catalyst Addition Catalysts
(Amberlyts-15) can be used to significantly modify the
product yield from the pyrolysis of algal biomass. The
yield production comparison of catalytic and non-
catalytic pyrolysis yields is shown in Figure 4.

It was found that employing the Amberlyst-15
catalyst throughout the pyrolysis increased the amount of
bio-oil produced, which reached 24.9 wt% to 29.54 wt%.
In terms of gaseous production, Amberlyst-15 produced
21.57 wt% of gas. This percentage continued to increase
as the reaction temperature increased to 600 °C, because
greater temperatures caused algae to break down quickly
[38]. In contrast, the biochar yield was decreased by
employing the Amberlyst-15 catalyst. A similar situation
was found in the experimental results of catalytic
pyrolysis by Tan et al. [39]. So, the acidity-basicity, pore
size, and surface area of catalysts make it possible to turn
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Figure 4. Effect of catalyst addition on products yield
distribution
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most biomass into products [40]. Mo et al. [37] applied
catalytic pyrolysis of macroalgae and obtained 43.6 %
bio-oil at 400 °C, which was higher than this study. This
may be due to adjustments in the reactor types that were
employed.

3. 3. Characterization of bio-oil

3.3. 1. FT-IR of Bio-oils Bio-oil has been analyzed
using FT-IR to determine the presence of the various
functional groups, as indicated by its different
fundamental vibrational bands (Figure 5).

The presence of a —OH functional group was
determined by observing a band at 3039 — 3158 cm.
These results, along with the previous result by Pato et al.
[41] and Asadpour et al. [42], found that the dominant
peak was at 3419.03 cm, referring to the stretching
vibrations of the —OH group. The asymmetric and
symmetric —CH vibrations corresponded to two different
vibrational bands at 2916 and 2850 cm?, respectively.
The high hydrocarbon concentration in the bio-oil
obtained at 600 °C allowed for observing the band with a
high intensity of -CH. In the meantime, the basic
vibration of ketone was detected in all of the bio-oils
between 1698 and 1700 cm™. This bright band was
detected in non-catalytic bio-oil containing more acid
and ester molecules. A lower band at 1698 cm™ was
identified, which was attributed to the amide's conjugated
carbonyl group, as reported by Biswas et al. [43].
Furthermore, the C = C vibration of alkenes, generated
during the pyrolysis of macroalgae, was shown as the
fundamental vibration at 1399-1408 cm™. At 1164-1214
cm, the primary groups of aromatic compounds were
found to be stretching; this showed that bio-oil was
composed of aromatic compounds. Several groups
associated with out-of-plane C-H bending have been
found in the band region from 700 to 800 cm*. All bio-
oils had similar peak patterns in their spectra; only the
strength of the functional bands varied. The fundamental
vibration of ketones and acids showed the lipid content
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Amberlyst-15 303543 1705.25 72113
14015

120590
(600 °C) s0s0 7

2921.80

Bio-oil with
Amberlyst-15
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Transmittance (%)

Bio-oil with
Amberlyst-15
(400 °C) 315849 | 284912 169892 778.09
116429

2916.91 1408.43
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Wavenumber (¢cm ™)

Figure 5. Fourier transform-infra red spectroscopy (FT-IR)
of bio-oils

of macroalgae that changed into ester or amide
compounds.

3. 3. 2. GC/MS Analysis of Bio-oil  To identify the
components found in bio-oils, a GC-MS analysis was
carried out. It was shown that bio-oils used in catalytic
reactions had a different chemical composition than those
used in non-catalytic reactions. The percentages of peak
areas for each type of chemical are shown in Figure 6(a).
Based on their functional groups, the compositions of
pyrolysis volatiles, such as phenols, furans, alkanes, and
ketones, as well as acids, alcohols, aromatic
hydrocarbons, and N-containing mixtures, were
determined.

It can be observed that most of the Ulva lactuca
pyrolysis bio-oil contains acids (50.3-58.5%), ketones
(0.65- 3.5%), N-containing mixtures (3.1-18.8%),
aromatic hydrocarbons (3.7-12.4%), phenol (2.9-9.7%)
followed by a temperature of 400—600 °C respectively, as
well as several other chemical compositions which are
only found at a temperature of 400 °C such as alcohol
(4.5%), alkanes (9.2%) and small amounts of furan.
Introducing a catalyst to the pyrolysis reaction resulted in
a significant change in the bio-oil's chemical
composition.  Catalytic pyrolysis (Ulva lactuca-
Amberlyst-15 at 400-600 °C) bio-oil majorly contains
acid (42.8-53.5%), ketones (2.3-9.7%), N-containing
mixtures (1.3-1.5%), aromatic hydrocarbons (11.5—
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Figure 6. (a) GC/MS analysis of bio-oil (non-catalytic and
catalytic pyrolysis), (b) The aromatics hydrocarbon
produced from Ulva lactuca with and without catalyst

27.8%), at temperature 400-600 °C, respectively. This
finding was also in line with a previous study by Xia et
al. [44], who observed that at high temperatures, the
polymerization and dehydrogenation of oxygen-
containing organics probably led to aromatics formation.
On the other hand, several chemical compositions were
not detected at all reaction temperatures, including furan
(19.1-23.1%), which was only detected at 400 and 500
°C, alcohol (0.6-7.6%) at 500 and 600 °C, and
approximately 1.5-16% chemical composition that was
not detected in pyrolysis integrated with the catalyst.
Figure 6(a) shows that phenols, nitrogen-containing
chemicals, furans, aromatic compounds, and acids
dominate the pyrolysis bio-oil derived from the original
macroalgae sample. However, due to the high oxygen
concentration and corrosive, the acids can quickly
degrade bio-oil, decreasing its quality. In addition, bio-
oil can be challenging to utilize due to its high nitrogen
concentration and complicated chemical composition.
Therefore, it is essential to transform the bio-oils
composition towards aromatic hydrocarbons and lower
the concentration of acids and nitrogen-containing
compounds.  Amberlyst-15 and other catalysts
substantially promoted the number of aromatic
compounds while substantially reducing the formation of
acids, phenols, and furans.

Figure 6(b) shows the aromatics hydrocarbon
produced from Ulva lactuca without and with the
Ambelyts-15 catalyst.

It can be pointed out that the aromatic hydrocarbon
content in the bio-oil produced by catalytic pyrolysis of
macroalgae increased as temperature, reaching a higher
level than the original feedstock at temperatures ranging
from 400 to 600 °C (11.5-27.8% area). Decarboxylation
reactions contributed to hydrocarbon formation during
catalytic pyrolysis [45].

3. 4. Rate of Aromatic Hydrocarbon Production
The kinetics of aromatic hydrocarbon production during

pyrolysis were examined to quantify the aforementioned
temperature impacts. Assuming that the conversion
process follows the first-order Arrhenius rate law in
terms of the amount of aromatic hydrocarbons, the
following equation can be obtained:

%ot = ko {exp (72} (aho — ahy) @
which leads to

ahy — ah, = ahyexp [—ko {exp (_R—ET“)} t] (5)

Qhproauerion = 5 = 1= exp [~ko {exp (52} ] (6)

where ahyg is the initial amount of aromatic hydrocarbon
[%], ahx is the amount of aromatic hydrocarbon of
pyrolyzed bio-oil [%], ko is a pre-exponential factor [s?],
E. is activation energy [J/mol], R is the gas constant [J
mol* K], tis time [min], T is temperature [K].

The parameters in Equation (3) have been determined
by fitting the experimental data of aromatic hydrocarbon
production shown in Figure 7.

The production rates of aromatic hydrocarbons could
be well explained by using an Arrhenius equation of the
first order. By addressing Kinetic parameters, activation
energy (Ea) refers to the energy needed to break a bond
for a reaction to occur. In contrast, the pre-exponential
factor (A) denotes the rate at which the reaction takes
place [46]. Catalytic pyrolysis (Ulva lactuca-Amberlyst-
15) had an activation energy (Ez) of 15.3 kJmol and pre-
exponential factor (A) of 35.1 min? which was lower
than that for the original pyrolysis feedstock (43.31
kJmol?, 47.5 min?) respectively. It shows that using
Amberlyst-15 lowers the energy barrier of the pyrolysis
process. This means that even though Amberlyst-15 may
lower the energy barrier, pyrolysis steam in the pores of
the catalyst goes more slowly. This is another reason
solid material gets lower slowly when Amberlyts-15 is
used because the reaction rate is slow; a second reaction
occurred on the catalyst's surface, which led to coking
[47].

Amberlyst-15 catalyst

Without catalyst
(=]
o

200 300 400 500 600

Aromatic hydrocarbon (% Area)

Reaction temperature (°C)

Figure 7. The aromatic hydrocarbon production from the
experiment (symbol) and kinetic model (line) for both
catalytic and non-catalytic pyrolysis
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4. CONCLUSION

One possible thermochemical strategy for improving bio-
oil yields and quality is the catalytic pyrolysis of Ulva
lactuca aquatic biomass. At a maximum temperature of
600 °C, the Amberlyst-15 catalyst produced the greatest
amount of bio-oil (29.54 wt%), in contrast to the non-
catalytic pyrolysis yield (23.87 wt%). The composition
of the pyrolysis liquid yield is improved by exchanging
radicals, cracking, or compound ordering during catalytic
pyrolysis. The acidity and framework of Amberlyst-15
significantly affected the distribution of product
components, particularly aromatic hydrocarbon yield.
In generating aromatic hydrocarbons in the upgraded
bio-oils, the Amberlyts-15 catalyst was the most active,
resulting in the greatest relative percentage of 27.78%.
Finally, the production of aromatic hydrocarbons was
modeled with first-order kinetics and an Arrhenius
equation rate constant, and the reaction parameters were
determined for both catalytic and non-catalytic pyrolysis.
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crescents as parasitic elements, encompassed by a circular ring adjoining the ground plane, to operate
over the mid-band 5G sub-6 GHz applications is reported. It is come up with a copper grazed on FR4

Accepted 09 July 2023 substrate with relative permittivity of 4.3 and height of 1.6 mm. The proposed antenna is fed by a 50-

ohm coplanar waveguide, which is printed on the same side of the radiating circular patch. A concise
Keywords: antenna model with dimensions of 45 x 45 x 0.6 mm® was made up and investigated to affirm the
Circular Patch Antenna simulation outcomes. Good consistency was confirmed between experimental and simulation results.
Wideband Antenna The proposed antenna has the benefit of bidirectional pattern with a good gain of 5.24 dBi and wide
Parasitic Elements bandwidth covering of 111.4% (1.81-6.36 GHz) — it is one of good postulants for 5G new radiation
5G Applications application especially for indoor environment, narrow, and long path services area like corridor, tunnel,

and train station, etc.
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NOMENCLATURE

w width of the substrate h thickness of the substrate
| length of the substrate CR circular ring

n radius of the circular patch CPW coplanar waveguide

r radius of the enforced-radiation circular ring CWBPA compact wideband bidirectional pattern antenna
m radius of the crescent DGS defected ground structure
02 gap between the radiating circular patch and crescent FBW fractional bandwidth

S space between the crescent and ground plane GND ground plane

t thickness of copper layer IBW impedance bandwidth

ls length of feeding strip RCP radiating circular patch
Wi width of feeding strip RLBW return loss bandwidth

lg length of ground plane NR new radio

g gap between feed line and ground plane UuwB ultra-wideband
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1. INTRODUCTION

With the swift enlargement of fifth generation (5G) and
beyond wireless networks and exploitation of higher data
transmission rates, increasing provocations have been
resulted in advocate a large scale of ultramodern utility
frameworks and utilizations with high reliability, low
latency, lately [1, 2]. One of the 5G plans is to employ
the sub-6 GHz band — n34(2010-2025 MHz), n38
(2570-2620 MHz), n40 (2300-2400 MHz), n41 (2496—
2690 MHz), n46 (5150-5925 MHz), n77 (33004200
MHz), n79 (4400-5000 MHz), etc. — which, also
covered mid-band of 5G (2 to 6 GHz), leading high data
rates, huge capacity as well as good coverage from the
essential number of available spectrums [3, 4]. Modern
wireless communications stretch out to new standard
applications, algorithms, propagation techniques [5, 6],
vigorous hardware defiance as well as the relevant
antenna design [7-10] fulfilling human needs. As the
performance of the antenna results considerable
influence on the accomplishment of the plenary
communication systems. Lately, research on 5G antenna
is very attractive and has been a continuing process [11-
13]. For literal applications, the extensively utilized
compact size and broadband antennas are more delightful
[14-20]. Since, wideband antennas are a good
advancement in the 5G new radiation (NR) applications
and upcoming generations of wireless communication
systems, as it would handle at widen frequency extend
accordingly receding the use of miscellaneous antennas
in a single device shrinking the mutual coupling and
intervention in the system as well as economizing
financial plan.

