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ABSTRACT

Effective marketing is quite vital in many building construction projects that depend on the pre-sale cash
in-flow. However, the unsafe condition of the under-construction projects postpones in-person customer
visits to the completion date and complicates the marketing process. This safety concern is especially
critical for the upper floor units. Although virtual tours of the buildings are used to show the project
specifications, they do not convey the impression that customers receive in the real ambiance of in-
person visits. This research proposes a novel method called semi-augmented reality to address the safety
issue of the under-construction projects during the marketing process. In this method, lower floor
apartment units are safeguarded for the customer’s visits to give an accurate impression of the building’s
condition. Virtual models of the upper floor apartments are linked to a similar safeguarded unit on the

ig‘;g?tm lower floor to augment the existing deviations between lower and upper floor units. The capability of
9 the method was successfully tested in an experimental case. The participating real estate agents in the
test found the method beneficial for the customers’ safety, attracting their attention, facilitating the
decision-making process, and increasing their convenience. This method introduces a new approach to
the building pre-sale marketing process. Similar techniques are expected to emerge shortly.
doi: 10.5829/1JE.2021.34.10a.01
NOMENCLATURE
2D 2-Dimensional PPE Personal Protective Equipment
3D 3-Dimensional QR code Quick Response code
AR Augmented Reality SAR Semi-Augmented Reality
BIM Building Information Modeling VR Virtual Reality
IFC Industry Foundation Class

1. INTRODUCTION

In recent years, advanced technologies, such as
augmented reality (AR) and virtual reality (VR)

Many researchers and practitioners have highlighted the
integral impact of adopting an effective marketing
approach in the construction industry in different parts of
the world [1-5]. Adopting proper communication tools
with clients [4, 6] and satisfying the clients’ needs [7-9]
are fundamental elements of practical marketing
approaches in the building construction industry. Since
pre-sale customers purchase products that are not entirely
built yet, improving these two essential elements can
substantially enhance the entire marketing process.

*Corresponding Author Institutional Email: alvanchi@sharif.edu (A.
Alvanchi)

technologies have proven themselves as -effective
marketing tools [10]. They are likely to change the
marketing industry soon [11]. AR and VR are two digital
information visualization techniques that rapidly grew in
the shadow of the recent advances in information
technology [12]. “Virtual reality refers to computer
technologies that use software to generate the realistic
images, sounds, and other sensations that represent an
immersive environment and simulate a user’s physical
presence in this environment” [13]. Augmented reality is
a variation of virtual reality [14], representing a direct or

Please cite this article as: A. Alvanchi, N. Didehvar, M. Jalilehvand, P. Adami, S. Shahmir, Semi-augmented Reality, A Novel Approach to Improve
Customer Safety in Pre-sale Process of under Construction Buildings, International Journal of Engineering, Transactions A: Basics, Vol. 34, No.

10, (2021) 2198-2205
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indirect view of the real physical world created by adding
computer-generated virtual information [15]. Currently,
consumer-based AR and VR computer applications form
an inseparable part of marketing processes in many
organizations [16].

Marketing tools are typically designed to attract
potential customer’s attention and educate them about the
benefits and specifications of the products. AR- and VR-
based tools have presented themselves more in favor of
various businesses’ customers than traditional marketing
tools [12]. In a survey conducted by Szymczyk [17], 26%
of senior market specialists mentioned AR and VR
technologies as the most effective marketing tools in the
future. AR and VR have been applied in various forms in
marketing processes. Their sample applications include
virtual and interactive product preview in public places
[18, 19], wearing virtual clothes [20], virtual project tours
[21], virtual shopping malls [22], presenting tourist
attractions [23], and augmenting items in the museum
[24, 25]. AR creates high purchasing pleasure and
confidence in the customers [26]. AR and VR
technologies are also emerging in building marketing.
They are utilized for enhanced sales efficiency through
virtual home touring, facilitated sight-unseen purchases,
improved fix and flips rehabilitation, enhanced rental
marketing, and improved tenant communication [27].

Meanwhile, the construction industry is considered
among the most unsafe sectors in the world [28-30]. The
construction industry accommodates 7% of the
workforce globally; however, 30-40% of work-related
casualties happen in this industry [31]. This rate
represents five times the global average [32]. The high
rates of safety incidents in the construction industry are
regardless of various mandatory personal protective
equipment (PPE) used and new methods and tools
introduced to enhance the safety of the construction sites
[33]. However, in recent years, modern technologies and
tools have helped many developed economies
considerably improve safety in their construction projects
[34]. Advanced technologies, such as computer
simulation [35, 36], integrated design approaches [37],
and AR and VR technologies [38] have enhanced the
safety of the construction sites .

According to the review article presented by Li, Yib
[38], applications of AR and VR techniques in the
construction safety methods are divided into three folds,
including 1) <“safety planning” through hazard
identification and assessment before construction begins,
2) “safety training” by visualizing the actual work
conditions and providing safety tips to the, and 3) “safety
inspection” through easy access to the detailed 3-
dimensional (3D) view of the job-site. A review of the
past research shows that the focus of different developed
safety tools in the construction, including AR- and VR-
based tools, is on the construction crew. No research
effort was found to address the existing safety concern

for the under-construction building’s customers. It
should be noted that the untrained and inexperienced job-
site visitors, such as pre-sale consumers of the building,
bear a higher risk than the safety-educated and
experienced construction workers. This safety concern is
especially highlighted for the upper floor apartment units.
The increased risk of the customers’ in-person visits
during the construction period is a concern that postpones
customers’ visits until the project’s completion date.
Meanwhile, in the final stages of a building project only
limited and cosmetic changes can be made to the building
and it is challenging to address the clients’ particular
needs. In this perspective, marketing approaches that
consider the safety of customers during the in-person
visits of the buildings are required to facilitate the
marketing process and enhance the customers’
satisfaction.

This research proposes a novel method to address the
need for a safe and effective marketing method in pre-
sale building marketing. The focus of the proposed
method is on multi-story apartment building projects.
The research utilizes a novel form of AR and VR
technologies, called semi-augmented reality (SAR), to
create a safe and effective in-person site visit experience
for the customers with augmented reality details for the
under-construction building parts. Following, section 2
presents the marketing paradigm of the multi-story
apartment buildings. In section 3, the details of the
proposed method are explained. Following that, in
section 4, specifications of the implemented SAR tablet/
smartphone application in the research are outlined.
Different steps that were taken to apply and test
capabilities of the developed application to a sample
seven-story apartment building come in section 5.
Finally, section 6 concludes the research results and
achievements.

2. MARKETING PARADIGM IN MULTI-STORY
APARTMENT BUILDINGS

In contrast to typical family house construction projects,
the construction of many multi-story residential
apartment buildings commences without a sale contract
with the clients. An investor invests initial money in the
building construction and gradually complements its
investment by selling a number of under-construction
apartment units to the pre-sale customers. Here, the
construction period is essential for the project managers
and their real estate agents to accomplish their marketing
chores properly, find clients for pre-sale units, and
guarantee the required inflow. The unsafe construction
environment creates a challenging condition and prevents
real estate agents from correctly showing the apartments’
specifications to the customers. It is especially the case
for the upper floor apartment units where visitors need to
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use incomplete and unsafe stairways to reach their
desirable units. In recent years, virtual 3D models of the
buildings have created a significant enhancement in the
marketing process for presenting the building’s
specifications to the customers. The property owners,
customers, real estate agents, and other stakeholders
benefit from these virtual 3D models [39]. It should be
noted that the 3D models do not replace the experience
of the customers to walk through their desirable units,
feeling the spaces, and observe the outside views. In-
person site visit experience can increase the customers’
confidence in the project and increase the chance that the
customer steps forward and purchases the apartment.
Furthermore, after the apartment purchase and during the
construction period, site visits can help the clients
proactively contribute to the final specifications of the
building, customize it to their needs, and enhance their
satisfaction.

In many apartment buildings, apartment units on
different floors share similar layout plans. One solution
followed by constructors and real estate agents to
conquer the unsafe condition of the upper floor units is to
prepare safeguarded model units on the ground or the first
floor of the building. Pre-sale building customers are
directed to visit the safeguarded model units with similar
directions and layout plans during their site visits. In this
approach, the prepared model units share similar plans
and directions with the desired higher-level units; the
customers can experience the real space, dimensions, and
environment in the unit. However, it should be noted that
specific details can drastically change on different floors.
Building components such as vertical risers, structural
column diameters, finishing details, natural light,
building facade, and exterior views can vary from one
floor to the other. Existing differences between lower and
upper floors can even sometimes mislead the customers.
Customers might interest in specific elements of the
apartment building in the safe model units that do not
exist on the upper floors. It is also possible that specific
features in the model units, that do not exist in the upper
floor units, discourage the customers from the deal. The
proposed SAR method also addresses these concerns.

3. PROPOSED METHOD

The scope of the proposed method is the projects with
similar plans in several floors. In the proposed method,
virtual 3D models of the units on the higher floors, with
increased safety concerns for the customers’ in-person
visits, are linked to the real environment of similar units
on the lower floors. Therefore, clients can experience the
real areas, spaces, and dimensions of their desirable
upper floor units while walking in the safeguarded model
units. Since the developed virtual model of the desired
unit is linked to similar elements in the safeguarded

model unit, the customer can simply distinguish the
differences. Modified corners, different outside views,
and changes in the window sizes are distinguishable in
the virtual 3D model of the desired upper floor units. This
approach to the virtual model demonstration is called
semi-augmented reality (SAR) since the virtual model is
linked to similar, not the exact, building elements. This
approach also helps customers to get quick SAR tours in
different nominated units on multiple floors and compare
their features. While the customers’ visits are done
during the building’s construction period, the
safeguarded model unit also might still be incomplete.
The developed SAR tool can also be used for the
augmented visit of the model unit itself. The use of SAR-
based tools helps customers to observe the designed
completion for different components and, if possible,
contribute to the building design according to their needs.
Currently, the development of building information
modeling (BIM) has become a trend in the construction
of many apartment buildings [40].