Massive wideband antennas were conducted and
developed continuously over the past decade with
multitudinous techniques [21-25]. To improve the
impedance bandwidth (IBW), different shapes of main
radiator had been modified as well as the ground plane
(GND) structures [14, 18, 25]. Ghobadi, and Majidzadeh
[14] presented the ultra-wideband (UWB) antenna that
printed on FR4 substrate and operated over 2.9-16 GHz
by applying a semi-circle-shaped-slot cutting from the
GND to improve IBW. A microstrip-fed printed
monopole antenna for super wide band antenna was
introduced by Balani et al. [18] to obtain wide bandwidth,
the main radiating patch had been modified by adjoining
a pair of ears at the upper part of the radiator as well as
modifying its partial GND, making its geometry
complexity. With super wide IBW, the stabilized
radiation properties with less distortion mainly at higher
frequency could not avoid. Koma’rudin et al. [25]
presented the staircase-shaped steps adding to the bottom
section of the main radiator patch to ameliorate the IBW;
however, the antenna geometry was more complicated
gathering with the multi-layers structure. Varamini et al.
[16] and Wang et al. [22] presented metasurface

techniques to make the widen bandwidth and antenna
gain. Even though the planar scales of metasurface
antennas are normally bulky, stint its utilization.
Asmeida et al. [23] introduced the combination of adding
different shapes of slot on the radiator and defected
ground structure (DGS) to improve the IBW of 74.6% as
well as preserve the polarity bandwidth. In addition,
others possible techniques for refining the bandwidth of
the antenna were implemented — the complexity of
fractal structure [16, 21, 24], adding slots [17, 19], the
stubs and addition elements of modified radiators [18, 20,
23], and parasitic loading [4, 15, 24], so on. Others in
demand method to grant an expedient matching tuning
mechanism by using balun and coupled feed was realized
by Taetal. [7] and Asmeida et al. [23]. Notwithstanding,
the compactness and wideband coverage antenna for the
5G NR and upcoming generation wireless terminal
stands still demand in taking steps forward the
proportions and radiation properties to be stable.

This article, a study and design of a compact
wideband bidirectional pattern antenna (CWBPA) for
mid-band of 5G applications operated frequency ranging
from 2 to 6 GHz which included the sub-6 GHz is
proffered. The profit of this presented antenna is that the
concise size, facile fabric, and bidirectional pattern
operating over wide bandwidth. With these advantages,
thereby, the proposed antenna is one of good selectness
for 5G application—installing as the antenna at the base
station especially along the narrow and long path service
propagation areas like corridor, tunnel, train station and
so on. The resultant of the supplemented elements of
antenna fabrication will be analyzed and evaluated. In the
study, the pivotal preliminary parameters are reckoned by
using the formulas in section 2. From those parameters,
simulation was kept on operated by CST microwave
studio [26] to numerically discover the final set of
parameters. Numerical and substantiation results are
revealed thoroughly.

2. THE RATIONALE OF ANTENNA DESIGN

This section narrates the construction of the evolved
antenna and the reasoning to the rear of using a pair of
crescents in the design. In the design process, the
coplanar waveguide (CPW) fed circular patch (Ant #1)
was considered in the beginning. It comprised of a
radiating circular patch (RCP) of radius r1 printed on top
of an FR4 substrate of the width w (a value 45 mm), the
substrate length | (a value 45 mm) and fed by a 50-Q
CPW of GND length I, fed line width w, fed line length
I and gap between feed line and GND g as shown in
Figure 1(a). The Ant #1 provided an omnidirectional
pattern with wide IBW (3.08-10 GHz) as depicted in
Figures 2 (a) and 3. Subsequently, Ant #2 was formed by
adding a circular ring (CR) of radius r, extending the
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GND, as shown in Figure 1(b), to impose the radiation
pattern propagating in forward and backward directions
as plotted in Figure 2(b). An unintentional sake of this
CR was that it also leashed the 10 dB return loss
bandwidth (RLBW) to be widened (covered 1.8 to 9
GHz) and tended to be dual band since the |S11| around
4.8 GHz was worsened as shown in Figure 3. At this
stage, a 10 dB RLBW covering the interested frequency
band ranging from 2 to 6 GHz was uncompleted. The
final stage of completing the CWBPA, a pair of crescents
of radius rn was gathered in the structure as parasitic
elements beside the RCP with the gap g> of 1 mm as
shown in Figure 1(c). Consequently, the 10 dB RLBW
over the interested frequency band as well as the
bidirectional pattern was achieved as shown in Figures
2(c) and 3.

(©
Figure 1. The structure of the developed antenna: (a) Ant #1
(b) Ant #2 and (c) proposed antenna

(©
Figure 2. 3D radiation pattern of: (a) Ant #1 (b) Ant #2 and
(c) proposed antenna

[Syyl (dB)

-. Ant #2
45 Proposed antenna
-50 + . ; y ; : : : k {
1 2 3 4 5 6 7 8 9 10

Frequency (GHz)

Figure 3. Comparing |S11| among three antennas

Based on the ensuing formulas, the initial parameters of
the presented antenna are calculated and assigned [27].

F

1/2
{1+ 2h [In(”':j+1.7726}} )
e F 2h

where, F is a function of resonant frequency for the
dominant mode of TE1; as shown in Equation (2)

~ 8.791x10°

fryer

F O]

r is referred to the design radius of the RCP of r; and an
CR of radius r; & is the relative permittivity of the FR4
substrate of 4.3; h is the thickness of the substate of 0.16
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c¢m. Note that the unit of h in Equation (1) isincm. frisa
resonant frequency—the radius of RCP of ry is designed
to resonate 4 GHz while the radius of CR of r» is designed
for f, of 2 GHz. Considering the fringing effect in the
above formulas, the initial r; of 10 mm and r; of 21 mm
are come by, respectively. For the strip line of 50-Q
impedance matching, the width w; and length I; of feed
line are computed by Equations (3)-(5) [27]:

B-1-In(2B-1)

+ _1{In(B—1)+0.39—0'61} ®
2¢ &

r r

Wi

EREN

where B =607%(Zy/s, ) and Zo is the characteristic
impedance of 50 Q.

Iy =2/4 feer )

where & is the effective dielectric constant of the
substrate.

e+l g -1 12h
Ereff = 2 +T 1+W—f (5)

For the gap g between feed line and GND of CPW, it is
related the 50-ohm impedance Z, in Equation (6) [28]:

Zy =307K'(K)/ \Jzest K(K) (6)

where K(k) and K'(k) are the complete elliptic integral
of the first kind

0<k?<1

¢
de
KK) = | ——=, x
0 '!xll—kzsinze [0§¢<E )
K'(K)=K(k)=y1-k? C)

where the ratio of K(k)/ K'(k) and k is defined as follows:

T
K(K) _ ] In[2@+k") 7 @k’ 0<k<0.707 o
0 Linpa+ k) /@K, 0.707<k <1
T
and
K=w; /(29 +w¢) (10)

As the results, the wr of 3 mm, It of 10 mm and g of 0.45
mm are assigned throughout the report. Note that the
length of GND below the RCP of Ig is 9 mm.
Moreover, the radius ry of the crescent beside the
RCP is as initially calculated by Equation (11) [29]:
. 72 —sf,
" 2.25f

(1)

m

where fy is the design frequency (the unit of fy, in
Equation (11) is in GHz), and s is the spacing between
the crescent and GND (the value of 1 mm) and the unit
of rm is in mm.—this work the radius ry is designed at the
frequency of 4.8 GHz, therefore, the initial rp is 6 mm.

All satisfactory parameters are acquired using the
CST simulation and sorted in Table 1. To confirm the
simulation outcome, a prototype of CWBPA is made up
following the designed dimensions in Table 1 as shown
in Figure 4. The CWBPA prototype is soldered to a 50-
ohm SMA connector for extending to a coaxial feed line.
The |S11|, 2D radiation patterns and antenna gain of the
presented CWBPA are evaluated and demonstrated by
using E5063A network analyzer.

3. RESULTS AND DISCUSSION

The simulation and measured results of the proposed
CWBPA are exposed in this section. In the simulation
process, the SMA connector excludes the antenna model
to focus on only antenna properties. However, the
antenna model with SMA is considered in the final stage.
From the developed CWBPA by adding a pair of
crescents in the previous section, the radius rm, gap
between patch g2 and the spacing s are demonstrated.

TABLE 1. Selected best values for parameters of the CWBPA

Parameter Value (mm) Parameter Value (mm)
w 45 t 0.035

| 45 Is 10

r 10 W 3

r 21 Iy 9

Im 5 g 0.45

02 1 h 1.6

S 1

(@) (b)
Figure 4. CWBPA prototype: (a) front view, (b) rear view
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The effect of ry on |Su| is considered by varying rm 3 to
7 mm as plotted in Figure 5. Noticeably, the larger radius,
as the narrower 10 dB RLBW s attained. For the
compelling frequency band ranging from 2 to 6 GHz for
mid-band 5G, the smaller ry offers the |Si1| worsened
around 4.8 GHz, while the ry of 6 and 7 mm cannot offer
the 10 dB return loss over the considering band. This
work, the radius rn of 5 mm is selected because it proffers
a good |S11| over the considering frequency band.

Moreover, the varying gab g. between the crescent
and the RCP of values 0, 1 and 2 mm is also studied on
its effect to the |S11| as shown in Figure 6. Obviously, the
|S11| is worsened when the crescent adjoins the RCP (g2=
0) — it provides the narrow RLBW covering 1.7 to 2.54
GHz and 4.43 to 5.05 GHz. The larger gab g yields the
wider 10 dB RLBW — for the g, of 1, and 2 mm, it covers
the frequency ranging from 1.71 to 6.38 GHz, and 1.72
to 6.43 GHz, respectively. Nonetheless, focusing on the
interesting frequency band (2 to 6 GHz), g2 of 1 mm
furnishes the overall trend of |S11| better than the value 2
mm since g, of 2 mm offers the |S11| near the value -10
dB at 4.5 GHz. For that reason, the g, of 1 mm is selected.
Additionally, the influence of the space between the
crescent and GND, s, is also considered by varying the
spacing s of 1, 3 and 6 mm as depicted in Figure 7. The
further the spacing s as the wider 10 dB RLBW is
achieved, contrast to the worsen |S11| occurrence around
4.5 GHz. Among these three different values, the spacing
s of 1 mm impacts on the excellent |Si1| over the
interesting frequency band. Accordingly, the spacing s of
1 mm is chosen. Therefore, the CWBPA is achieved with
the 10 dB RLBW of 1.71-6.38 GHz. At the final stage of
the design, for the interested band (2 to 6 GHz), the
proposed CWBPA comes up with the total efficiency of
more than 81.7%, the minimum and maximum simulated
gains of 2.63 dBi and 5.55 dBi and minimum and
maximum measured gains of 2.33 dBi and 5.24 dBi,
respectively as shown in Figure 8.

To affirm the simulation, the experimental process of
testing |Si1| and radiation pattern of the developed
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Figure 8. Gain and efficiency of the developed CWBPA

CWBPA is set up. Figure 9 exhibits the numerical and
experimental |S14| for various frequency ranging from 1
GHz to 10 GHz. Visibly, the measured [Si| are
reasonably in nice agreement the simulation results
covering the 10 dB RLBW over the mid-band of 5G
applications — the measured |Si11| is 1.81-6.36 GHz
covered the fractional bandwidth (FBW) of 111.4% and
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the simulation is 1.55-6.01 GHz covered the FBW of
118%. Note that the simulation in Figure 9 includes the
SMA connector where with it is like the actual ambient
that the antenna is connected to the cable via SMA
connector.

Besides the impedance characteristics, the 2D
radiation pattern in xz- and yz-planes at the frequencies of
2, 4 and 6 GHz is also examined as demonstrated in
Figures 10-12. Evidently, the tested radiation patterns
follow the common trend and acceptable agreement with
the simulated results and the values do not deviate much
from each other. The deviation is likely to be from a
minor difference in the numerical and experimental
setup. This proposed CWBPA vyields a bidirectional
pattern, linear polarization, peak simulated gains of
2.63/3.89/5.46 dBi and tested gains of 2.33/3.94/5.05 dBi
at the operating frequencies of 2/4/6 GHz, respectively.
In addition, the simulated and measured HPBWS in xz-
plane are 162.6/104.3/65.2 degree and 157/88/48 degree,
respectively. For yz-plane, the simulated and measured
results are 84.4/73.3/53.4 degree and 86/62/56 degree,
respectively. Note that the level of cross-polarization in
Xz-plane is less than —20 dB for all intended frequency
ranges, while the high level of cross-polarization in yz-
plane is achieved at a frequency higher than 4 GHz.

Over and above, the performance of the proposed
CWBPA was bearded comparison with current compact,

Syl (dB)
o

2 8 4
—_—

Simulation

- --Measurement

&)
w 4
'S

5 6 7 8 9 10
Frequency (GHz)

Figure 9. Simulated and measured |Sua|

N
(b)

(a)
Figure 10. Radiation pattern at 2 GHz: (a) xz-plane and (b)
yz-plane

(a) (b)
Figure 11. Radiation pattern at 4 GHz: (a) xz-plane and (b)
yz-plane

(a) (b)
Figure 12. Radiation pattern at 6 GHz: (a) xz-plane and (b)
yz-plane

wideband and 5G antennas published between 2017 to
2023 as tabulated in Table 2. The antenna implemented
by Paul et al. [4] using RT5880, larger dimension
offering an omnidirectional pattern with lower gain
covering the narrower bandwidth was proposed. The
geometry of the antenna was uncomplicated. The antenna
dimensions reported in literature [7, 12-13, 25] had a
larger size, more complexity, provided unidirectional
pattern covering narrower bandwidth. Ta et al. [7] and
Saleh et al. [13] offered a higher gain, while Cai et al.
[12] offered a lower gain compared to this work. The
antenna offered by Koma’rudin et al. [25] fainty higher
gain. The antenna implemented by Samsuzzaman and
Tariqul Islam [17] using FR4 substrate, approximately
the same electric proportions offering a bidirectional
pattern with faintly lower gain, but it operated covering
widen bandwidth. Additionally, Yazdani et al. [10]
proposed the array arrangement antenna implemented by
different material, larger size, provided the stable
bidirectional pattern covering three different bands,
narrower bandwidth, and higher gains in the second and
the third bands. Another work, the smaller proportions
antenna, implemented by the same material, more
complicated structure, provided a bidirectional pattern
with lower gain covering a narrower bandwidth was
presented by Sonu et al. [20]. Asmeida et al. [23]
implemented an omnidirectional pattern using different
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TABLE 2. Comparison between previous studies and this current research

Ref. Size (A) Sub. Patt. FBW (%) Gain (dBi) Com.
[4] 0.36x0.36x0.01 RT 5880 Omni 445 3.51 L
[7 1/2%0.87x0.02 RT 5880 Uni 36.2 5.8 M
[10] 0.31x0.28x0.002 RO 4003 Bi 9.5/21.9/12.2 1/6/10 L
[12] 1.65%0.83x0.08 FR4 Uni 35.3 35 H
[13] 1.07x1.07x0.61 RT 5880 Uni 21.4 12.7 H
[17] 0.29x0.29%0.01 FR4 Bi 126.85 4,85 L
[20] 0.20x0.22x0.01 FR4 Bi 61.1 35 M
[23] 0.28x0.35%0.08 RT 5880 Omni 74.6 3.6 L
[25] 0.66x0.76x0.01 Felt Uni 79.8 5.51 M
This work 0.27x0.27x0.01 FR4 Bi 1114 5.24 L
material with a slightly larger dimension, proffered a compactness proportions, an effortless structure,

narrower bandwidth and lower gain than this proposed
CWBPA. With a simple fabric, concise proportions,
bidirectional pattern covered wideband transition sub-6
GHz 5G NR,; thereby, this proposed CWBPA is one of
the good candidates for 5G NR applications.

A means a free-space wavelength at the lowest
operated frequency; abbreviations: n/a (not applicable),
Sub. (substrate of material), Patt. (pattern), Uni
(unidirectional). Oomni (omnidirectional), Bi
(bidirectional), Com. (complexity), L (low), M
(medium), H (high).

In this work, a single antenna has been studied,
designed, analyzed, and illustrated its effecting in the
basic antenna theory and tested in the laboratory. The 10
dB return loss, radiation pattern and gain of the single
antenna have been evaluated. Nevertheless, it conveys
some significant concepts for the antenna design and
application.

4. CONCLUSION

A design of a CWBPA, contrived by the circular patch,
circumscribed in the circular ring, incorporated with the
parasitic elements beside the radiating patch, covering
the sub-6 GHz 5G NR frequency band has been reported.
It is printed on the top side of FR4 substrate, fed by 50-
ohm CPW, and adjoined to the coaxial line via SMA
connector. The key role of ameliorating the 10 dB return
loss bandwidth of the presented antenna is that the pair of
parasitic crescents as disclosed. This CWBPA yields the
corresponding FBW of 111.4% (1.81-6.36 GHz)
covering the mid-band 5G application, linearly polarized,
peak gain of 5.24 dBi and the total efficiency of more
than 81.7%. The experimental |S11|, 2D radiation pattern
and gain insist nifty the simulation results. With the

bidirectional pattern accompanied by wideband
operation frequency and high gain, this proposed antenna
is one of good potential candidates for subbase station
antenna to service at indoor environment, the long and
narrow path areas like troll, train station, tunnel, sky train
stations, etc.
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Today, contrary to the benefits and advantages that the use of polymer materials has had for humans, the
use of these materials has caused environmental problems for human life due to their non-degradability
in nature. Therefore, the use of biodegradable polymers such as polylactic acid (PLA) is increasing. One
of the main applications of plastic materials is the production of disposable containers. In this research,
the thermoforming process of PLA sheets reinforced with graphene oxide nanoparticles (nGO) (0.4 and
1 wt.%) was investigated. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used
to study the morphology of the samples before and after thermoforming. The mechanical properties
before and after the thermoforming process were investigated by tensile test. The results showed that
after the thermoforming process, the tensile strength of the sheets significantly increased, so that for the
Thickness Distribution sa_mple cor]taiping_ l\A_/t.% o_f nQO, the tensile strength increased by _about 70%. The results_ of the
Differential Scanning Calorimetry Thermal thlckn_ess distribution investigation §h9wed that the lowest amount of thickness reduction, approximately
Test 68%, is related to the sample containing 1 wt. % of nGO. The results of the DSC thermal test showed
that the degree of crystallinity of the samples significantly decreased after thermoforming.

doi: 10.5829/ije.2023.36.09c.14
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NOMENCLATURE
Yo Degree of crystallinity AHE The heat of diffusion
AHp, The melting enthalpy

1. INTRODUCTION (PLA) [1]. Polylactic acid is a popular biodegradable and
biocompatible polyester obtained from the condensation

Plastics based on petroleum materials such as of lactic acid extracted from renewable sources such as

polypropylene,  polyethylene,  polystyrene,  and
polyethylene terephthalate are strong, easy to process,
durable, and relatively cheap. However, due to non-
biodegradability, it creates problems when sending these
materials to the waste stream. Biodegradable polymers
have the potential to be a solution to the problem of
plastic waste along with decreasing availability of
landfills, global warming caused by increasing amounts
of carbon dioxide in the atmosphere, and efforts to find
sustainable or renewable raw materials. One of the most
widely used biodegradable plastics is polylactic acid

*Corresponding Author Institutional Email:
h.shahrajabian@pmc.iaun.ac.ir (H. Shahrajabian)

corn, sugarcane, and sugar beet pomace [2]. Recent
advances in the polymerization industry of PLA, which
have led to a reduction in the price of this polymer
material, have made PLA able to compete with oil-based
industrial polymers in terms of price [3]. Although this
polymer has advantages such as environmental
compatibility, high strength, and modulus, and a cost
comparable to petroleum-based polymers, its inherent
fragility, low hydrophilicity, and gas permeability limit
its use. Adding nano fillers in low content such as nano-
clay [4, 5], cellulose nanofiber /Ag [6], carbon nanotube

Please cite this article as: S. Honarmandnia, H. Shahrajabian, Effect of nGO on Morphology, Mechanical Properties and Thermal Behavior of
PLA/nGO Sheets Before and After Thermoforming: An Experimental Study, International Journal of Engineering, Transactions C: Aspects,
Vol. 36, No. 09, (2023), 1695-1703
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[7], silica [8], silicon carbide [9], and titanium oxide [10]
increases the mechanical, thermal, electrical and
antibacterial properties of the polymer matrix.

Recent researches have been shown that nano
graphene oxide (nGO) is a suitable alternative for nano-
clay in polymer matrix due to low density, high thermal
conductivity, and high mechanical properties [11-14].
One of the attractive features of nGO is good interaction
and combability with polymer matrices due to the polar
structures of GO (containing carbonyls, hydroxyls, and
epoxides groups) [15]. Sharifiana and Shahrajabian [16]
increased the elastic modulus and strength of the PLA
matrix by 32% and 18%, respectively, by incorporating
nGO in content of 0.4 wt.%. Fredi et al. [17] improved
strain at the break point of PLA from 5.3% to 10.0% by
adding nGO in content of 0.25 phr. Khammassi et al. [18]
added GO and Ag nanoparticles into the PLA matrix and
observed that the crystallization temperature increased
from 105.8C to 122.54C, and the indentation load (in
the nanoindentation test) enhanced by 28%.

Thermoforming is the most common method for
producing disposable polymer containers [19]. Various
polymer products, from electronic devices to medical
products with materials of HDPE, ABS, PP, PS, and
PLA, are produced by thermoforming method [20, 21].
In this process, a thermoplastic film or sheet which
heated up to softening point of polymer (above glass
transition temperature and lower melting point) is
stretched into a female or male die by vacuum (vacuum
assisted) or punch force (plug assisted) [22-24]. Various
studies were done to investigate variables of the
thermoforming process, such as viscoelastic behavior of
sheet polymer, vacuum pressure, sheet temperature,
heating time, and plug rate on product quality by
experiments or finite element simulation [25-28]. They
concluded that there are many independent variables
which influence each other, and it is difficult to highlight
an effective parameter.

PLA, due to its biodegradability, is a favorite polymer
in packing industries [29], and therefore some research
focused on thermoforming of PLA [30, 31]. Although a
lot of research has been conducted on PLA
thermoforming, little research has been done on the
thermoforming process of PLA reinforced by nanofillers.
Barletta and Puopolo [32] added calcium carbonate
nanoparticles into PLA/PBS matrix, and studied the
processability of the nanocomposite sheets by a
thermoforming process. Considering the little research
done on the thermoforming process of PLA
nanocomposites, this research tries to investigate the
thermoforming process of PLA nanocomposite sheets.
The effect of nGO content on the thickness distribution
of the sheets after forming was investigated. The
influence of nGO on the morphology, mechanical
properties, and thermal behavior of the sheet before and
after thermoforming was examined.

2. MATERIALS AND METHODS

2.1. Materials  polylactic acid (PLA) granules (Bio-
flex®F 6510 grade) of melting point 160C, with a
molecular weight of 198000 g/mol, a density of 1.3 g/cm?
procured from Fkur GmbH, Germany. nGO in thickness
of 3.2-4.5 um was used as reinforcement in PLA matrix,
and prepared from NANOSANY Co., Iran. Chloroform
was used as the solvent of PLA, and obtained from Merck
(Darmstadt, Germany).

2. 2. Preparation PLA and nGO were dried in a
vacuum oven at 90C for 10h before processing. The
nanocomposite films were prepared by a solvent casting
technique. PLA granules weighing 5 g were dissolved on
110 ml of chloroform and mixed by a magnetic mixer for
5h to solve PLA granules completely. In the next step,
nGO with a certain amount was dispersed in 15 ml of
acetone solvent by ultrasonic homogenizer for 15 min.
Then, nGO solution was added into PLA solution and
stirred for 15 min by an ultrasonic homogenizer. Finally,
the solution was poured into a glass container and was
kept at ambient temperature for 24h to remove solvent
and dry the sheets. To remove the solvent completely, the
sheets were placed in a vacuum oven at 45 C for 4 days.
The composition of the prepared samples are stated in
Table 1.