Therefore, the 3D models of buildings are accessible
in building projects with no additional cost. With the aid
of the existing software packages, BIM-based 3D models
of the building can be used for SAR-based model
development with minimal cost. The developed SAR
models need to be installed on mobile devices such as
tablets and smartphones to be used on site. Figure 1
illustrates different parts of the proposed SAR-based
marketing method. Figure 1 contains two parts, a and b.
Figure 1(a) shows the schematic view of the SAR
concept, and Figure 1(b) displays the step-by-step view
of the proposed method.

4.IMPLEMENTATION OF PROPOSED METHOD

The proposed method was implemented in the form of a
mobile application using AR Software in collaboration
with a collaborating construction company. The industry
foundation class (IFC) [41] files of the buildings were
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(a) Schematic view of the SAR concept
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Figure 1. Different parts of the proposed SAR-based

marketing method

Figure 2. Scanning QR code to link an upper floor unit to
the corresponding elements of the model unit

Figure 3. Under-construction condition of the building’s

stairway and elevator

Figure 4. Real estate agents participated in the SAR

application capability test in the real building project case

used for the development of the 3D models of the
building in the application. The developed application
supported all VR, AR, and SAR views of a building. The
VR view was the default view of the developed package.
The VR view could be utilized for marketing purposes in
on-site or off-site locations. Quick response (QR) codes
[42] were used for triggering the AR and SAR views of
the building. The QR codes of different apartment
locations, such as the center of the living room, center of
the master bedroom, corner side of the kitchen, and the
front of the main entrance, could be created for different
apartment units located on different floors. These QR
codes could be scanned for linking the AR or SAR views
to the desirable building components regardless of the
clients’ current floor. Figure 2 represents how a QR code
print was scanned by the developed SAR package
installed on a tablet to link the virtual models of an upper
floor unit to the corresponding elements of the model
unit. The customers could then use this mobile
application to navigate current and prospective details of
the apartment units. The customers could zoom in, zoom
out, and calibrate the camera during their SAR
experience when required.

5. EXPERIMENTAL CASE

To test the potential capabilities of the proposed method,
it was applied to a real under-construction seven-story
residential apartment building case in the central part of
Tehran (Iran). Following, the case study experiment
specification is explained, and the achieved results are
presented and discussed.

5. 1. Case Study Specification Each floor of the
studied case had two two-bedroom residential apartment
units. At the time of the experiment, interior finishing
activities of the building construction had just been
commenced; the majority parts of the building’s finishing
works were missing. The stairways were still under
construction and unsafe to use. The elevator was not
installed as well. Figure 3 presents the condition of the
stairway and the elevator shaft at the time of the
experiment. The current condition was not appropriate
for taking customers to the upper floors. The BIM models
of the building, developed by the collaborative
construction company, were used for customizing the
developed SAR mobile package for the case. Members
from the design and construction groups assisted the
research team in finalizing the SAR package of the
building. Ten active real estate agents in the region with
an average work experience of 16 years were contacted
to participate in the capability test experiment of the
developed SAR package for the case. All participants
indicated that they would prefer to set visits for the
potential building customers as the primary marketing
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practice for under-construction buildings. Eight agents
indicated they have past experiences working with AR
and VR technologies. However, none of them used AR
or VR technologies as a regular practice in their
marketing process. Six agents were also using 2D
drawings to explain the specifications of the building for
the customers as a common practice. Four agents had
faced issues during the in-person customers’ site visits.
Figure 4 illustrates one of the agents using the developed
SAR package during the experiment.

The objective of this experiment was to test the
potential benefits SAR could bring to the marketing
process during the construction period of the building.
The test was separately performed for each agent and was
divided into two parts. First, participants walked through
the model unit on the first floor and observed the AR
model of this apartment on the tablet using the developed
SAR package. In this part of the experiment, real estate
agents could monitor the finishing condition of the
incomplete parts of the building. Figure 5 compares the
actual view of the ceiling of the model unit on the first
floor (Figure 5 (a)) linked to the prospective virtual view
of the ceiling (Figure 5 (b)). In the second part of the
experiment, the agents were guided to observe the SAR
model of the seventh floor’s apartment unit in the tablet
while standing in the model unit. In this part of the
experiment, the participants could observe the
prospective virtual views of the seventh-floor unit linked
to the corresponding actual components in the model unit
on the first floor. The differences between the first and
seventh-floor apartments’ layouts and outside views were
distinguishable through the SAR package. Figure 6
presents the actual view of the living room corner of the
first floor (Figure 6 (a)) and a virtual view of the
corresponding scene on the seventh floor (Figure 6 (b)).
Here, the real estate agents could notice that the under-
construction column in the middle of the living room of
the model unit does not exist in the finishing condition of
the seventh-floor unit. Furthermore, the protruding
column on the right-side wall of the model unit fades in
the finishing condition of the seventh floor.

5. 2. Experiment Result After the experiment,
participating real estate agents answered several
questions regarding their experience with SAR-based
tools. Nine participants identified the SAR-based tool as
beneficial for improving customers’ safety, attracting

—

(a) Actual view (b) Virtual view
Figure 5. Linked views of the actual and virtual models of
the ceiling in the model unit on the first floor

(a) Actual view of the living  (b) Virtual view of the living
room on the first floor room on the seventh-floor
Figure 6. SAR view of the seventh-floor unit’s living room
corner was observed in the model unit on the first floor

customers, helping customers to decide accurately, and
increasing customers’ convenience during their site
visits. In addition, seven agents identified the SAR as a
beneficial tool for building the customers’ confidence in
the building’s quality. However, only five agents
identified SAR as a helpful tool for reducing the in-
person site visit duration since they need time to set up
the application for each customer. In general, all
participants found SAR a helpful tool in their marketing
process and indicated that they are interested in using the
proposed method in their day-to-day marketing activities.
Figure 7 shows the experiment’s outcome and the
potential benefits of the SAR-based method identified by
participants. The achieved result of the investigation
revealed the benefits of the proposed SAR method for
improving different pre-sale marketing processes of the
under-construction apartment buildings. Although the
developed SAR application was at the preliminary stage
with limited features, all participants indicated their
desire to start using it in their marketing activities.
Commercial development of the SAR application, with
user-friendly and advanced features, can enhance the
applicability of the SAR method in the pre-sale
marketing practices.

6. CONCLUSION

The emergence of the new AR- and VR-based
technologies has evolved the marketing processes of
many business sectors from different perspectives. The

0% 1004
Improved Safety 0%
Attracting Custorner 0%
Accurate Decision 0%
Increased Convenience 0%
Increased Confidence

Shortened Visit Time

Figure 7. Potential benefits of the SAR-based method
identified by participants
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construction industry is a big industry with its specific
marketing requirements. The unconfined nature of the
construction jobs creates a high risk of incidents and
hazards in construction projects and endangers the
customers’ safety during the marketing process. The
complex combination of various building components
and the long duration of building projects require proper
marketing methods to attract customers’ confidence and
satisfaction. This research proposed a new AR/VR-based
method called semi-augmented reality (SAR) to address
the specific needs of pre-sale marketing in multi-story
apartment buildings. The proposed method aims to
enhance building customers’ safety, contribution, and
satisfaction. Safety concern of the construction
operations has encouraged many researchers to study the
new techniques and technologies for safety improvement
in the construction industry. The focus of these research
efforts, however, has been on the construction crew. In
this perspective, this research is among the first research
efforts to address the safety of pre-sale customers during
the building’s construction period. The SAR method can
also provide a platform for collecting the customer’s
particular needs in building projects and consider them in
the final product. It is expected that this approach can
directly contribute to the customer’s satisfaction. The
achieved results of the experimental case also
demonstrated high potentials for the proposed SAR
method. Various applications of AR/VR-based tools
have been introduced and used in the construction
industry in recent years. However, the proposed SAR
method leverages AR/ VR technology capabilities in a
novel setting to address the current needs of the
construction industry.

The proposed method in this research was
implemented in an under-construction apartment
building in Tehran, and some real estate agents
participated in SAR tours. The performed investigation
demonstrates the potential benefits of the proposed SAR
method.

90% of the participants declared that this method could:
e improve customers’ safety;

e  attract customers;

o  help customers to decide accurately;

70% of them mentioned that the technique could:

e increase customers’ convenience during their site

Visits;

and only 50% of the participants said that SAR

method could:

e be as a beneficial tool for building the customers’
confidence in the building’s quality.

The implemented SAR-based tool and the results
achieved in the experiments might have been affected by
the specific regional conditions of the apartment building
marketing in Tehran. Further investigations are
encouraged in other locations to test the applicability of
the proposed SAR method in other regions. Also, the

proposed method is applicable in apartments with similar
plans on different floors. As future research, it is
suggested to investigate the usefulness and applicability
of the SAR method in other kinds of buildings.
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The purpose of this paper is to understand the shrinkage behaviour of low plasticity soil, which is
prevalent in Warangal, India. In this study, the shrinkage mechanism and behaviour with suction
variation are characterised and described using simple and reliable experimental approaches. The

findings concern the changes in suction, water content, and void ratio of soil that has been air-dried from
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full saturation to dryness. The proposed framework employs two simple processes: one to calculate the
suction potential and the other to characterise the shrinkage mechanism. The study also highlights the
use of ImageJ software to capture sample shrinkage using digital image processing (DIP). The findings
confirm the absence of macro pores, and the effects of capillary suction on the shrinkage response are
reiterated in volume change studies using suction as a stress-state variable.

doi: 10.5829/ije.2021.34.10a.02

1. INTRODUCTION

There is extensive research to understand the volume
change of expanding clay minerals. The soils of low
plasticity are considered to be less prone to hydration or
desoprtion and thus often neglected in volume change
characterization. There are many field applications of
locally available low plasticity soils, and there is no
insight into the behavior of soil during desiccation [1].
There are limited works that have put emphasis on the
impact of drying pertaining to geotechnical engineering
application [2]. During the construction phase and the
service life, compacted soil layers tend to remain in
unsaturated state. This consideration necessitates the
inclusion of suction existing between the soil pore spaces
contributed by the water to understand the-thermo-hydro-
mechanical behavior [3, 4]. Based on the recognition that
suction is a function of water content, shrinkage analysis
in the framework of suction change and the volume of
void variation has been examined by number of
researchers [4-6]. The plastic strain accumulation of soil

*Corresponding Author Institutional Email:
sharanyaag@student.nitw.ac.in (A. G. Sharanya)

deformation under the effect of mechanical loading and
the suction induced stress has been studied to incorporate
constitutive relationship by numerous experimental
works [7, 8]. The complex nature of soil pore structure
and the physical significance of understanding the
suction potential of engineered soils is explained in terms
of soil water characteristic curve (SWCC) [9]. In order to
determine the shrinkage character of soil from its initial
state to dryness, the experimental works required the
simultaneous measurements of volume changes and the
water content changes [10]. The volume change will be
expressed as the quantification of the void ratio induced
by changing the water content subjected to various
methods of drying. The water content reduction and the
subsequent pore void changes are represented as the soil
ashrinkage curve (SSC) [11].

The measurement of moisture change in the course of
drying is very easy and can be done with the help of
weight change. The complexity of framing the SSC lies
in the accurate measurement of the volume of void
change. The measurement of the volume change in the
laboratory has progressed from the use of fluid

Please cite this article as: A. G. Sharanya, M. Heeralal, T. Thyagaraj, Soil Shrinkage Characterization of Low Plasticty Soil using Digital Image
Analysis Process, International Journal of Engineering, Transactions A: Basics, Vol. 34, No. 10, (2021) 2206-2212
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displacement method with various types of fluids to the
advanced method of 3D modeling using
photogrammetric techniques.

The use of direct methods such as water or mercury
displacement, saran resin coating, use of kerdane oil,
toluene coating, rubber balloon method and flexible tape
or Vernier caliper to measure the dimensional change has
been widely studied [12, 13]. All these procedures have
been applied primarily on soil samples obtained as clods.
It has been observed that all these methods are applicable
largely to sample in natural moisture conditions. The
mercury displacement method and use of resins
recommended in literature seems to be hazardous to
health. The direct methods also possess numerous
inaccuracies in the volume measurements due to the
likelihood of loss of sample during coating or immersions
[14].

The non-contact measurement techniques includes
the use of displacement transducers [15], laser sensors
[16], digital imaging with high-resolution cameras [17,
18] particle image velocimetry (P1V) technique [19] and
photogrammetric technique with pin-hole cameras [20,
21]. All these techniques appear to be more sophisticated
and necessitate the knowledge of coding, 3D modeling,
and simultaneous use of multiple softwares to process the
3D models. Though there exists very limited research that
discusses the application of non-contact techniques, they
have gained attention with respect to slurry and
compacted samples prone to cracking by desiccation
[22]. Among these non-contact volumetric strain
measurement methods, digital imaging technique which
uses hand-operated digital cameras and open-source
softwares such as ‘ImageJ’, ‘Scion image’ [21-23]
provides reliable results and practicable for soils that are
not highly prone to volume change placed under lightly
loaded structures. The soil profiles in temperate zone can
be more precisely using the high-end sophisticated
photogrammetric technique whereas soils prevailing in
tropic zone can be studied with digital imaging process.

This work focusses on quantifying the shrinkage
behavior of low plasticity in the Warangal district of
India is characterized by the pore volume change. The
experimental procedure aims at determining the suction
potential and shrinkage induced change in the volume of
voids. The study utilizes a chilled mirror hygrometer
(model WP4-T Dewpoint PotentioMeter) for suction
measurement and digital image analysis process for
capturing the diametrical change of the drying sample.
The initially saturated state is found to be an ideal
approach as low plasticity soil is devoid to lesser volume
change in the partially saturated condition. This initial
condition is expected to simulate the worst moisture
variation. The vertical deformation is measured using the
caliper and the combined dimensional change is used for
computation of volume. The proposed approach used in
this study is rather simple and efficient in contrast to the

existing procedures that required expertized assistance.
This paper does not discuss the comparison of the
proposed practice with other routine fluid displacement
methods or photogrammetric  approaches. The
mechanism of shrinkage is highlighted with the use of the
DIP under the framework of unsaturated soil mechanics
principles.

2. EXPERIMENTAL DETAILS

2. 1. Materials and Specimen Preparation The
soil was mixed with distilled water and placed in airtight
press bags to reach equilibrium for 24 hours. The
mellowed soil was statically compacted to thickness of
20mm and diameter 70mm such that dry unit weight is
17.12 kN/m3. The specimen for measuring suction was
extracted for a of size 30 mm diameter and 10 mm height
using a dedicated metal ring (see Figure 1).

Secondly, to measure shrinkage potential, the dry so
passing through 0.075mm IS sieve was mixed with water
content excess to its liquid limit (LL) to obtain a slurry.
The slurry was placed in a grease coated aluminum cup
of diameter 42 mm and depth 10 mm. It was placed in the
laboratory to simulate the evaporation by air-drying.

2. 2. Measurement

2. 2. 1. Suction Potential Dewpoint
PotentioMeter (model WP4-T, Decagon Devices, USA)

TABLE 1. Properties of soil sample

Soil Property Unit Value
Liquid Limit % 42
Plastic Limit % 31
Plasticity Index % 11
Specific Gravity -- 2.61
Maximum dry unit weight KN/m? 17.12
Optimum moisture content % 15.5
UsCs CL

Mild Steel soil Sampler

PVC sample Cup

| Measurement Display Unit

» LCD Indicator
) Sealed sample Chamber

OFBVA0AD

Control Knob

Figure 1. WP4-T Dewpoint PotentioMeter
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(Figure 1) was used for the total suction measurement of
the compacted specimen. The device measures the
relative moisture of air above the soil sample in a sealed
chamber and uses the principle of chilled mirror
hygrometer. The accuracy is £0.1 MPa for measurements
from 0 to -10 MPa and +1% for measurements from -
10MPa to -300 MPa. The testing protocol followed as
mentioned in ASTM D6836-16 [24]. The measurement
takes time of about 5 -10 minutes and the instrument was
operated at 20+2°C with their actual range of maximum
40°C. The SWCC is plotted by fitting the experimental
data using the equation proposed by Fredlund and Xing
[25] to obtain the complete curve.

ln(1+hir)
Ln(1+ %)

W) = W, [1 - ]({ln [exp(l) +

v\ o -1

G
In Equation (1) W (y) is the moisture content
corresponding to suction value v, af, N & ms are fitting
parameters and h, is the residual suction in kilo-Pascal
(kPa).

@)

2. 2. 2. Shrinkage Characterization Shrinkage
behavior was measured by allowing the slurry to dry
placed open to the atmosphere exposed on its top surface.
The research is limited to the examination of samples
with sizes that are equivalent to those used in the mercury
displacement method of shrinkage limit test. The other
reason is that larger sizes may necessitate the use of high-
resolution cameras fixed in varying positions to capture
complete soil behaviour. The shrinkage of the soil was
recorded by still image capture technique at regular time
intervals (Figure 2). The captured image was analyzed
and processed using the ‘TmageJ’ software to quantify the
radial shrinkage.

The mass of the specimen was measured to an
accuracy of 0.01g and terminated when the difference in
the mass was almost negligible. The specimen was
subjected to a drying regime by containing it in constant
temperature facility to achieve a gradual decrease in
water content. The thickness change was measured using
Vernier calipers such that loss of sample is minimal.

Hand camera

T

10 cm

<«— 42mm —bl
S

prs——— I ample container filled
with slurry sample

Figure 2. Experimental set-up for digital imaging capture
process

The image capturing was done only to capture the radial
deformation of the drying sample with a concentration on
the open-top face of the shrinkage dish. The soil
shrinkage curve was plotted with gravimetric water
content variation agreeing to the void ratio of tested
specimen assuming constant volume condition and the
curve was categorized based on the shrinkage phases
exhibited. The experimental data of the void ratio
corresponding to water content variation is fitted with the
hyperbolic equation proposed by Fredlund et al. [26]. A
non-linear least square algorithm with the fit Equation (2)
was be used to fit the experimental data.

1
ew) = ag, [t +1]" @
sh
asp _ Gs _
b_s: =+ = Constant (3)

where S represents the degree of saturation, Gs is the
specific gravity of soil sample, as, is the minimum void
ratio (emin), bsn is the slope of the tangent line and c is
the curvature of shrinkage curve. Equation (3) is a
constant for a specific soil which shows that on
determining the minimum void ratio of the soil sample,
the slope of the tangent drawn to the shrinkage curve can
be obtained. The shrinkage curve parameter cs, was
determined by the consistency observed in the
experimental study conducted by Fredlund et al. [26]
based on the initial condition of the test sample (i.e.
compacted, slurry or undisturbed). The cs, parameter for
an initially slurry sample was determined as 25.31 with a
standard deviation of + 25.41. In this study, to perform
the fit, the csn value suggested by Fredlund method had
found to be satisfying. To observe and quantify the radial
shrinkage of the saturated slurry sample at net zero stress
condition, 12 Megapixel (MP) camera was mounted in
position as shown in Figure 2. The images were captured
every 3 hours in the day time between 930 h to 1800 h
for 5 days represented according to the military time
system. The average maximum daily temperature in the
course of the testing which lasted for 5 days was found to
be 32.3°C. At the end of 5" day, the sample was placed in
the oven maintained at 60 °C for 24h to determine the dry
weight of the soil sample. Final weight and volume
observations were used along with the observations made
during the entire test period of 5 days. The processing of
images captured through standard arrangement was
processed further to obtain the radial variation which is
discussed in detail in the next section.