2. 3. Thermoforming All steps of the process,
consisting of sheet preparation and thermoforming
process, are presented in Figure 1. After preparing the
nanocomposite sheets, the thermoforming process was
done. The thermoforming was done by vacuum-assisted
thermoforming technique. The product dimensions are
shown in Figure 2. The polymer sheets were heated by a
heater, which was placed on top of the sheets and
followed by a vacuum process. A vacuum is applied
when the temperature of the sheets reaches about 110 C.
The temperature of the sheets was measured by a
thermometer. Figure 3 shows thermoformed sheets.

2. 4. Characterization The morphology and
structures of the PLA and PLA/nGO sheets were
investigated by field emission scanning electron
microscopy (FE-SEM) and X-ray diffraction (XRD). X-
ray diffraction pattern was obtained by a PHILIPS 1050
with Cu-ka lines. Scanning was between 10°to 30°(20) by

TABLE 1. The composition of the samples

Sample nGO (wt.%) PLA (wt.%)
PLA - 100
PLGO0.4 04 99.6
PLG1 1 99
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Figure 2. Product dimensions

step of 0.05°and scanning rate of 0.5/min. The mechanical
properties of the unformed sheets and formed sheets were
evaluated by tensile test. Tensile test was done at room
temperature by HOUNFFIELD machine test model of
H25KS at a feed rate of 1 mm/min according to ASTM
D638 to measure tensile strength and elastic modulus

Figure 3. Thermoformed sheets

(Figure 4). The thermal behavior of the PLA and
nanocomposite sheets was studied by differential
scanning calorimetry (DSC) test. A SANAF DSC
analyzer (Iran) in a temperature range of 20C to 210C
by a heating rate of 10 ‘C/min was used to determine the
melting point (Tm), glass transition temperature (Tg), and
melting enthalpy. The thickness variation (distribution)
of the formed sheet was measured along cross-section on
halved samples by a dial caliper with a resolution of 0.01
mm. The measurements were done in 8 points in the cut
section. Figure 5 shows a schematic view of the section
in which thickness variations were measured.

3. RESULTS

3. 1. Morphology  Figure 4 shows the dispersion of
nGO through the PLA matrix in the sample containing 1

(b)

Figure 4. Tensile test set-up
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Figure 5. Points of thickness measurement

wt.% of nGO in two different magnifications by FE-
SEM. As shown in Figure 4(a), GO nanoparticles have
been dispersed in polymer matrix uniformly. Figure 4(b)
shows the dispersion in higher magnification. In this
figure, the uniform dispersion of nGO particles is more
clearly visible, so that a nGO nanoparticle with an
approximate length of 2 pm can be clearly seen in this
figure. With a closer look, it can be seen the good
adhesion of the nanoparticle to the polymer matrix. As
shown in Figure 6, the nanoparticles the particles are well
distributed on a nanoscale.

WD: 14.84 mm | MIRA3 TESCAN|

Det: SE 50 pm
um_ Date(midiy): 03125119 RMRC FESEM

SEMHV:5.0kV | WD: 1434mm MIRA3 TESCAN|
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View field: 5.03 ym_|Date(midly): 03125119 RMRC FESEM

(b) GO nanoparticle in PLG1
Figure 6. FE-SEM images of the samples

3. 2. X-ray Diffraction  The X-ray diffraction pattern
of PLA and nanocomposite sheets before the
thermoforming process is shown in Figure 7. A broad
peak can be seen between 20=10°to 26=30°for neat PLA
sheet. This broad peak indicates the amorphous nature of
the PLA crystal structure or has small crystals. The
solution casting method can be the reason for the
amorphous crystal structure, while PLA is a semi-
crystalline polymer when it is produced by melting
method. In the samples of PLG0.4 and PLG1, two peaks
in 26=16.7°and 26=19.3 *are observed. These two peaks
represent planes of (200/110) and (203) in a type PLA
with orthorhombic crystal structure, respectively. The
presence of these two peaks in samples PLGO0.4 and
PLG1 indicates that adding nGO has caused the
formation of the crystalline structure or an increase in the
PLA crystalline percentage. GO nanoparticles have been
able to act as nucleation sites for crystal formation and
increase the crystalline rate of the PLA matrix. By
observing the figure more closely, it can be seen that the
peak intensity is higher for the samples of PLG0.4 and
PLG1,; as a result, the crystallization rate in this sample
can be higher. The X-ray diffraction pattern of PLA and
nanocomposite sheets after thermoforming process is
shown in Figure 8. After the thermal forming process, the
peaks at 16.7° and 19.3° have disappeared, and a new
small peak has formed at 21.5° which corresponds to the
(015) plane. The disappearance of the peaks after the
thermoforming process shows that the severe
deformation caused by the thermal forming process
destroyed most of the crystals and changed other parts.
By comparing Figures 7 and 8, it can be found that the
application of severe thermal deformation can reduce the
crystallization of the PLA matrix.

3. 3. Thickness distribution PLA and
nanocomposite sheets were produced in the form of cubic

Intensity (a.u.)

PLGO0.4

PLA

10 12 14 16 18 20 22 24 26 28
20(degree)
Figure 7. X-ray pattern of the sheets before thermoforming
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Figure 8. X-ray pattern of the sheets after thermoforming

containers after thermoforming in female die. After the
thermal forming process, the containers were cut, and the
thickness of the sheets was measured at several points.
The thickness distribution results for three samples of
neat PLA, PLGO0.4, and PLG1, are shown in Figure 9. As
shown in this figure, the thickness of the edges of the
sheets that have not been subjected to tension is almost
equal to the thickness of the produced sheets
(approximately 0.5 mm). By moving away from the edge
and in the wall section of the containers, the thickness has
decreased due to the tension. The decrease in thickness is
increased by increasing the height from the edge of the
container. On the side of the bottom of the container, this
decrease in thickness continued until approaching the
center of the bottom of the container; due to less tension,
the thickness of the wall slightly increased. By
comparing the samples, it can be observed that the
reduction in wall thickness was lower for the samples
containing graphene oxide nanoparticles. By increasing
the percentage of graphene oxide nanoparticles from 0.4
to 1 wt.%, the thickness reduction is less. The maximum
thickness reduction for neat PLA is 80%, while for
PLGO0.4 sample is 76%, and for PLG1 sample is 68%.
This reduction in thickness changes for samples
containing graphene oxide nanoparticles can be due to
the higher strength of nanocomposite sheets because of
the higher percentage of polylactic acid crystallization
and the presence of graphene oxide nanoparticles.

3. 4. Mechanical Properties The mechanical
properties of the sheets before and after thermoforming
were evaluated by tensile test, and the stress-strain curves
of the sheets before and after thermoforming are shown
in Figures 10 and 11, respectively. The obtained data
from stress-strain curves containing tensile strength,
tensile modulus, and strain at break point (elongation) are
presented in Tables 2 and 3. By adding graphene nano-
oxide up to 1 wt.%, the elastic modulus increased
from2630 MPa to 3670 MPa, which shows an increase in
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Figure 9. Thickness distribution of the samples
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Figure 10. Stress-strain curve of the sheets before
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Figure 11. Stress-strain curve of the sheets after
thermoforming

about 40%. The tensile strength also increased
continuously from 28 MPa to 37 MPa by addition of
graphene oxide nanoparticles up to 1 wt.%, which shows
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TABLE 2. Obtained data from stress-strain curve of the
samples before thermoforming

sample Young’s modulus Tensile Elongation
(MPa) strength (MPa) (%)
PLA 2630+130 28+3 21+15
PLGO.4 3452+170 32445 17+1.25
PLG1 3670+150 376 12+2

TABLE 3. Obtained data from stress-strain curve of the
samples after thermoforming

sample Young’s modulus Tensile Elongation
(MPa) strength (MPa) (%)
PLA 5210+160 42+4.5 11.5+1.85
PLGO0.4 5310+150 46+6.5 10.2+1.65
PLG1 5430+170 6318 6.8£1.42

a 32% increase in tensile strength. Unlike the elastic
modulus and tensile strength, adding nGO into PLA has
reduced the strain at the break point. The elongation for
PLA is 21%, and by adding 1 wt.% of nGO, it has
decreased to 12%. The results showed that adding
nanoparticles has a significant positive effect on strength
and elastic modulus. The reason for that can be
considered to be an increase in the crystallinity of the
PLA matrix, and the other is that the nanoparticles were
able to support a part of the applied stress to the polymer
matrix. After the sheets were subjected to thermoforming
process and produced as plastic containers, tensile test
samples were prepared from the bottom of the containers
and subjected to tensile test to compare the mechanical
properties of polymer and nanocomposite sheets before
and after the thermoforming process to be compared, to
determine the effect of the stretching process during
thermoforming on the mechanical properties of the
samples. Figure 11 shows the stress-strain curve of the
samples after thermoforming. According to this curve,
the elastic modulus of all three samples is almost the
same and is about 5.3 GPa. By comparing this modulus
with the elastic modulus of the samples before
thermoforming process, it can be seen that the elastic
modulus has significantly increased, so that for neat PLA,
the modulus increased from 2630 MPa to 5210 MPa,
which shows an increase of about 100%. The tensile
strength for neat PLA is 42 MPa, and for the sample
containing 1 wt.% of nGO increased to 63 MPa. By
comparing the tensile strength of the samples before and
after the thermoforming process, it can be understood
that the strength had also increased significantly, so that
for the sample containing 1 wt.% nGO, the tensile
strength from 37 MPa before the thermoforming
increased up to 63 MPa after thermoforming, which
shows an increase of about 70%. The values of strain at
the break point for all three samples after thermoforming

show a significant decrease in compared to before
thermoforming. Almost for all three samples, the strain
has decreased by about 50%. From the tensile test results,
it can be concluded that the strength and rigidity of
polymer sheets after the thermoforming process
increased and their flexibility decreased.

3. 5. Thermal Properties In order to investigate the
thermal behavior and degree of crystallinity of PLA and
nanocomposite sheets, a DSC test was performed. The
melting scan for the sheets before the thermoforming
process and after the thermoforming process are shown
in Figures 12 and 13, respectively. Data related to DSC
diagram, including glass transition temperature (Tg),
melting temperature (Tm), heat of diffusion (AHm), and
crystallinity (y) for the sheets before and after the
thermoforming process, is given in Tables 4 and 5,
respectively. The degree of crystallinity can be expressed
by the following formula (1):

AH
X (%) = . x100 (1)
m
PLG1
=) PLGO.4
g
B PLA

20 40 60 8‘0 l(IJO 1é0 léIlO 1(IiO lEIiO 2(‘)0
Temperature (°C)
Figure 12. DSC melting scans of the sheets before
thermoforming

Intensity

20 40 60 80 1CI)0 léO 1;10 l(ISO 1;30 2(I)O
Temperature (°C)
Figure 13. DSC melting scans of the sheets after
thermoforming
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TABLE 4. The DSC data of the sheets before thermoforming

Sample T4 (°C) Tm (°C) AHn (Jg7) % (%)
PLA 37.7 147.8 54 5.7

PCNF 375 146.9 10.31 11.4
PCNFAg1 41.8 1515 12.35 13.2

TABLE 5. The DSC data of the sheets after thermoforming

Sample Ty (°C) Tm (°C) AHn (Jg7) % (%)
PLA 45 122.3 3.3 35
PCNF 60.2 149 6.05 6.5
PCNFAg1 59.2 146.7 8.52 10.98

where AHS,with value of 93 J/g is the heat of diffusion
for 100% crystallite PLA.

Based on the data in Table 4, by adding nGO up to 1
wt.% to PLA, Tg has increased from 37.7°C to 41.8C.
An increase in Tg showed that the presence of nGO
reduced the mobility of polymer chains and prevented
them from moving. Melting temperature data showed
that the melting temperature has increased from 147.8 C
to 151.5C. This increase in the melting point is due to an
increase in the crystallinity and thickness of the lamellae.
According to the crystallinity data obtained from the
DSC scan, the degree of crystallinity in PLA has
increased from 5.7 to 13.2% by adding nGO up to 1 wt.%.
Crystallization results are also confirmed by x-ray test.