2. 2. 3. Digital Image Analysis The
identification of the shrinkage response of saturated soil
specimens subjected to desaturation is carried out by
extracting the dimensional change information from the
digital images captured. The captured images were
processed further to acquire the required volumetric
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change information of the shrinking soil sample. In this
study, the qualitative, as well as quantitative
characterization of the two-dimensional image, is done
using the image processing software ‘ImageJ 1.52a’
software developed at the University of Wisconsin. This
software helps in spatial as well as grayscale calibration
that makes it more reliable to measure distances and
calculate area and pixel value by simulating real-time
dimensional measurements. The threshold processing of
the image will be followed up to segment it from 8-bit
grayscale to an image of 2 colors, in general black and
white based on the clustering concept.

3. RESULT AND DISCUSSIONS

The suction potential of soil in the desorption phase
obtained from the Chilled mirror hygrometer was plotted
against the corresponding gravimetric water content of
the soil sample and represented as the SWCC as shown
in Figure 3. The dataset obtained from the experiment
was fit with Fredlund and Xing (F&X) model [25] which
resulted in the air-entry value (AEV) of 220 kPa
corresponding to a saturated water content of 18.82% and
the residual water content value was obtained as 10.42 %.

The AEV represents the suction beyond which air
starts receding into the pores of the sample and residual
suction represents the region where further increase in
suction will not result in reduction of water from the
pores [27]. The F&X model was found to be the best fit
for a comprehensive range of suction values and thus the
model was chosen to fit the measured data to obtain the
suction potential of soil specimen with varying water
content. The volume change response of the specimen
during testing was assumed to be nil as the dry density of
the compacted specimen remained constant. The fit of the
experimental data with Equation (1) was performed using
the program “SWRC fit” which accomplishes nonlinear
fitting [28]. As seen from the graph plotted in Figure 3,
there is a negligible decrease of water content up to a

.__—_—_—_==;:{I——
18 4 N

Residual 7one

1 Boundary cffcet -

mnc T b
B 3 Transition zone

—1'X model predicted

—e—Air-cntry vatie

Gravimetric water content (%)
=

1000 10000 100000 1000000
Suction (kPa)

1 10 100

Figure 3. Soil water characteristic curve of test specimen

suction increase of about 220 kPa and this was an
indication that constant water content was observed in the
range of low suction. The results adhere to the
understandings that there is restricted water flow from the
intra-aggregate pore spaces which are typically a
property of the adsorption water layer [29]. There was a
gradual decrease in the water content retention behavior
of soil with suction increase beyond the air entry value.
The residual water content from the graph indicated that
with a further increase in the suction potential, there was
no variation in the retention water. This gave an indirect
assessment of the pore size distribution of the compacted
specimen thus the interrelation between the retention
water and the pore size characterization became an
important facet to be concerned. The inter-aggregate pore
water held under capillary pressure was removed with a
suction increase up to the residual value and beyond this,
there was no water-volume loss.

The radial shrinkage of the saturated sample was
studied by allowing the sample to air-drying in the
laboratory ambiance. The mass of the sample
experienced changes as the temperature was varying. The
sample was initially placed open to the atmosphere
subjected to an average maximum daily temperature of
33°C. When it was confirmed that sample mass reduction
is in a lower range based on observations, as they were
placed in a temperature controlled set-up under 60°C for
about 24 h . The sample imaging began and continued till
it was transferred to the oven for complete desaturation.
After removal of the sample from the oven, the final
imaging to confirm the radial deformation was captured.
As the sample was placed in a confined container, the
vertical variation of the sample dimension was obtained
using the Vernier caliper, and owing to the small size of
the sample, handling was relatively easier. The captured
images were analyzed and processed as the threshold
images using the ‘TmageJ’ software as shown in Figures
4 and 5. The image processing was done by the cluster
method of thresholding the grayscale image at an initial
threshold value of 8-bit. It was ensured to provide
adequate lighting and negligible glaring to capture digital
still images such that good contrast existed between
background and foreground. This condition helped in
assuring the best effect of an 8-bit threshold limit to
perform better for all the captured images. This method
backed an inaccurate measurement of the dimensional
variation observed in the sample due to shrinkage. This
imaging technique was found to be more reliable when
the sample is experiencing shrinkage without being
accompanied by cracking. Thus for soils with less
expansive mineralogical composition, this approach is
highly recommended. There exist limited studies that
have used this ‘ImageJ’ software for volume
determination of expansive soils subjected to wet-dry
cycles of moisture variation and that needs further
explicit research to confirm the reliability of this imaging
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Figure 4. Sequence of image processing

technique [22]. The variation of radial shrinkage
observed in the specimen was quantified to be 15% of the
initial sample size.

The processed threshold image of the slurry sample
subjected to drying regime as shown in Figure 5.

The average vertical shrinkage of the sample
subjected to gradual evaporation was about 17%.
Proportional or primary shrinkage of compacted soil
specimens was calculated using Equation (4). The
dominant proportional shrinkage phase of this soil
sample as shown in Figure 6 was quantified to be about
13%. This shrinkage refers to the phase where the volume
of water loss is equal to the volume of void change which
is predominantly due to the loss of moisture from the soil
macropore and this phase is generally linear.

Primary Shrinkage, PS = (i%:zs) x 100 (4)
where ejs and eys represent the void ratio at the initiation
and end of primary shrinkage, respectively (see Figure 6).
The plot was made using the variation of the water
content measured from the mass variation of sample and
the void ratio was calculated corresponding to the
varying water content. The shrinkage curve was
identified to be with no inflection point and the wetting
and drying side maximum curvature. This indicates the
absence of intra-aggregate pores thus there exists no
adsorption suction phase in this soil. The lack of residual
shrinkage phase which possesses the character of reduced
void volume compared to the water volume loss is also
observed. The fitting parameters used in Equation (3)
were determined as as, =0.91, bsn = 0.35 and csh= 25.31
using the graphical plot made for the experimental data.
The fitted curve is a linear proportional shrinkage phase
and it can be categorized as Type D (SSC with phase Il
shrinkage) and the results are similar reported by Peng

Day 1 a2 Day 3
Figure 5. Threshold image of shrinkage from initial slurry
state (White= soil solid)

—a— Measurad values

--#- Degrae of Saturabon
&
— Fradund fit

B Shiinkage Limit

i 4l 5 El
Gravimelric waler corent, %

Figure 6. Soil shrinkage curve (SSC) of the sample

and Horn [6]. The presence of negligible inter-aggregate
pores was attributed as the reason for the absence of a
structural shrinkage phase. The existence of organic
matter and the absence of clay minerals is supposed to
depict this behavior and this also indicated the variation
of inter aggregate pores with the variation of suction and
water content. The existence of zero shrinkage phase is
observed to be due to the non-existence of hydration by
solid particle surfaces or the exchangeable cations [4].

The test approach can also be utilised to analyse the
shrinkage behaviour of samples prepared at various
initial degrees of saturation, as confirmed with Figure 6.
The results of this study are limited to samples that were
air dried from saturated to dry state, and more research
into the effect of drying-wetting cycles and varying
temperatures on shrinkage behaviour is needed to gain a
better understanding of the shrinkage mechanism.

4. CONCLUSIONS

This study emphasizes the use of principles of

unsaturated soil mechanics to study the drying shrinkage

behavior of low plasticity soil using advanced digital

imaging processes. The following conclusions are

observed from the study.

a. The volume change study based on total suction is
identified as an ideal approach such that the suction
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pressure existing in both inter and intra aggregate
pore space will be considered. The silty soil
considered for study undergoes the desaturation from
the capillary phase (dominated in the completely
water-saturated scenario) to the zero shrinkage phase
where there is the nonexistence of hydrate water on
the particle surface as well as lack of hydration water
via the exchangeable cations.

b. The soil sample owing to its low plasticity, shows a
proportional void volume change with respect to
volume of water lost. This implies the absence of
adsorption moisture range in the soil particle, but still
an elaborate study on the wet-dry phase of moisture
variation under a constant stress condition should be
carried out to understand the volumetric changes. The
crack initiation is restricted due to the confined small
sample size used in this study and the effect of
variation in area ratio of the sample should be
considered for further study.

c. The ‘ImageJ’ software was used to carry out the
digital image analysis process and the method is
observed to be easier and reliable. The analysis of
small-sized sample is encouraged for image analysis
technique so as to avoid optical distortions. In case of
large sample sizes and for the generation of 3D
volume model, photogrammetric technique which
uses the pin-hole cameras will be advantageous.
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ABSTRACT

Adhesive joints are becoming increasingly popular in various industrial sectors. However, in spite of
numerous recent studies in literature, the design phase of the adhesive joint is still challenging. The main
issue in the design phase is the determination of the stress distribution in the adhesive layer under external
mechanical loads. In the present study, a classical adhesive joint is analysed in comparison to its modified
geometric configuration (i.e. tapered) aimed at reducing the magnitude of stress peaks. In particular, a
single-lap joint with steel adherends bonded with a commercial epoxy adhesive is analyzed. A 3D finite
element (FE) analysis is conducted to determine the distribution of normal and shear stresses in the mid-
plane of the adhesive layer. The results obtained from the present study show that the inclusion of a small
taper angle (i.e. 5°) leads to a remarkable reduction of normal stresses (up to 30%) compared to the
classical configuration. It is observed that the further increase of the taper angle (up to 15°) does not lead
to significant reductions of the stress peaks. The trend in shear stresses, on the other hand, is in contrast:
an increase in the taper angle leads to an increase in the shear peaks. The method of tapering the
adherends is effective in reducing the normal stresses, which are responsible for triggering the failure in
the adhesive joint.

doi: 10.5829/ije.2021.34.10a.03

NOMENCLATURE

EPX1 Epoxy adhesive

a Taper angles v Poisson ratio (-)

p Density (kg/m®) E Young Modulus (GPa)

1. INTRODUCTION

Adhesive technology is

experiencing

its geometric conformation, presents bending moments at
the end of the adhesive region [10], which often represent
the cause of the joint failure.