The DSC curve of the samples after thermoforming is
given in Figure 13. By looking at this curve, it can be seen
that the melting peak has become very small for neat
PLA, which shows that the structure of this sheet has
almost become amorphous after thermoforming. By
comparing the data in Tables 4 and 5, it can be concluded
that after the thermoforming process, Tg has significantly
increased. For neat PLA, this temperature increased from
37.7C to 45C, and for the PLGO0.4 sample, it increased
from 37.5 to 60.2, which is a significant increase. This
increase in Tg is caused by the stretching of the polymer
chains and their entanglement, which limits their
mobility. The comparison of melting temperature data for
samples containing nGO shows that the melting
temperature before and after thermoforming has not
changed significantly. But for neat PLA, it can be seen
that the melting temperature decreased from 147.8C to
122.3C, which shows a significant decrease. This is due
to a considerable reduction in the crystallinity of the neat
PLA. The data on the degree of crystallinity of the
samples before and after thermoforming showed that the
crystallinity has decreased for all samples.

4. CONCLUSION

In this research, thermoforming process of PLA/nGO
nanocomposite sheets carried out. The x-ray diffraction

patterns after thermoforming showed that the peacks in
16.7° and 19.3° disappeared, and a new small peak is
formed at 21.5° which corresponds to the plane (015).
According to the results of the thickness distribution of
the samples after thermoforming, the decrease in wall
thickness was lower for the samples containing graphene
oxide nanoparticles. After thermoforming process,
tensile strength of the samples significantly increased, so
that for the sample containing 1 wt.% of nGO, the tensile
strength increased from 37 MPa before the
thermoforming to 63 MPa after the thermoforming
process. By comparing the DSC thermal test data before
and after thermoforming, it can be understood that the Ty
has significantly increased after the thermal forming
process. For neat PLA, this temperature increased from
37.7TC to 45T, and for the PLGO0.4, it increased from
37.5C 10 60.2 C. For all samples, the degree crystallinity
decreased.
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ABSTRACT

Energy consumption and throughput optimization in cognitive radio networks (CRNSs) are two critical
issues that have attracted more attention in recent years. In this paper, we consider maximization of the
energy efficiency and improvement of the throughput as optimization metrics for jointly optimizing
sensing times and energy detection thresholds in each sub-channel and selecting the spectrum sensing
(SS) and data transmitting multi-antenna secondary users (SUs) in multi-channel multi-antenna CRN
under constraints on the probabilities of false alarm and detection. The considered problem is solved
based on the convex optimization method and the algorithm having less computational complexity
compared to baseline approaches is proposed to achieve the optimal parameters and goals of the problem.
The performance of the proposed scheme is evaluated by simulations and compared with the other
methods. The results indicate that the proposed approach can achieve less energy consumption while the

Energy Consumption

minimum required throughput is guaranteed.

doi: 10.5829/ije.2023.36.09c.15

1. INTRODUCTION

Cognitive Radio (CR) has emerged as a practical
approach to enhance spectrum efficiency (SE) by
allocating the sensed bands as idle of the licensed users
(primary users, PUs) to the unlicensed users (secondary
users, SUs) [1]. Therefore, SS becomes a fundamental
task in CR to quickly and reliably detect the presence of
the Pus [2]. Energy detection is the most common
technique for SS due to its simple implementation. In
addition, it does not need prior knowledge of the PU’s
signal. However, reliable SS is not always guaranteed
because of multipath fading and shadowing. Cooperative
SS (CSS) approaches have been proposed to overcome
these problems. CSS combines the local sensing
decisions of multiple SUs or antennas in a fusion center
(FC) for making a more reliable final decision on the
absence/presence of the PU by achieving the advantage
of the spatial diversity in wireless channels [3]. A lot of

*Corresponding Author Email: mohammad.sadeghian@birjand.ac.ir
(M. Sadeghian)

work has been done on sensing-throughput tradeoff and
finding the optimum SS parameters such as detection
threshold value for energy detection, SS time and power
for data transmitting to guarantee the best performance
on the probability of false alarm, Py, the probability of
detection, P, , and as well as the throughput of CRN [4-
13]. A sum-rate maximization strategy was proposed by
Salari and Francois [14] to jointly obtain the optimal
Energy Harvesting (EH) time allocation factor and
distributed beamforming coefficients that achieve the
best system performance for the secondary network
under the individual EH power constraints at relays and
an interference power constraint at the primary receiver.
The sum throughput of SUs was maximized by Hameed
et al. [15], while managing the interference constraint.
For this goal, the uplink and downlink phase shift
matrices of the IRS elements with optimal time slots for
wireless energy transfer (WET) on downlink and
wireless information transfer on uplink were optimized.

Please cite this article as: M. Sadeghian Kerdabadi, R. Ghazizadeh, H. Farrokhi, M. Najimi, Joint Sensing Times Detection Thresholds and Users
Association Optimization in Multi-Channel Multi-Antenna Cognitive Radio Networks, International Journal of Engineering, Transactions C:
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Most early research on SS has been primarily
performed on sensing a single-band. However, multi-
channel (multi-band) spectrum access has recently
developed where multiple bands used by more than one
PU are sensed and accessed to enhance the throughput
and reduce data transmission interruptions due to the
activities of the PUs. Many approaches have been
presented to achieve the maximum throughput of the
multi-channel CRN by optimizing the different sensing
and transmission parameters [16-23].

The above-mentioned works only consider single-
antenna CRNs. However, multi-antenna systems can
provide many benefits for CRN such as multiplexing gain
and diversity [24, 25]. In multi-antenna CSS, diversity
leads to behave SUs virtually the same as systems having
multiple sensing SUs. These benefits can be exploited to
enhance the sensing and transmission capabilities of
CRN that overcomes the fading problem and hence,
increases the SUs’ throughput. The optimal values of the
SS times, sensing thresholds and transmit power were
obtained for increasing the throughput in multi-antenna
CRNs subject to constraints on transmit power, P, and
Py [26]. In a cooperative multiple-input single-output
(MISO) CR system was proposed by Liu etal. [27], some
of the antennas are used to transmit the SU’s data and the
rest antennas for transmitting the PU’s data. Kumar et al.
[28] enhanced the SE by using multi antennas CSS and
minimizing the spectrum sensing error. The problem of a
joint robust transmission, reflection and reception
strategy design at an active reconfigurable intelligent
surface (RIS)-assisted underlay MIMO CRNs is solved
in which a secondary transmitter serves multiple
secondary receivers, simultaneously [29]. The energy
and matched filter detectors were employed by Rauniyar
and Shin [30] as cascades in each antenna of the multi-
antenna CRN. Then the local sensing results of all
antennas were combined to enhance the detection
performance. A SS algorithm based on sample variance
was proposed that significantly reduces the number of
sampling points in MIMO schemes to achieve the
optimum detection performance [31]. An energy
harvesting-based multi-antenna CR scheme presented
by Liu et al. [32] for powering SUs by harvesting energy
from radio frequency (RF) signal of the PU and the
noise. The performance of SS and throughput can be
enhanced by using more cooperative SUs in the network.
Nonetheless, this enhancement is at the cost of increasing
the consumed energy and communication overhead of
CRN [33]. Therefore, the selection of Sensing and data
Transmitting SUs (SSUs & TSUs) has a significant
impact on the throughput and energy consumption of
CRN. Moreover, the frame structure of the opportunistic
spectrum access CR networks consists of a spectrum
sensing time slot (duration 7) and a data transmission
time slot (duration T-7), as shown in Figure 1. The
longer sensing time increases the probability of detection

and PU protection but decreases the transmission
opportunity of the CR. Hence, the achievable throughput
of the SUs is reduced. Therefore, a fundamental tradeoff
exists between the duration of spectrum sensing and data
transmission. Also, the more or less sensing times lead to
more energy consumption because it takes more time for
sensing and data transmitting, respectively.

The interplay between the above-mentioned
components calls for jointly optimizing the sensing and
data transmission parameters of CRN, which is the major
issue of this paper. The aim is to share the advantages of
multi-antenna and multi-channel CRN.

We solve the joint optimization problem of the
detection thresholds, SS times, and the selection of multi-
antenna SSUs and TSUs for each sub-channel to
minimize the energy consumption and improvement of
the throughput of CRN.

The main contributions of this paper are outlined as
follows:

- Most of work done so far on CRNs just optimizes
either the achieved throughput or consumed energy
of CRN, but in this paper, we consider minimization
of the energy consumption and enhancement of the
throughput, simultaneously.

- We have considered the optimization problem of
the sensing times, detection thresholds, and the
selection of the multi-antenna SSUs and TSUs for
each sub-channel of the multi-channel multi-
antenna CRN jointly to improve the throughput and
minimization of the consumed energy over all the
sub-channels under constraints on the global P,; and
Pr whereas most of the past done studies formulated
an optimization problem without taking the joint
optimization of the above-mentioned parameters for
multi-channel multi-antenna CRN into
consideration.

- The presence of the PU signal is detected by the
multi-antenna CSS, in which each antenna employs
energy detection to sense the PU signal. As a result,
the sensing results of all the sensing antennas are
combined to make the global decision with the goal
of incrementing the CR throughput and improving
the detection capability by obtaining the sensing
diversity gain that overcomes the multi-path fading
problem.

- We provide mathematical proofs for the proposed
model. Then, convex optimization methods and
Karush—Kuhn-Tucker (KKT) conditions are used

T T—7T ——

Sensing Data Transmission

T
Figure 1. The time frame structure of the model
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to solve our mix-variable optimization problem.
Moreover, by using a convex-based iterative
algorithm having less computational complexity
compared to baseline approaches, the optimum
sensing times and detection thresholds are achieved
in each sub-channel. We also specify the sensing
and data transmitting multi-antenna SUs on each
sub-channel. Using the proposed algorithm, the
sensing and data transmitting multi-antenna SUs for
each suitable sub-channel are selected based on
parameters such as detection probability, residual
energy, and SNR such that the consumed energy is
minimized and the constraints on the detection
performance and the minimum required throughput
are satisfied.

- Through simulations, we demonstrate that proposed
scheme can significantly enhance the throughput
and energy consumption of CRN when compared to
structures using same sensing times or thresholds in
all sub-channels or schemes, in which all single-
antenna SUs are participated in SS and data
transmitting.

The remainder of this paper is organized as follows.
Section 2 describes the proposed system model. The
problem formulation and analytical solution are also
developed in this section. Section 3 provides the
simulation results. The future prospect of the proposed
approach are presented in section 4. Finally, conclusions
are drawn in section 5.

2. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a cooperative CRN comprised of FC, K PUs
indexed by the set ={1,2,..., K}and M SUs indexed by
the set M={1,2,...,M} distributed uniformly and
equipped with L antennas as shown in Figure 2. The
frequency band is assumed to be divided into K non-
overlapping channels. Every PU can use only one of the
bands. Each SU receives the PUs’ signal with an instant
signal-to-noise ratio (SNR) within a particular time
interval. Some channels might not be used by the PUs
and are available for opportunistic spectrum access. We
use energy detection as the SS method in proposed CR
system. Let f; be the sampling frequency, t; and ¢; the
sensing time and detection threshold for the ith sub-
channel, respectively. It is assumed the sensing time for
all sensing SUs in one sub-channel is the same.

We assume two hypotheses H, ; and H, ; for receiving
the signals in each antenna, which refer to the inactive
and active state of the PU on ith sub-channel,
respectively. Let Y;; (k) denote the kth sample in the ith
sub-channel (the ith PU signal) received by Ith antenna
of jth SU, s;(k) is the kth sample of the transmitted
signal from the ith PU, w; (k) is the independent

identically distributed (i.i.d.) Gaussian random process
with zero mean and the variance o7 ; received by Ith
antenna of jth SU. We assume a Rayleigh fading channel
with gain h;;; between the ith PU and Ith antenna of jth
SU defined as:
Lijt

hijl = 10_3-91‘;‘1 @
where g;;; is a random process with complex Gaussian
distribution having zero mean and unit variance [34].
L;j; has two components which are described as Equation
(2): the first component is the path loss according to the
free-space path loss model, and the second component
expresses a real Gaussian random variable with zero
mean and standard deviation of 3 based on large scale
log-normal shadowing.

dps. . 4TS,
Lijl =20 lOg (PS%) + njl (2)

where dps,;, EXpresses the distance of Ith antenna of jth
SU and ith PU. f, denotes the working frequency, and v
is the speed of light. Therefore, mathematically, the kth
sample of the received signal of Ith antenna of jth SU at
the ith sub-channel, y;; (k), can be written as two
following hypotheses.
_(wu(k) Hy;: PU is absent
Vi (k) = {h isi(k) +wy (k) Hy;:PUis present ®)

k=12,..1f;

Therefore, the test statistic for Ith antenna of jth SU on
ith sub-channel is expressed as follows:

1 ifs 2
Vi = - Sy @) @

where t; f; is the number of samples. By using the MRC
technique as the diversity approach for combining the
antenna's signal in jth SU, the test statistic of all antennas
is accumulated to achieve the total received energy as
follows [35]:
. w12
= LT—:}%Z;’EJ(ZE yin (k). hip)| (5)

As a result, the following binary test is used to decide by
the jth SU about the presence or absence of the PU in the
ith sub-channel.