Several studies have been carried out with the aim of

numerous

applications in various industrial sectors [1-3]. The
widespread use of adhesive joints is due to a number of
factors, including lower stress concentration, better
fatigue behaviour and the possibility of joining different
materials [4].

Although there are numerous studies in the literature
[5-7], the design process of the adhesive joint is
particularly difficult; both because of the non-linear
mechanical properties of the adhesives [8, 9], and their
behaviour after exposure to severe environmental
conditions.

The adhesive joint known as single-lap joint (SLJ)
presents a simple geometry for testing the joint's
behaviour in tension. However, this type of joint, due to

*Corresponding Author Institutional Email:
f.marchione@pm.univpm.it (F. Marchione)

reducing the magnitude of the stress peaks at the ends of
the adhesive joint, by making modifications on both the
geometry of the adhesives-as demonstrated by Bouchikhi
et al. [11], Marchione [12] — and on the geometry of the
adhesives (e.g. spew fillet) - as shown by Crocombe et
al. [13]. Sancaktar et al. [14] argue that adhesive failure
depends on the tension peaks recorded at the ends of the
joint. Therefore, by adopting techniques to contain the
stress peaks - e.g. modifications in terms of geometry and
materials - the value of the ultimate load can be reduced.

To date, there are numerous studies in the literature
that illustrate valid methods for achieving this result,
leading to a significant improvement in not only
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mechanical [15], but also thermal [16] and durability [17]
of the adhesive joint. The major limitation of the current
state of the art is the absence of a parametric FE study
with adhesives and adhesion configurations such as those
proposed here. The study presented below illustrates how
slight geometric variations of the adhesives result in
changes of the stress state in the adhesive. This study is
the result of an application of the adhesive joint in civil
engineering for the construction of new building
components (e.g. windows and curtain walls).

In fact, in the context of engineering design, a
fundamental role is played by FE analysis. In fact, the
accurate and rapid knowledge of the stress state
represents the starting point for a correct design. The
objective of the present work is to perform a parametric
study on the trend of the stress state in a single-lap
adhesive joint (SLJ). In particular, the trend of normal
and shear stresses in a classical SLJ joint is compared to
that of the same joint modified in its geometry through
different taper angles of the adhesives (i.e. 5°-15°). A
parametric study on the influence of the taper angle on
the distribution of stress peaks in the mid-plane of the
adhesive layer is therefore carried out.

S235TR
Adherend

2. FE ANALYSIS

The adhesive joint used for the FE analysis is graphically
shown in Figure 1. This figure shows the geometry
configuration of the adhesives in the modified
configurations. The angle a represents the inclination of
the external surface of the adherends.

The adherends are 140 mm x 30 mm X 5 mm, in
length, width and thickness, respectively. The bonding
area is 30 mm x 50 mm; the thickness of the adhesive is
set equal to 1.0 mm.

The same boundary conditions have been applied to
all the configurations considered. Tables 1 and 2 show
the mechanical properties of the materials considered.

Eight noded three-dimensional structural volume
element (SOLID185 element) is employed for modelling
the adhesive joints, with a maximum mesh dimension of
0.50 mm. The numerical modeling is carried out using
the software ANSYS®19 with its solutor “Static
Structural”. Figure 2 shows the FE model. The analyzed
joints are made of S235JR steel adherends and one
commercial epoxy adhesive.

The analysis presented is of the static elastic-linear
type, since it is intended to investigate the behaviour of

Adhesive S235JR
joint Adherend

|

Clamping
area

Clamping
area

Steel
adherends

s
~" 5N

Figure 1. Geometry of Single lap adhesive joint: lateral and top view; 3D model and detail of the modified adherends’ geometry in

the bonding region



2215 F. Marchione / IJE TRANSACTIONS A: Basics Vol. 34, No. 10, (October 2021) 2213-2218

TABLE 1. Materials’ characteristics for the FEA model

STEEL S235JR
E; [GPa] p [N/md] v[]
69 78000 0.30

TABLE 2. Adhesive’s characteristics for the FEA model
EPX1

E [GPa] v[]

3.00 0.40

Figure 2. Meshed model for FE analysis

the joint in the service phase, in which it is assumed to be
in the elastic phase for all the materials constituting the
joint. The load to which one of the two adherends is
subjected is 5 kN, which is purely representative of the
service phase for joints between steel adherends, as
demonstrated in the study conducted by Machalicka et al.
[18].

The load path used is ramped, with a total duration of
60 seconds and a linear trend from 0 to 5 kN.

After solving the mathematical model in ANSYS, the
mapping of the normal and shear stresses is extracted and
plotted using the software MATLAB®.

3. RESULTS AND DISCUSSION

This section reports the results derived from the FE
analysis of the joint, according to different gemetric
combinations.

In particular, as illustrated above, the results are
compared for joints with a taper angle of 90° (classical
joint) with joints characterised by taper angles of 5° and

10°, respectively. The results are graphically shown in
Figures 3 to 5. Figures 3(a) and 3(b) show the stress curve
for the unmodified adhesive joint.

Figures 4(a) and 4(b) show the stress distribution for
the adhesive joint with 5° tapered adherends.

ErX1

16,60

LLiny

1200
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Deel stress [A5%]

= [wman]

(b)
Figure 3. Peel and shear stress distribution for classical
single-lap joint configurations
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Figure 4. Peel and shear stress distribution for 5° taper
adherends angle onfigurations

Figures5(a) and 5(b) show the stress distribution for
the adhesive joint with 10° tapered adherends.

As previously stated, and as could be observed in
Figures3 to 5, the stress distribution presents stress peaks

ErX1

1.5
173,60
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Dpel stress [ M4
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(b)
Figure 5. Peel and shear stress distribution for 10° tapering
adherends angle onfigurations

at the ends of the adhesive joint, both in the case of shear
and normal stresses.

The presence of such peaks (especially for normal
stress) represents a negative factor for the mechanical
behaviour of the joint, since they can be identified as the
cause of the initiation of damage in the adhesive region.
Therefore, by reducing the magnitude of these peaks at
the same load, it is possible to develop greater joint
resistance, postponing the occurrence of the critical stress
peaks for the joint to higher loads.

This type of distribution remains qualitatively
identical for all the configurations considered. It is also
observed that the stress distribution does not vary
significantly in the width of the adhesive joint; this aspect
enhances 2D or algebraic analyses, which are able to
estimate the stress distribution in a simplified manor.

The maximum values of the stresses are obtained at
the lateral edge of the adhesive area, as is known.

The introduction of the taper adherens involves - in
any case - a decrease in the normal stresses.

Table 3 shows the values of the stress peaks
measured.

It can be observed that by inserting a taper angle of 5°
in both adhesives, it is possible to obtain a reduction of
the stress peaks of about -30% with respect to the
classical configuration. In fact, compared to a normal
stress peak of 15.65 MPa, it is possible to obtain a
maximum value of 10.75 MPa.

Figure 6 summarizes the stress peaks observed.

TABLE 3. Stress peaks values
EPX1

Peel stress peak Shear Stress peak

Taper angle [°]

[MPa] [MPa]
- 15.65 12.93
5 10.75 13.65
10 10.59 14.17

18
16 —

14 — ]
12

Stress [MPa]
=
o

o N B OO

- 5° taper angle 10° taper angle
D Shear stress 15.65 10.75 10.59
OPeel stress 12.93 13.65 14.17

Figure 6. Peel and shear stress peaks observed for each
geometric configuration
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By increasing the taper angle of the adherends (10°),
a decrease in the normal stress peaks is observed,
although negligible compared to the previous
configuration. On the contrary, for the shear stresses, an
increase in the magnitude of the detected stress peaks is
observed. In fact, an increasein the taper angle leads to an
increase in the shear stresses, even if for low increments.
This phenomenon is due to the decrease in stiffness of the
adhesive joint, obtained by thinning the adhesives. This
procedure leads to a reduction in the bending moments,
bringing the behaviour of the joint closer to that of pure
shear. Therefore, there is a considerable decrease in
normal stress - often considered as the cause of the joint
failure - accompanied by a slight increase in shear
stresses.

4. CONCLUSIONS

To date, adhesive technology is very important for many

production sectors. Therefore, the study and design of the

joint is a fundamental element. The correct knowledge of
the tensional state is the basis of this engineering process.

In literature there are numerous studies aimed at
improving the mechanical behaviour of the joint, through
geometric, chemical, mechanical modifications of the
materials that compose it.

The aim of the present study is to numerically analyze
the mechanical behaviour of a SLJ adhesive joint. In
particular, the effects of the insertion of taper in the
adhesives on the distribution of stress peaks in the
adhesive region are analyzed. In particular, a S235JR
steel-steel single-lap joint is considered.