H(),i lfV” < &
Hl,i if V” > &

Decide = { (6)

The global P; and P in jth SU for ith sub-channel can
be expressed as follows:

Py = P(Vij = &|Hy;) = Queys, Y2 Vijmre ,ﬁ) Q)

&
r(LTifsim—5—)
29MRC

r(LTifs)

Py = P(V;; 2 &i|Ho,) = ®)
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Figure 2. The multi-channel multi antenna CRN model

where Q,,(a, b) denotes the generalized Marcum Q-
function. r(a) and r(a,b) express the gamma and
incomplete gamma functions, respectively. y;; yrc is the
average SNR of L antennas in jth SU and are defined as

_ @l e
2

Yijmre = where P, denotes the transmit

9MRC
power of the PUs and a2z, is the variance of effective
noise defined as o2, = Z§:1|hijl|za,§ :

It was shown that simultaneous participation of all
SUs for sensing causes more energy consumption and
higher P, while the P, will not increases significantly
[22]. Therefore, we can select some SUs with the better
P, for SS in ith sub-channel while some others are
selected to send their data to the FC through ith sub-
channel, and the rest are considered idle to enhance the
consumed energy and throughput. OR fusion rule is
employed in FC to fuse the local decisions of the SUs.
Therefore, the global P, and P for ith sub-channel are
expressed as follows:

Py, =1-TI}L, (1 - Pideij) 9

P, =1—TIL, (1= pysPy,) (10)

where p;; €{0,1} is “1” if ith sub-channel is sensed by
jth SU otherwise, it is considered as “0”. Therefore, it
should specify which SUs sense the ith sub-channel and
which SUs transmit their data through ith sub-channel. If
the SUs select transmitting the data on the ith sub-
channel, the average throughput of the proposed CRN on
all K channels is given below:

C =YK, L5 (S8 (P(Ho (1 — Pr )i log (1 +

=17,
(SNR);j) + P(Hy )(1 — Py )y log(1 + (11)
(SINR);;))
where  (SNR);; =Zl=17 and  (SINR);; =

2
L |h1~"sﬂ| “Ptij .
— hpsﬂrepresents the channel gain

2
2
pp,i|hFPi| +toq

between FC and Ith antenna of jth SU and hgp, is the
channel gain between FC and ith PU. Py; and p,;
represent the transmitting power of the jth SU and ith PU
on the ith sub-channel, respectively. The assignment
index ¢;; € {0,1} is “1” if the jth SU is selected for
transmitting the data on the ith sub-channel otherwise it
is considered as “0”. We assume that P(H, ;) and P(H, ;)
denote the probabilities that the ith sub-channel is idle
and busy, respectively. T; is the frame duration. The
energy consumption of the proposed CRN is calculated
by extending the considered model by Maleki et al. [36].
Therefore, the energy consumption of jth SU in each sub-
channel at the sensing process can be written as follows:

Etj =Yl Es,;l + E¢qj (12)
where Es,-l denotes the energy consumption by Ith

antenna of jth SU for sensing ith sub-channel. E,4;

represents the consumed energy for transmitting one
decision bit from jth SU to the FC and is calculated as
follows:

Et,dj =Et_clec + eampdlz'"sj (13)

where E;_... IS the required energy for transmitter
electronics and e,,,,, denotes the required amplification
such that a specified receiver sensitivity level is satisfied.
dFSj represents the distance between FC and jth SU. With

respect to the selection of the SUs for sensing, data
transmitting, or being idle, the total consumed energy can
be expressed as follows:

Er =3, 30, [pij [ZIL=1 Eg;, + Et,dj] + (pijEtdij] (14)

where Etqy; denotes the consumed energy by jth SU to

send one data bit to the FC through ith sub-channel.
Assuming that Es,-l is the same for all antennas and the

SUs denoted as E, we have:
Er =Y, 2%, [pij[LEs +Epqj] + ¢ijEtdij] (15)

Now, we assume that @ and 8 denote the upper and lower
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bounds of P, and P; in each sub-channel, respectively, to
have more opportunity for using the idle channels and
satisfy the PU’s signal protection requirements from the
interference.

By increasing the number of SUs for data transmitting
in the CR network, the energy consumption and the total
throughput are increased. However, the main goal is to
achieve the minimum energy consumption of CRN while
keeping throughput above a certain value, C;,, and
interference to the PUs below a certain threshold. In other
words, our goal is to find the number of SUs and specify
the SUs for each sub-channel that minimizes the energy
consumption, and also satisfies the minimum required
total throughput of the CR. Therefore, all SUs do not
need to cooperate for data transmision. Thus, the
selection of the data transmitting SUs is considered for
minimization of the energy consumption of the network
and satisfaction of the required throughput of SUs.

Therefore, we can achieve the minimum energy
consumption by solving the following optimization
problem.

b T (16)
st. P, =2f VieX (16.2)
Prsa VieX (16.b)
C>Cp (16.0)
Tipj <1 VjeM (16.d)
Yhip <1 VieK (16.€)
pij®;; =0 VieK,jeM (16.f)
pi;€f0,1} Y ieK, jeM (16.9)
0;;€{0,1}  VieK, jeM (16.h)

The constraint (16.d) indicates that each SU can only
sense one channel in the sensing time slot. The constraint
(16.e) indicates that each channel should be allocated to
maximum of one SU for data transmitting in the
transmitting duration. The constraint (16.f) expresses that
sensing and transmitting cannot be accomplished by jth
SU on ith sub-channel, simultaneously. Using constraint

(16.b) and Equation (10), n; < % =M;
ln(l—il “20%mc )
r(Ltifs)
where n; = Zj‘-ilpij and M; represents the number of
sensing SUs and maximum number of sensing SUs in the
ith channel, respectively. Due to the discrete nature of p;;
and ¢;; the problem is a non-deterministic polynomial
time (NP) problem, and the general solution will be the

exhaustive search algorithm. Thus, all n; sensing
candidates and M-n; transmitting candidates in the ith
sub-channel should be examined such that it achieves the
minimum energy consumption and the constraints on the
required detection performance for each sub-channel is
satisfied. This algorithm has a high exponential
complexity in the order of O((MDX) for large M.
Therefore, to reduce the complexity of the solution, p;;
and ¢;; are assumed as continuous parameters so that
p;;€[0,1] and ¢;;€[0,1]. After solving our problem, p;;
and ¢;; are matched to discrete space again. As a result,

the optimization problem can be reformulated as follows:
i =YK yM 5 [L _
Pij?flr’lii-gi.fi Er = 21:1 2]:1 pu[ Lt P + Et,d]] + 17
@i (Tr — 1) Pyyj

s.t. Py, =B VieX (17.2)
YLy < M; V i€k (17.b)
C=Cyp (17.c)
Yipjs1 v jeM (17.d)
Yhiey <1 VieK (17.)
pijij =0 V ieX, jeM (17.1)
piel0,1] Y ieX, jeM (17.9)
@;;€0,1] Y ieX, jeM (17.h)

where P, is the sensing power of the SUs assumed to be
the same for all SUs. P; represents the power for
transmitting the data of jth SU on ith sub-channel. The
above problem is not a standard convex optimization
problem. However, the convex optimization approach
can be employed to achieve a local solution instead of a
global. For this purpose, the convex method based on the
Lagrangian multiplier is used to solve the problem. We
use Karush-Kuhn-Tucker (KKT) conditions to
prioritize the SUs for SS and data transmitting in each
sub-channel. Thus, the Lagrangian function is given by:

L (@i pij Y, b i xo ;) =
KM pii[ LtiPs + Ecaj + @i (Tr — 7)) Paj +
i=14j=1Fij ils tdj ij\‘f i)tij
{(Cen = O+ 21 i (B —Pg,) + Ypijo; + (18)
i p — M)+ 2 i EF 0 —
D +X w0 (X0 - 1)
where ¢, Y, ¢;, ¥;, x; and w; represent the Lagrangian
multipliers. Therefore, we have:
oL
2 = LR+ By = b1 (P ) T (1 -
pinPay, )+ Wi+ w; =0 (19)

VieX and VjeM
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oL _
09;;
Py (T, ) log(1+ (SNR);;) + P(Hy ) (1 — (20)
Pdi(‘ri,si)) log(l + (SINR)U)] +x =0
For notation simplicity, we assume that ¢} =
P(H;)log(1+ (SNR);;) and  CJ = P(H,;)log(1 +
(SNR)L-]-). Therefore, we rewrite Equation (20) as:

aL
09;;
Py (i, Si)) i + (1 - Pdi(Tirgi)) C+xi=0

(T; =)y = ¢ [P(Ho) (1~

=(Tr —1)P... — ¢ L= (1 -
_(Tf Tl)PtLj { Ty ((1 (21)

The goal is to prioritize the selection of the SUs as
sensing or data transmitting in each sub-channel. Thus,
the quantity of p;;s and ;s for the ith sub-channel is not
essential. Instead, we compare the ratio of p;;/p;, for any
pair of SUs. As a result, the SUs are prioritized for
sensing and data transmitting on ith sub-channel by using
the cost functions Equations (22) and (23) in which the
SUs with smaller cost functions are selected as sensing
and transmitting SUs, respectively.

cost(i,j) = L;Ps + E¢a;, — s (Pdij) + ¥+ w; (22)

We assume 1; and w; are identical for all SUs in all sub-
channels. Therefore,

cost(i, ) = LT, + Eqa, = i (Pay) (23)
and for data transmitting SUs, we have:
.. Te— T
cost(i, /) = Era, — ¢ fo (CH I, (1 -

(24)
Piijj) + ¢ I, (1 - pijpdj))

We use the complimentary slackness conditions to

specify the optimum Lagrangian multipliers as follows:

o [#i=0.P>p (@5
Yica¢i(Pg, =B) =0 {q,’)i:tO,Pdi:ﬁ o (25-2)

=030y <M (259)
(B py — M) =0 { W,
S (g ) - ¢i¢0,29d=1ﬂij=Mior (25-4)
(=0,0>Ce (25)
C—Ca)=0 {
(C=Cn)=0=0r 2 0.c=p°" (25-6)

H=0T eyt (25)
K Ci e —1 =0—>{ / Y or
=1 2@ 0y~ 1) X#0,X0=1) (25-8)

w;=0,%5,p; <1 (25-9)
T (K pi-—1>=0~{ y =1
=1 Wj 1Pij w; 0,35, p;=1 (25-10)

Y=0,p;jpi; # 0 (25-11)

Yp- Q= 0- or
ijPij {Yqﬁ 0,040 = 0 (25-12)

We note that P, , Py, , and E are the increasing functions
of p;;s for the ith sub-channel. Therefore, we can
decrease p;; so that P, = B is satisfied for ith sub-channel.
As aresult, we can achieve smaller P, and Er. Therefore,

¢; # 0 is considered a true condition. If the detection
performance on ith sub-channel is satisfied by less
sensing SUs, condition (25-3) will be optimal otherwise,
(25-4) will be true. In other words, conditions (25-3) and
(25-4) determine the maximum number of sensing SUs
in each sub-channel. We consider C = C,, as the optimal
condition because Er is an increasing function of p;;s.
Therefore, we can achieve less energy consumption when
p;;S decreases while satisfying the constraint on the
minimum required throughput. Since the SUs cannot use
more than one channel for transmitting their data and thus
condition (25-8) is considered optimum. Conditions (25-
9) and (25-10) indicate that the SUs can sense up to one
sub-channel in the sensing duration. The last condition
expresses that the data transmitting and sensing cannot be
performed by one SU, simultaneously, so p;;¢;; = 0 isa
true condition. To achieve the optimum SS time and
detection threshold in each sub-channel and selecte the
suitable SSUs and TSUs, an iterative algorithm as shown
in the following flow chart, based on the bisection
method [37] called STDTST, is proposed. First, we
determine the priority of the sub-channels by computing
the average SNR of the SUs over each sub-channel and
sorting them in ascending order. Then, we select the sub-
channels having the highest priority, i = 0. In the next
step, P, and Py are computed for all SUs in ith sub-
channel. At each iteration in which ¢, ¢, 7, and ¢ are
updated by the bisection algorithm, the cost function in
Equation (23) for all SUs over selected sub-channel is
computed and sorted in ascending order, then the SUs
with the lowest cost are considered to be participate in SS
until the global P, = f on the ith sub-channel is met,
and the maximum number of selected SUs on ith sub-
channel becomes less than M;. Then, the cost function
(24) is calculated for the remaining SUs on ith sub-
channel and sorted in ascending order. We select the SUs
having the lower cost for data transmitting on ith sub-
channel while guaranteeing the required throughput. The
values 7, &, ¢ and ¢ are updated by using bisection search
approach according to the following rule. If Py, = B, T is

decreased; otherwise is increased. As a result, we can
achieve the optimum t by this algorithm. The same
approach is employed simultaneously to obtain the
optimum ¢, ¢. Now, for finding the optimum &, we
employ the same algorithm to the one used to obtain the
optimum t. However, the difference lies in updating,
where ¢ increases if P, = f and vice versa. The
condition for stopping the algorithm is that its accuracy
becomes less than a small predetermined threshold. The
complexity of our proposed algorithm to find the
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solutions is linear in the order of O(MK), since, only the
cost functions should be computed for all SUs over the
sub-channel in each iteration which is much less than the
computational complexity of the exhaustive search
algorithm.