The main outcomes are:

- The stress distribution is almost constant across the
width of the adhesive region; therefore shear-lag
and 2D analyses prove to be valid design tools;

- The stress distribution always maintains stress
peaks at the edges of the adhesive region; in
particular, it is the highest at the lateral edge of the
overlap region;

- The insertion of tapered adherends results in a
decrease in normal stresses, while at the same time
resulting in a slight increase in shear stresses;

- The inclusion of tapered adherends has a positive
effect on the mechanical behaviour of the joint,
which shows behaviour closer to pure shear.
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ABSTRACT

In seismic performance assessment of structures, the features of ground motion (GM) duration on the
response of building structures remain vague and have inconclusive results. Also, intensity measures
(IMs) link the ground motion hazard with the structural response; hence, using a suitable IM plays a
significant role in the prediction of structural response. In this research, the effect of strong ground
motion duration and the correlation coefficient of different intensity measures on the residual inter-story
drift (RIDR) of a three-dimensional steel structure were investigated. Using nonlinear dynamic analyses
and a total number of 34 earthquake records, the relationship between short- and long-duration seismic
parameters including amplitude, energy, and frequency content parameters were investigated. The
correlation between the 14 selected scalar intensity measures and the RIDR of the structure was also
investigated. The results showed the highest correlation between the seismic parameters, such as Peak
ground acceleration (PGA), Housner Intensity (HI), and Velocity spectrum intensity (VSI), with other
seismic parameters in both short- and long-duration strong ground motions. Based on the maximum
residual inter-story drift index, Mehanny and Cordova index (IMc), Bojérquez and lervolino index (Ine),
and the geometric mean of Sa (Saave) intensity measures represented the least dispersion versus long-
duration records. On the other hand, Ine, Spectra acceleration at the period of T; Sa(T1), and Saae
intensity measures showed the least dispersion versus short-duration records.

doi: 10.5829/ije.2021.34.10a.04

1. INTRODUCTION

ground motion duration. Due to the possibility of
occurring earthquakes with similar severity in the coming
years, a precise and comprehensive study on such

Two recent earthquakes in Chile, Maule (2010, Mw =
8.8), and Tohoku, Japan (2011, Mw = 9) have caused
major structural failures. The earthquake records had
some unique features (long duration) compared to other
similar records happening in different parts of the world.
The effect of earthquake duration on structures has
attracted significant attention in recent decades.
Considering how much and how long duration can
directly affect the seismic response of structures, this
study might be of high importance [1].

In general, since severe earthquakes tend to be
recorded at many stations, each with different site
conditions, every earthquake may be recorded with
different characteristics. One of the most important
properties, which is different in each station, is the strong

*Corresponding Author Institutional Email: h.hamidi@nit.ac.ir (H.
Hamidi)

earthquakes and their effects on different areas seems to
be valuable [2-5].

Raghunandan et al. [2] evaluated the risk of the
collapse of structures in a subduction region.
Chandramohan et al. [6] found that the probability of
collapse of the structure would rise by the increases in the
strong ground motion duration. Barbosa et al. [7] studied
the effect of duration of strong ground motion on the
damage of steel structures using two damage indices. The
results indicated more extensive damage to the structure
under long-duration earthquakes. As a result, energy
dissipation would become unavoidable. So as to reduce
resistance and stiffness, using nonlinear quantitative
finite element components; Chandrmohan et al. [6] and
Barbosa et al. [7] obtained a coefficient. The coefficient

Please cite this article as: H. Rajabnejad, H. Hamidj, S. A. Naseri, M. A. Abbaszadeh, Effect of Intensity Measure on the Response of a 3D-Structure
under Different Ground Motion Duration, International Journal of Engineering, Transactions A: Basics Vol. 34, No. 10, (2021) 2219-2237
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was applied to investigate the impact of strong ground
motion duration. In other research studies, where the
cumulative increase of power is taken into account, it was
seen that the rise in duration of strong ground motion led
to a rise in the accumulation of damage to the structure
[6,7]. Ruiz-Garcia [8] analyzed residual displacements
caused by earthquakes with long strong ground motion
duration and the results showed that ground motion
duration did not have an important impact on the
amplitude of peak residual drift demands in MDOF
systems; but, records having a long duration tended to
grow residual drift demands in the upper stories of long-
period generic frames [8]. In studies conducted by Song
etal. [9], Foschaar et al. [10], Raghunandan and Liel [11],
Hancock and Bommer [12] and Zhang et al. [13], the
probability of building collapse under both short- and
long-duration ground motions were surveyed. The
collapse probability of buildings was compared over the
long and short duration of ground motion [9-13]. In a
study by Bommer et al. [14], lervolino et al. [15], and
Bojorquez et al. [16] on the effect of strong ground
motion on seismic response of structures, the direct effect
of strong ground motion duration on maximum IDR was
pointed out. Nassar and Krawinkler [17], Shome et al.
[18], Tremblay, and Atkinson [19], and Chai [20] worked
on the small effect of the duration of strong ground
motion on the seismic response of structures. Bhargavi et
al. [21] introduced a coefficient that can be utilized to rate
the damage potential of any strong ground motion record
regardless of the extent and region of the earthquake.
Bradley [22] evaluated the correlation between the
mean time of strong ground motion and the range of
cumulative intensities in order to select records. The
results showed that ignoring the duration of strong
ground motion in selecting accelerations may contribute
to the scattered seismic response of the analysis. Zhou
et al. [23] studied the effect of strong ground motion
duration on reducing the damping factor and proposed a
coefficient to modify the reduction damping coefficient.
Nevertheless, in most of the studies on the duration of
strong ground motion, both in the cases mentioned and in
cases not mentioned here, modeling was either one or
two-dimensional using the linear and nonlinear
approaches. In a few studies, the structural responses
were evaluated using three-dimensional models [24].
Some studies have pointed out the direction of using
vector-valued intensity measures as a way to overcome
this issue [6,25-27]. Yakhchalian et al. [28] with
investigating the capability of different intensity
measures (IMs), including Sa (T1), as a common scalar
IM and twelve vector-valued IMs for seismic collapse
assessment of structures showed that using the new
vector-valued IM leads to a more trustworthy seismic
collapse assessment of structures. Kassem et al. [29]
studied the efficiency of an improved seismic
vulnerability index and concluded that variation in

estimating the intensity measure might lead to
uncertainties associated with a vulnerability assessment.
Kassem et al. [30] in a study investigated on the
guantification of collapse margin of a retrofitted
university building in Beirut using three different strong
ground motion duration. Farsangi et al. [31] considered
the effect of coinciding horizontal and vertical ground
excitations on the collapse margins of non-ductile
structure using a general array of ground motions was
chosen from the PEER NGA-WEST2 and Iran Strong
Motions Network database. Nazri et al. [32] in
investigating Probabilistic of Structural Pounding
Between Adjacent Buildings obtained that structural
damage is directly proportional to ground motion
intensity.

In previous studies, the correlation of the response of
structures with different intensities was examined, and in
these studies, the frequency content, record duration, and
other seismic parameters were different from each other.
In this study, firstly, the records were examined which
were very similar in terms of frequency content due to
the similarity of the shape of the first mode spectrum, and
secondly, the effect of strong ground motion duration on
the residual drift values was investigated, which has not
been studied in the past. Therefore, the simultaneous
effect of the uniformity of frequency contents, and the
study of residual drift values at different intensities were
investigated in an experimentally verified real-scale
structure for the first time in this study.

Accordingly, the effect of strong ground motion
duration on the response of a real scale verified three-
dimensional steel structure was investigated regarding

[' Residual inter-story drift
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Figure 1. The process of determining and comparing the
residual inter-story drift at long- and short- duration
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different types of intensity measures. Two sets of long-
and short-duration natural earthquake records were used
to find out the effect of strong ground motion duration on
seismic response of the abovementioned structure. Then,
the effect of different intensity measures on the response
of the structure was evaluated and the adequacy of the
intensity measures was calculated. Using correlation
coefficients, the dependency of seismic parameters was
also studied. A summarized process for determination
and comparison the residual inter-story drift at long- and
short- duration is shown in Figure 1.

2. INTENSITY MEASURES

Parameters that quantify earthquake strengths are called
"Intensity Measure". Selecting an appropriate intensity
measure is important since the seismic performance of
structures can be predicted more realistically in different
engineering aspects such as nonlinear assessment and
probabilistic seismic hazard analysis [33]. The
importance of Intensity Measure (IM) results from
associating seismic hazard analysis with seismic analysis
of structures. Choosing an appropriate intensity measure
can make a seismic evaluation of the structure more
realistic. IM, a parameter that quantifies the strength of
an earthquake, is a measure of the severity of
probabilistic risk analysis used in seismic analysis of
structures.

In other words, the IM is responsible for establishing
a link between seismic hazard analysis and seismic
analysis of structures. An appropriate IM tends to contain
some characteristics, the most important of which are
efficiency and severity of the measure [34]. Efficient
Intensity measure is an intensity measure that is capable
of predicting the response of structures at low dispersion.
Many studies have been conducted on new intensity
measures and comparison of the existing ones. One of the
most commonly used intensity measures used to design
and evaluate the seismic performance of structures is the
pseudo-acceleration spectrum at first mode; Sa (T1). Due
to its convenient usage, many researchers have used it to
evaluate the structures seismically. Another common
intensity measure is the peak ground acceleration (PGA),
which highly correlates with spectral acceleration
components at low-frequency times. Lee et al. [35]
developed fragility curves in masonry and concrete
structures with high frequency using PGA. In 1998,
Shome et al. [18] showed that using Sa (T;) instead of
PGA would improve the reliability of results.

Peak Ground Velocity (PGV) and Peak Ground
Displacement (PGD) are other commonly used intensity
measures. Although Sa (T1) is most widely used, it is less
reliable when used in the nonlinear behavior range of a
structure than in the linear behavior of structure. An
increase in the period due to nonlinear behavior causes

the structure to be influenced by a different response
spectrum from the one in the first mode (T4). That is why
researchers have proposed intensity measures that can
accommodate parts of the response spectrum that would
affect the response of the nonlinear behavior of structure.
In 2004, Cordova et al. [36] proposed an intensity
measure that, in addition to the spectral acceleration
component during the first mode of a structure, would
consider a component of spectral acceleration when the
period was more than the first period of the first mode of
structure. Bojorquez and lervolino [37] suggested the Ine
intensity measure to evaluate the seismic performance of
structures. Soleymani [38] investigated effects between
intensity measures and three structural damage indicators
containing the Bracci index, the modified flexural
damage ratio index and the drift index for different
ground motion. In this intensity measure, a part of the
response spectrum that can have a significant effect on
the nonlinear behavior of the structure is considered to be
the part of the intensity measure. In this study, as shown
in Table 1, the intensity measures were investigated.

3. LONG- AND SHORT- DURATION GROUND
MOTIONS SET

The definitions of strong ground motion based on
acceleration are divided into three broad categories,
which are briefly presented in the following, with the
other parts of definitions being based on the response to
earthquake forces.

The first group is called Bracket Duration. The total
time elapsed between the first and last passage of a
certain level of acceleration is known as the duration of
the bracket [39]. One of the disadvantages of this
definition is that it only considers the first and the last
level while ignoring the characteristics of the strong
shake section. As a result, it is possible to calculate long,
strong ground motion duration in earthquakes with both
pre and post-shocks [40]. The second group is called
Uniform Duration. In this definition, instead of the time
between the first and last passage of a specific
acceleration level, the total sum of the times in which the
acceleration value exceeds this threshold is considered.
Although this definition is less sensitive to the desired
level in terms of bracket duration, it does not provide a
sustained duration of the strong ground motion. The last
group that is based on acceleration is called “significant
duration”. It is based on the accumulation of energy in
acceleration and is expressed as the square integral of
acceleration, velocity, or displacement of the earth. If
ground speed is used to calculate the integral, the
calculated value can depend on energy density [41]; and
if acceleration is used in the integration, the value
obtained is the Arias intensity, which is the most common
definition for strong motion duration [42]. The content of
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the significant duration has the advantage of taking into
account the characteristics of the entire acceleration and
calculating the continuum time, which might be strong
ground motion. The definitions are generally based on the
duration of earthquakes, and the acceleration applied to
the structures is not considered. Therefore, a method that
considers the amounts of acceleration applied to the
structures would improve the results.

Chandramohan et al. [6] used long and short duration
records categories to classify records. The Ds.zsy index
was used to describe the time of strong ground motion,
which at first was shown by Foschaar et al. [10]. This

might be a good definition of distinct short and long-term
ground motions. Chandramohan et al. [6] collected 2000
paired accelerations of some of the world's strong
earthquakes in order to select long and short records. The
accelerations were filtered using Boore and Bommer
methods [43, 44]. In each acceleration, the spectral
acceleration was plotted between 0.05 and 6 seconds. At
intervals of every 0.05 seconds, a total of 120 points of
spectral acceleration was selected to calculate points Ly,

L, Ls ... and Lazo, with the mean value of L for the long
duration acceleration and points Si, Sz, Ss ... and Six

TABLE 1. The definition of the applied Intensity Measures (IMs)

Category Name Definition
Sa at period of T;
Frequency response based IMs Sa(T;) T, T2, and T3 are the first, second, and third modes of vibration, respectively.
1.5Ty, 2T, 3T, are the lengthened periods considering the effect of nonlinearity.
Sa avg (i, T The geometric mean of Sa between periods of T; and T;
S 0.5
IM, Mehanny and Cordova, |\ = Saql)_(ﬂj T, =T,
sa(T,)
i i 04 Saav (TlTN )
| Bojorquez and lervolino, | =Sa(T ).Np”*;Np=————"=;T =2T
NP Np 1 ) 'IN 1
sa(T,)
ASI Acceleration spectrum intensity, ASI = jSa(t )T
VSI Velocity spectrum intensity, VSI = JSV (t)dT
HI Housner Intensity, HI = I PSV (T )dT
Peak-based IMs PGA
PGV Peak ground velocity
PGD Peak ground displacement
. . T e 2
ﬁ\:gnulatlve and duration-based Al Arias intensity, Al = _J‘ “a(t) dt
29 "~
D 5-75% significant duration: The interval between the times at which 5% and 75% of Arias
575 intensity are reached
, N . . [ ayat
Cosenza and manfredi index (a dimension less metric of duration) | _ o "~ = Where
Ib ° PGA x PGV
a(t) and tma are acceleration time history and the length of ground motion record,
respectively
CAV Cumulative absolute energy, CAV — .[[”’“ lact)ft
0
SED Specific Energy Intensity (lc)
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with the mean value of § for the short duration
acceleration. The coefficient k :ES_ was applied to

short-duration acceleration. Among spectral equivalent
candidates, acceleration with a lower total of squared
differences (Equation (1)) was chosen as a spectral
equivalent [6]:
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SSE =3(L, kS, ) ®
where L and S; represent the acceleration of long and
short ground motion duration, respectively.

In this research, a collection of acceleration,
prepared by Chandrmohan et al. [6] was used. The

TABLE 2. Long- and short- duration ground motions characteristics (some parts of the table were adopted from [6])

Ds Sa Specific Housner Acceleration  Velocity Epicentral
. PGA - PGV Energy - Spectrum Spectrum P
Earthquake Station name s7s (T.=0.74) / Densi Intensity I - I - distance
) (9) © (cmls) ensity (cm) ntensity ntensity Rjb (km)
(cm?/sec) (g*sec) (cm)
1999
L1 Kocaeli, Bursa Tofas 26  0.101 0.276 17.236 1491.196 58.842 0.081 59.777 60.430
Turkey
1999 Chi-
S1 Chi, Taiwan- KAU085 20 0.087 0.254 17.949  1227.339 57.281 0.075 58.852 85.950
04
L2 2018:1\{"2“'8’ Constitucion 32 0538 1084  43.347 9077.681  222.043 0.750 254.645 37.230
sp  19BLTawan g\ ipri012 1 0579 0818 62441 1547.465  162.453 0.502 198262 58.000
SMART(5) . . . . . . . .
2011
L3 Tohoku, Inawashiro 80  0.280 0.525 46.649 14367.241  211.890 0.235 218.919 173.000
Japan
1992
S3 Erzican, Erzincan 2 0.282 0.577 78.149  3672.229 235.514 0.208 215.809 0.000
Turkey
2011
L4 Tohoku, Naruko 71 0.208 0.263 32,982 17173.483  157.455 0.156 153.801 163.000
Japan
1999 Chi-
S4  Chi, Taiwan- TCU118 24  0.240 0.279 48.926  8161.988 166.889 0.200 160.738 26.820
06
2011
L5 Tohoku, Shiroishi 77  0.364 0.511 30.557  5421.761 175.801 0.354 186.388 161.000
Japan
1979 El Centro
S5 Imperial 3 0450 0.600 36.828  2491.399 165.401 0.337 175.011 4.900
Array #4
Valley-06
2011
L6 Tohoku, Kakuda 69 0.360 0.874 46.056  9020.616 214.282 0.284 228.848 147.000
Japan
s6 lgiipiﬁbe' Takarazuka 2 0445  0.864 43659 2044341 201162 0.326 202.496 0.000
2011
L7 Tohoku, Yonezawa 78 0.206 0.429 24.497  4397.940 123.421 0.228 128.399 153.000
Japan
1999 Chi-
S7 Chi, Taiwan- CHY063 13 0.213 0.445 26.512  1848.469 125.239 0.199 134.586 71.940
05
2010 Maule, Concepcion
L8 Chile San Pedro 32 0.607 1.478 41.449  9038.662 219.742 0.460 246.305 43.340
1994 unvalley -
S8 Northridge- y 6 0.612 1.173 58.484  4086.042 227.189 0.417 236.493 5.590
o1 Roscoe Blvd
2011
L9 Tohoku, Inawashiro 80  0.280 0.525 46.649 14367.241  211.890 0.235 218.919 173.000

Japan
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1994 Jensen Filter
S9 Northridge- Plant 4 0.275 0.720 74777  5145.300 202.983 0.196 189.680 0.000
01
1985
L10  Valparaiso, Llolleo 28 0.712 0.985 40.307  5393.310 196.723 0.603 223.045 N. A
Chile
1994 Sun Valley -
S10  Northridge- Y 6 0.504 0.829 46.293  3967.398 192.404 0.568 221.410 5.590
01 Roscoe Bivd
2011
L11 Tohoku, lwanuma 80  0.366 0.808 48.983 14259.192  246.579 0.437 256.265 137.500
Japan
1999 Chi-
S11  Chi, Taiwan- TCU138 5 0.470 0.827 53.360 4854.271 242.445 0.437 253.626 9.780
03
2011
L12 Tohoku, Sakunami 75  0.423 0.484 26.038  3093.641 98.835 0.447 114.983 155.000
Japan
1999 Chi-
S12  Chi, Taiwan- TCU067 5 0.502 0.533 39.897 514.903 84.486 0.470 109.310 0.620
02
2008
L13  Wenchuan, Deyangbaima 36 0.139 0.184 35.632  4833.612 62.772 0.118 61.748 49.700
China
1999 Chi-
S13  Chi, Taiwan- CHY016 23 0.131 0.188 21,757  2815.592 65.523 0.140 66.198 66.640
04
2008
L14  Wenchuan, Dayiyinping 60  0.138 0.201 32.839  2435.809 64.483 0.145 65.947 51.850
China
si4 1999CM-  onost 24 0128 0487 24500 2903311 64401 0.140 65229 30770
Chi, Taiwan ' ' ' ' ' ' ' '
L15 2018:1\::2“'& Curico 37 0475 0.464 27.694  4299.173 144.484 0.463 159.697 61.700
si5 1983 Parkfield - 5 o507 0550 41247 1515480  141.656 0.435 169.733  32.810
Coalinga-01 Stone Co
2008
L16  Wenchuan, Dayiyinping 47  0.129 0.262 19.960 1412.653 54.957 0.153 59.763 51.850
China
2010 El Sam W
S16 Mayor- ) 10 0.204 0.217 22.907  2758.602 51.907 0.166 56.156 31.790
Stewart
Cucapah
2011
L17 Tohoku, Kaminoyama 86  0.125 0.301 15.716  2031.403 85.045 0.121 91.690 185.000
Japan
1989 Loma Los Gatos -
S17 Prieta Lexington 2 0.149 0.337 28.931 355.682 84.341 0.108 92.256 3.600
Dam
selected acceleration is mentioned in Table 2. As an These records, in addition to being scaled and

example, the characteristics of the two categories of
accelerations were compared and their spectral
acceleration adaptation is shown in Figures 2 and 3.