3. SIMULATION RESULTS

For simulations, we consider a cooperative CRN
consisting of the SUs and PUs located randomly with a
uniform distribution in the square area with a variable
length between 100 m to 500 m in which FC is located in
the center of the square. The 2.4 GHz IEEE
802.15.4/ZigBee is wused as the communication
technology in the network. We assume that the channel
model from the PUs to the FC and each SU to the FC, is
as Equation (1) [38]. We employed MATLAB 2015a for
simulations and each point in the results is obtained by
averaging over 10000 independent random experiments.
The simulation parameters are listed in Table 1. Let us
first analyze the optimality of average achievable
throughput versus the sensing time and detection
threshold over the five sub-channels, as shown in Figure
3. We would like to maximize the throughput over the
five sub-channels.

TABLE 1. The simulation parameters

Parameter Value
The number of SU (M) 50 ~500
The number of PU (K) 5
The number of antenna (L) 2~4

a 0.1

B 0.9

f. 2.4 MHz
P(Hy) 0.6
P(H,) 0.4

Ty 100 ms
fi 1 MHz
v 3 %108 m/s
E 190 nJ
Ei_clec 80nJ
€amp 40.4 pJ/m?
Dp 20 mW
Cin 10 bits/sec
Data rate 250 Kb/s

Receiver sensitivity -90 dBm
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Figure 3. The average throughput vs. (a) Detection
threshold (b) Sensing times for different sub-channels when
K =5,M=100and L=2

It can be clearly seen that there is an optimal z and ¢
for each sub-channel that maximizes the throughput. The
throughput for each sub-channel is low in very short
sensing time because the detection performance is low,
and therefore, Py is high while, in a long sensing time,
the throughput is low because the data transmitting time
is very short. Therefore, there is a tradeoff between the
sensing time and throughput over each sub-channel. In
Figure 4, the consumed energy in different sub-channels
versus different sensing times and detection thresholds
has been obtained. The energy consumption is high in
small and large z because, in small z the more time is used
for data transmitting, while in large z more time is used
for sensing. From Figures 3(a) and 4(a), we can also see
that there are optimal detection thresholds for each sub-
channel that maximizes the throughput and achieve the
minimum energy consumption over each sub-channel.
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The more significant thresholds achieve less throughput
and more energy consumption.

In Figure 5(b), P; in each sub-channel versus
different sensing times is evaluated. We can see that
increasing the sensing time leads to an increment in the
global P; in each sub-channel until it reaches to 1.
Therefore, the signal quality of the PUs can be
sufficiently maintained. We also can see that P, for
different sub-channels is almost identical and close to
each other. That’s due to the fact that the optimal
selection of the SUs can compensate the low SNR or non-
optimal sensing time or detection threshold for the
different sub-channels. Although the average global
P, constraint for all sub-channels is maintained, however
according to Figure 4, it increases energy consumption.
By decreasing the detection threshold, the global P, and
P, for each sub-channel increase, and the desired
detection performance is obtained by using fewer SUs.
Therefore, the consumed energy over the sub-channels is
reduced.

Table 2 shows the average SNR, optimal sensing
times, and detection thresholds obtained with Algorithm
1 for each sub-channels when K =5, M = 100, and L=2.
Since all K sub-channels can be used by CR users for
transmission, thus the objective is to achieve the
minimum sum of the energy consumption, and improve
the sum of the throughput of all sub-channels by
optimizing the sensing times, detection thresholds and
the selection of the SSUs and TSUs in all frequency
bands.

Note that in the multi-channel scenario, the global P,
and P, requirements and the minimum required

throughput of CRN in different sub-channels may differ.

Algorithm 1. The algorithm to find the optimum detection
thresholds and sensing times and to select the SSUs and
TSUs on each sub-channel for a multi-channel multi-
antenna CRN.
Initialization:
Tmax = a large enough number
0
a large enough number
0
(min 0
{max = alarge enough number
Pmin =0
Pmax = a large enough number
€, ,€,, €3, €, are the small numbers
Compute average SNR of all SUs on all sub-channel
i=0 % index of sub-channel

Sort all SNR; in an ascending order so SNR, has maximum value
WHILE (i <K % number of sub-channel) do

WHILE (lfmax - Tminl >¢;) do
Ty = (Tmax + Tmin) /2
WHILE (lsmax = Emin | > €,) do
& = (Emax T Emin)/2
Compute Py;; and Py, forall SU

WHILE (|¢max — ¢min | > 53) do

Tmin
Emax

Emin

¢i = (¢max + ¢min)/2
WHILE (l(max - zmin I > 54) do
¢ = (Gmax + $min)/2
Compute cost(i,j) = Lt;P, + Epa; — & (Pdi,-) for all SUs
Sort cost functions (23) in an ascending order
m=0 % The number of SSUs with higher priority
Compute M; (maximum number of SU for sensing)
WHILE (m < M;)do
Compute Py, =1—[I7L,(1 - Py;})
IF Py, > THEN BREAK
ELSE m=m+1
END IF
END WHILE
Compute E; according to (15)
N, =M —m % The remaining SUs which
can be selected as TSU
Compute cost function (24) for all SUs
Sort cost functions (24) in an ascending
order
t =0 9% The number of selected TSUs
WHILE (t <N,)
Compute C % total throughput
IF C=>(, THEN BREAK
ELSE t=t+1
END IF
END WHILE
IF Py, > B THEN {poy =0
ELSE {min = (
END IF
END WHILE
IF Py, > BTHEN gy = ¢;
ELSE ¢min = ¢i
END IF
END WHILE
IF Py, > THEN &, =¢
ELSE €,0c =€
END IF
END WHILE
IF Py, >p THEN T4 =1
ELSE Toin =T
END IF
END WHILE
i=i+1
END WHILE
Output: The optimal 7, &, TSUs, SSUs for each sub-channel and
optimum energy efficiency and throughput

6
37 x10 .

Energy consumed(j)

—%— Sub-channel1
Sub-channel2 | |
—%— Sub-channel3
Sub-channeld
—©— Sub-channels

15 1.6 17 1.8 19 2 21 22 23 24
Threshold x10®

(@)



1712

M. Sadeghian Kerdabadi et al. / I[JE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1704-1719

6
a2 17

—#— Sub-channel1
Sub-channel2

\ | —©—Sub-channel3
L Sub-channeld
\| —©— sub-channels

Consumed Energy(j)

Sensing Time(sec) x10%

(b)

Figure 4. The consumed energy vs. (a) Detection threshold
(b) Sensing times for different sub-channels

However, we consider the sum of the throughput over all
sub-channels. Now, we compare the proposed algorithm
with the following schemes in the simulations.

1.

Joint optimization scheme of the Sensing Time and
Detection Threshold and selection of SSUs and
TSUs called STDTTS: This scheme is similar to
STDTST, the difference is that the TSUs over each
sub-channel are selected based on Equation (24) so
that the energy consumption and the throughput
constraints are satisfied then, according to Equation
(23) the SSUs over each sub-channel are
determined while satisfying the constraints on the
maximum number of SSUs and Py, .

Random Selection of the SUs scheme (RSMA): In
this algorithm, TSUs and SSUs are randomly
selected over each sub-channel until the constraints
on the P, is satisfied. In this approach, none of the

sensing times and detection thresholds for sub-
channels are optimized.

Probability of Detection
° °
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b
©
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Figure 5. The probability of detection vs. (a) Detection
thresholds and (b) Sensing times in each sub-channel

TABLE 2. Average SNR, optimal sensing times and detection
thresholds for a multi antenna multi-channel CR network with

5 sub-channels, 100 SUs with 2 antennas

Sub- Average Optimum Optimum
Channel SNR sensing time (s) threshold
Sub-channell 6.4134 0.7116e-5 0.1524e-7
Sub-channel2 6.5876 0.6153e-5 0.1587e-7
Sub-channel3 6.6943 0.5059e-5 0.1623e-7
Sub-channel4 7.5441 0.4960e-5 0.1788e-7
Sub-channel5 7.7238 0.4235e-5 0.1865e-7

Joint optimization scheme of the Detection
Threshold, the selection of SSUs and TSUs
(DTST): The SSUs and TSUs are selected similar
to the STDTST algorithm while the sensing times
are considered the same and predetermined for all
sub-channels.

Joint optimization scheme of the Sensing Time and
the selection of SSUs and TSUs (STST): In this
method, after determining the priority of sub-
channels based on their average SNR for each sub-
channel, the cost function in Equation (23) is
computed and sorted in ascending order. Then, the
SUs with the lowest cost is considered to participate
in SS until the global P, = on the ith sub-

channel is met, and the constraint on the maximum
number of selected SSUs is satisfied. After that,
from the remaining SUs, the SUs with the lowest
cost in Equation (24) are selected for data
transmitting so that the minimum required total
throughput is satisfied. The values of the sensing
times are updated for each sub-channel by using the
following rule: If the P;, > j3, the sensing time will

decrease otherwise, it will increase. This algorithm
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allocates equal detection thresholds to all sub-
channels.

5. STDTST without priority of bands: This scheme is
similar to STDTST the difference is that the
prioritization of sub-channels is not performed.

6. The limited reporting scheme [22].

7. The cooperative communication scheme between
CRN and the primary network [24].

8. The presented multi-band MIMO CR scheme
reported by Moghimi et al. [26].

We consider a CRN with 5 PUs and 100 SUs
equipped with 2 or 4 antennas. The detection threshold
levels and the sensing times are set according to Table 2
for each sub-channel. The total throughput threshold is
fixed at 10. The sampling time ratio and the reporting
time ratio for the limited reporting scheme are set to
0.15e* and 0.4e*%, respectively. We consider a multi-band
4 x 4 MIMO CR system for the presented scheme by
Moghimi et al. [26]. In Figure 6, the average throughput
and consumed energy of all the schemes are compared in
different dimensions of the network. It can be seen that
all algorithms satisfy the constraint on the minimum
required throughput in different dimensions. It is clear
that in large dimensions, the difference between the
throughput of STDTTS with 4 antennas and other
algorithms becomes greater, which is due to the
enhancement of the diversity gain. It can be seen that the
prioritization of sub-channels leads to the increment of
throughput and reduction of the energy consumption of
CRN, especially in large dimensions. Moreover, because
of the random selection of the SSUs and TSUs over each
sub-channel, RSMA scheme has more energy
consumption and less throughput in comparison to other
schemes.

Figure 7 indicates P, of different algorithms for the
first sub-channel with the lowest SNR in different
dimensions when the number of the SU is M=100 and the
detection threshold for STST and RSMA algorithms is
fixed to 0.18e”". The sensing time for DTST and RSMA
algorithms is set to 0.7e5. The detection threshold and the
sensing times for STDTST and STDTTS schemes are set
according to Table 1. It can be seen that increasing the
dimension of the network decreases the P, for all
schemes because the network obtains higher chances to
distribute more SUs far from the PUs. However, the
minimum required P, constraint for all algorithms, P, >
B, is satisfied. We can also see that selecting the non-
optimal detection threshold for the first sub-channel
would have a very negative effect on detection
performance.

In Figure 8, we investigate the impact of the number
of SUs on the total throughput and energy consumption
of CRN when the dimensions of the network are set to
100 m x 100 m. We can see STDTTS with 4 antennas
has more throughput and less energy consumption than
other schemes. We also see that, compared with STDTTS
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with 2 antennas, the 4 x 4 multi-band MIMO CR
approach achieve more throughput. Figure 9 depicts
P, versus the number of SUs for different algorithms in
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Figure 9. The impact of the number of the SU on P, in first
sub-channel

the first sub-channel. It can be observed that the P, of all
schemes increases by increasing the number of SUs until
reaches to the maximum value.Thus, when the number of
the SUs is large enough, it has little effect on the
detection performance. Considering Figure 8 and the

results illustrated in Figure 9, it can be concluded that the
increment of the number of antennas increases
P, especially when the dimensions are small. For
example, when the dimensions of the network are 100 m
x 100 m and the desired P; for the first sub-channel using
the STDTTS scheme is considered as 0.99, at least 250
SUs with 2 antennas must be distributed in the network
while the above detection performance can be satisfied
by 80 SUs with 4 antennas. We can also see that the
STDTTS scheme can achieve approximately 13.4
bits/s/Hz total throughput by 125 SUs with 4 antennas or
205 SUs with 2 antennas in 100 m x 100 m network
dimensions. Therefore, when the minimum total
throughput can be achieved by SUs having the fewer
numbers of antenna, it is more appropriate to exclude
employing more antennas since it will be useless and has
more cost. However, it is possible to consume more
energy because the more SUs must be applied to achieve
the minimum required total throughput.

A a result, the final decision about the number of
antennas should be obtained based on the tradeoff
between implementation cost and consumed energy.

In Figure 10, the impact of the number of SUs having
different numbers of antenna on the total throughput and
consumed energy is evaluated when the STDTST
algorithm is used. The SUs with 1, 2, 3 ,and 4 antennas
are considered ,while the dimensions of the network are
100 m x 100 m. From Figure 10(b), we can see that the
STDTST with more antennas consumes less energy than
other cases. Therefore, the number of antenna used for
the STDTST scheme depends on the difference in the
implementation cost and complexity between adding
antennas and adding SUs with less antennas for energy
saving.

Finally, the convergence of the STDTST algorithm is
analyzed in Figure 11, when M=100, K=5, L=2 and the
dimensions of the network are 100 m x 100 m. The energy
consumption decreases in each iteration and converges to
a fixed and minimum point in the 69th iteration.
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Figure 11. The convergence performance of STDTST
algorithm for different iterations

3. 1. Results Analysis In Figures 3(a), 4(a) and 5(a)
we investigated the impact of detection threshold on the
average throughput, energy consumption and probability
of detection for different sub-channels in the multi-
antenna multi-channel CR network, resectively. It can be
seen that when the threshold is less than a unique optimal
value the average throughput can attain almost the
maximum and constant value for each sub-channel while
more threshold leads to less throughput. Figure 4(a)
shows that as the threshold increases, the energy
consumption increases.That’s due to the fact that as the
threshold increases, the probability of detection for each
SU in each sub-channel decreases and the selection of
more SUs is required to satisfy detection performances.
Figures 3(b), 4(b) and 5(b) show the influence of the
sensing time on the throughput, energy consumption and
probability of detection for different sub-channels,

respectively. We can see, the probability of detection
increases with the increasing of the sensing time until it
reaches to 1. In Figure 3(b), the achievable throughput for
each sub-channel is less at a small or large sensing time,
that’s due to the fact that the small sensing time decreases
the detection performance, whereas large sensing time
reduces the data transmitting time and therefore, we see
the tradeoff between the sensing time and achievable
throughput of the CR network.

Form Figure 4(b), we can clearly see that there exist
an optimal sensing time for minimizing the energy
consumption over the five sub-channels. It can be seen
that at the unique optimal sensing times for each
subchannel, the energy consumption can attain almost the
minimum value, while the more or less sensing times
leads to more energy consumption because it gets more
times for sensing and data transmitting, respectively.

Therefore, according to Figures 3 to 5, the minimum
threshold and sensing time should be achieved, such that
the throughput of the secondary network is maximized
and the total energy consumption is minimized, while
detection constraints can be satisfied. Thus, We see that
de increase by increasing the time sensing and by

decreasing the threshold. As a result, the fewer number
of SUs participating in the spectrum sensing is required
to satisfy the detection constrains and reduce the total
energy consumption. Figure 6 shows the influence of
dimensions of the network on the throughput and energy
consumption of all the schemes. As can be observed, all
schemes maintain the throughput threshold constraint for
all dimensions. It can be seen when the dimension
increases the more energy is consumed because the
detection performance will be decreased by increasing
the length of network as shown in Figure 7. Therefore, it
should be selected more SUs for satisfying the detection
performance and transmitting their data to the FC to
satisfy the constraint (17.c). When the dimension of the
network is small, the SUs will have a high density in the
area. Therefore, the constraint on the detection
performance can be satisfied by selecting less SUs. In
addition, by increasing the dimension of the network the
average distance from the PUs to the SUs and from the
SUs to the FC increases. Thus, it consumes more energy
to guarantee the minimum sensitivity of the receivers.

The influence of the number of SUs on the total
throughput, energy consumption, and probability of
detection of all the schemes is shown in Figures 8 and 9.
We see that the average throughput increases
monatonically by increasing the number of SUs, however
it grows slowly when the quantity of SU is large until it
reaches to the maximum value and then is fixed. It can be
clearly seen from Figure 8(b) that the total consumed
energy of CRN decreases with the increasing number of
SUs. This can be expressed by the fact that as the number
of SUs increases, there will be a greater chance for more
SSUs or TSUs be near the PUs or FC. Therefore, the total
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throughput and P, increase while the located SUs near to
FC leads to less energy consumption. It is also shown that
the throughput enhances by increasing the number of
antenna because of the enhancement of the diversity gain.

The impact of changing the number of antenna on the
total throughput and consumed energy of STDTST
scheme is shown in Figure 10. It can be observed that the
multi-antennas strategy outperforms the one using single
antenna. We analyzed the convergence of proposed
algorithm in Figure 11. We can see that the algorithm
correctly converges to the minimum value after several
iterations.

4. FUTURE PROSPECT OF THE PROPOSED
APPROACH

We anticipate that CR technology will soon emerge from
early-stage laboratory trials and vertical applications to
become a general-purpose programmable radio that will
serve as a universal platform for wireless system
development, much like microprocessors fulfill that role
for computation. The evolution of CR toward CR
networks is underway; the concept of CR networks is to
intelligently organize a network of CRs. Applications of
spectrum-sensing CR include emergency-network and
WLAN higher throughput and transmission-distance
extensions. The CR technology will be used
commercially in the 5G and 6G cellular networks. 6G
networks will be able to use higher end of the radio
spectrum than 5G networks and provide substantially
higher capacity and much lower latency. While reliable
spectrum sensing techniques are pivotal, the CRN’s
throughput, energy efficiency ,and channel maintenance
are important considerations for the SUs. This has
primarily motivated the employment of multi-channel
multi-antenna CR paradigm. Multi-antenna SUs to sense
and access multiple channels, simultaneously promised
significant enhancements to the network’s throughput
and energy efficiency. In addition, it provids seamless
handoff from band to band, which improves the link
maintenance and Quality of Service (QoS) and reduces
data transmission interruptions.

Moreover, cooperative networks were analyzed, and
a possible extension to integrate such a powerful
paradigm into multi-channel CRN was suggested.
Particularly, cooperative multi-channel CR provided a
desirable compromise between spatial diversity and
sampling complexity. In addition, some of the most
common performance measures that help evaluate the
network’s performance in terms of spectrum reliability
and network’s throughput have been presented.

However, there are fundamental limits and tradeoffs
among several critical design parameters in multi-
channel multi-antenna CRNs that must be carefully
investigated. The most common considerations are the

sensing time, detection threshold, network throughput,
data combination methods, detection reliability, number
of cooperating SUs, power control, and channel
assignment. Some of these cases, such as sensing time,
and detection threshold were discussed in this paper. The
rest will be explained in the following.

1. One of the key issues in cooperative
communications is how to combine the collected
information from the participating SUs. There are
three main techniques, namely: hard combining, soft
combining, and hybrid combining. 1) Hard
Combining: In this technique, the SU merely sends
its final one-bit decision to the other SUs. In this
technique, the SU shares its original sensing
information (or original statistics) with the other SUs
without locally processing them. Hard combining
requires less overhead compared to soft combining.
However, since the statistics at each SU are reduced
to one bit, there is an information loss that
propagates to the other SUs. Therefore, the final
decision is less reliable compared to soft combing.
The soft combination techniques such as MRC,
EGC, OC, SC, SLS, SLC, and hard combination
methods consist of AND, OR and MAJORITY for
CRs with and without multiple antenna. Therefore,
the selection of the optimal combination technique is
essential, which was not discussed in this paper, and
it can be considered as an effective research case in
future works when it is added to the proposed model
of this paper.

2. Optimum power allocation is vital for improving the
network’s throughput and protecting PUs. It
becomes even more important when the underlay
scheme is used, since power adaptation becomes
necessary. Therefore, our future works include
adding transmit power and interference bounds as
constraint functions.

3.  While increasing the number of cooperating SUs
improves the reliability of detection and reduces
sensing time, it incurs a long delay due to the time
required to collect the information from all the SUs.
To tackle this issue, the SUs can simultaneously send
their decisions on orthogonal frequency bands, yet
this requires larger bandwidth. Thus, an effective
scheme should be proposed to obtain the minimum
number of SUs to maintain the desired performance,
which was not considered in this paper, and can be
investigated in future works.

4. One can presume that accessing all available bands
would theoretically increase the throughput.
However, when a SU accesses all these bands, there
is a higher probability that a PU returns to at least
one of them. Thus handoff becomes necessary,
which consequently increases the network’s
overhead. Therefore, optimizing the number of sub-
channels for spectrum access becomes essential. To
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guarantee that each SU picks the best channels,
frequent channel reselections become inevitable, and
hence high overhead is incurred. To reduce the
overhead, a proper approach is required where the
SU selects a channel as long as it can support the
least possible transmission rate. Otherwise, an
alternative channel is randomly selected. This
algorithm has a lower throughput, yet it reduces the
frequency of channels’ reselections. The future work
advises using of adaptive bandwidth selection for the
proposed multi-channel multi-antenna CRN to
further maximize the network’s throughput.

5. Recently, energy harvesting (EH) from ambient
radio frequency (RF) signal sources has been
proposed as a promising solution to address the
energy shortage problem. In an Energy Harvesting
Cognitive Radio (EHCR) network, a CR transmitter
collects energy from RF signals by EH when a PU is
present in the channel and employs it for data
transmission when the spectrum is idle. Therefore,
the SU should search for not only a vacant channel
of PUs for its data transmission, but also an occupied
channel for EH. In future works, we can use an
energy harvesting-based multi-channel  multi-
antenna CR network to execute cooperative SS, data
transmission, and RF energy harvesting by a
secondary transmitter from PU’s signal and the
ambient noise, simultaneously.

5. CONCLUSION

In this paper, we studied the problem of designing the
optimal sensing times and detection thresholds in each
sub-channel and selecting the multi-antenna SSUs and
TSUs in the multi-channel multi-antenna CRNs for
improvement of both throughput and energy efficiency
so that the constraints on the global P, and P, in each
sub-channel are satisfied. Our problem formulated, and
the priority of SUs for sensing and data transmitting in
each sub-channel determined. We proposed the
algorithm having less computational complexity than
baseline approaches to achieve the optimal parameters
and goals of the problem. Furthermore, simulation results
have shown that the proposed structures and algorithms
can consistently achieve an improvement on the
throughput and energy consumption in comparison to the
structures using the same sensing times or thresholds in
all sub-channels or schemes in which all single-antenna
SUs have participated in spectrum sensing and data
transmitting on all sub-channels.
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