Although the selected pair records contained
different strong ground motion durations, they were
similar in terms of spectral response. The dependency of
accelerations to various time intervals, with a distinction
between long and short ground motion durations, is
shown in Figure 4.

categorized based on strong ground motion duration,
had other characteristics. Consequently, to better realize
the dispersion of these intensity measures, the
relationship between PGA, PGV, My, and S, (T1=0.74)
based on strong ground motion duration (Ds.7s) is shown
in Figure 5. In Figure 6, the relationship between three
important duration parameters, i.e. Ds.7s, Mw, and Sa (T1
=0.74) is shown in all records.
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An optimal dispersion between the acceleration improve the results. In this regard, the correlation
spectrum and duration of the strong ground motion could coefficient between the strong ground motion duration
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and natural logarithm response spectrum at different
periods was less than 0.2, as shown in Figure 7, indicating
the optimal distribution between spectral accelerations at
different periods and the strong ground motion duration.
The purpose of correlation models is to examine the
relationship between two or more variables, while
regression seeks to predict one or more variables based
on one or more other variables. Extensive use of the
quantitative value of each of the seismic intensity
measure criteria can be considered as its efficiency. The
demand for each seismic intensity measure is obtained
from Equation (2).
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Equation (2) can be converted logarithmically with
respect to the normal distribution. In this case, constant
values can be obtained from the linear regression of the
logarithmic equation. The efficiency of each intensity
measure based on the residual dispersion (R?) is obtained
from Equation (3).
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4. STUDIED MODEL

4. 1. General Descriptions The steel structure
used in this research consisted of four floors and was a
regular, three-dimensional structure, made in the
laboratory based on a real scale. It comprised two steel
frames joined by beams with a 5-meter span. The height
of the first floors was 3.2 meters and the other floors were
3.5 meters high. Figure 8 shows the laboratory sample of
this structure. The design details and laboratory models
are available in the reports Seismosoft [45]. Also, the
details of the design, modeling, and constructing this
laboratory model are achievable in reports [46]. In this
study, verification of the result gained from maximum
relative displacements at each level was carried out using
laboratory observations of Pavan et al. [46], which is
shown in Figure 8b.

The results of the modal analysis of the structures
used in this study are summarized in Table 3.

4. 2. Modeling and Analysis Nonlinear analyses,
especially dynamic analysis, are considered to be reliable
and powerful tools in civil engineering practices [47-51].
In nonlinear modeling, beam and column elements were
modeled using displacement-based fiber-section as
shown in Figure 9. For steel materials, the initial stiffness
and strength were assumed to decrease when hysteresis
cycles continued. Steel sections were divided into
approximately 100 fibers, following the Menegotto-pinto
behavioral diagram. Also, columns and beams have been
modeled through 3D displacement-based inelastic frame
elements [46]. The modeled sections would
automatically consider the two-way axial and flexural
force coexistence. Shear and torsion in a cross-section
were assumed to be uncoupled linear elastic. As a result,
in the analysis of beam and column elements, the decay
in stiffness and strength was ignored while the behavior
was derived from shear and torsion. Floors were
considered to be rigid diaphragms. Gravity loads and
seismic masses at the joints of beams and columns were

applied based on the dependent tributary area of each
node. The damping ratio of 5% for the first and higher-
mode, and Rayleigh-type damping according to mass and
tangent stiffness properties was taken into account.
Hilber-Hughes-Taylor Integration scheme was used to
analyze time history.

=
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Figure 8. (b) Validation results of the experimental model
and the model made in the software
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TABLE 3. Numerical model and experiment specimen modal properties of the four-storey steel building

Effective modal mass

Mode Periods of vibration (T)

UX (%) UY (%) RZ (%)
1 0.741 84.6 0.0 0.0
2 0.731 0.0 85.1 0.0
3 0.668 0.0 0.0 85.2
4 0.1379 0.0 33 0.0
5 0.1375 3.2 0.0 0.0

The nonlinear time history analysis as the most
accurate numerical structural analysis [47,52] was
performed using SeismoStruct 2016 software [53]. Since
there were two record categories, each containing 17
records, to optimize the process of analyzing and
evaluating the performance of the structure in nonlinear
ranges, the 34 records were scaled so that the structure
would reach its collapse threshold in each record. This
considerably increased both the number of analysis
operations and the accuracy of the results.

5. RESULTS AND DISCUSSION

5. 1. The Correlation between Seismic Parameters
of Earthquakes After extracting the seismic
parameters of the records whose corresponding values are
shown in Table 3, the correlation between each seismic
parameters was investigated. Then, the correlation was
represented quantitatively for seismic parameters of the
observed records, using the correlation concept
previously discussed. The matrices derived from the
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relationships between various seismic parameters in two
categories of accelerations with long (Li) and short (Si)
duration of motion are summarized in Tables 4 and 5. As
shown in Tables 4 and 5, the highest PGA (Peak ground
acceleration) correlation was related to Al (Arias
intensity) and ASI (Acceleration spectrum intensity),
which was the same in both long duration and short
duration categories of records. The correlation coefficient
in both short and long term categories showed a weak
correlation between PGA and PGV/ PGA ratio, and SED
(Specific Energy Density). PGV (Peak ground velocity)
showed a strong correlation with most of the seismic
parameters, the weakest correlation with PGV/PGA ratio,
and the strongest correlation in both cases with HI
(Housner Intensity). In general, PGV has a desirable
correlation with energy-dependent seismic parameters.
The results of the correlation of PGD (Peak ground
displacement) seismic parameter showed that the
dispersion was relatively high in the correlation of this
parameter and the other seismic parameters. The least
dispersion in both short and long term durations was
related to energy-dependent parameters.

In examining seismic parameter PGV/PGA, although
there was a weak correlation between this parameter and

other seismic parameters, the dispersion of correlation in
both short and long durations was very low, and the
results were close to each other. A relatively strong
correlation between Al and most of the seismic
parameters was observed. The best parameters indicating
the status of this parameter were PGA and ASI, which
were similar in the results of both short and long term
analyses. The results obtained from the seismic
parameter analysis of SED showed a weak correlation
between this parameter and other seismic parameters.
The correlations were lower in short-term analysis than
in the long-term one. Meanwhile, this parameter showed
a relatively good correlation with PGV and HI. Due to
the definition of the duration of Arias affecting ASI, the
strong correlation of this parameter with PGA and Al
could be predicted. This parameter would show a good
correlation with energy-related parameters VSI and HI.
The correlation of VSI with all of the seismic parameters,
except PGV/PGA, was high, but data dispersion in both
short and long term durations was not high. The strongest
correlation between the studied parameters was related to
VSl and HI, being very similar to each other. The results
of analyzing this seismic parameter were slightly more in
the long-duration than the short one.

TABLE 4. Correlation between seismic parameters of earthquake for Long ground-motion duration

PGA PGV PGD PGV/PGA Arias Intensity SED ASI VSI Hi
PGA 1
PGV 0.50 1
PGD 0.35 0.18 1
PGVIPGA -0.78 -0.01 -0.20 1
Arias Intensity 0.90 0.56 0.23 -0.71 1
SED 0.20 0.75 0.07 0.04 0.31 1
ASI 0.91 0.45 0.15 -0.76 0.96 0.15 1
VSI 0.74 0.82 0.25 -0.52 0.79 0.69 0.70 1
HI 0.68 0.83 0.22 -0.45 0.73 0.75 0.63 0.99 1
TABLE 5. Correlation between seismic parameters of earthquake for Short ground-motion duration
PGA PGV PGD PGVIPGA  Arias Intensity SED ASI VSI HI
PGA 1
PGV 0.52 1
PGD -0.25 0.25 1
PGVIPGA -0.66 0.27 0.42 1
Arias Intensity 0.75 0.38 -0.14 -0.51 1
SED 0.00 0.45 0.64 0.33 0.24 1
ASI 0.94 0.43 -0.28 -0.68 0.85 -0.03 1
VS 0.75 0.80 0.12 -0.17 0.67 0.41 0.66 1
HI 0.61 0.84 0.25 0.00 0.53 0.51 0.50 0.98 1
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5. 2. Comparison of the Residual Inter-story Drift
(RIDR) Since the records were matched for both
short- and long-duration ones in terms of the response
spectra, the acceleration applied to the structure was
expected to be similar in both short and long durations.
Therefore, by comparing the effect of the two
accelerations with the same response spectra but different
durations, we could ascertain the effect of duration on the
response of the structures. Figure 10 shows how the
residual inter-story drift ratio (RIDR) could change in the
twenty pairs of records (L14, S14).

As shown in Figurel0 (b), RIDR was larger in the
long time mode (L14) than the short mode (S14). As
shown in Figure 10 (a), Sa (T1) was greater in L14 than
S14 at the period of 0.74 seconds, which was related to
the structure under analysis. This could be due to larger
Sa (Ti1) at the period of 0.74 second (the period of
structure analysis), long duration of strong ground

0.74 sec

0 1

T(s) 2
@

motion, and the reduction in the stiffness and strength of
structural members in acceleration cycles.

5. 3. Comparison of Different Intensity Measures
As mentioned previously, an efficient IM can predict the
seismic response of structures with low dispersion. In this
research, different intensity measures were compared
according to RIDR, in long and short duration of strong
motion. Figures 11-21 show the severity of the intensity
measures based on RIDR in different duration modes in
addition to the correlation coefficient (p) and regression
(R?) of these intensity measures.

Although the Sa (T1) intensity measure (IM) is the
most useful parameter, the use of this intensity measure
is less reliable in the range of nonlinear behavior where
the stiffness of the structure decreases and the period of
the structure increases compared to the linear behavior.
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Figure 10. a) Sa(T1,5%) curve for L14 and S14 records b) the comparison of RIDR for L14 and S14 records
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Increasing the period due to nonlinear behavior causes
the structure to be affected by a range of response spectra
different from values corresponding to the first mode
period of the structure. Therefore, the appropriate

intensity measure is a parameter that in addition to the
spectral acceleration component at the time of the first
mode of the structure, considers a component of the
spectral acceleration at the time of period greater than the
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time of the first mode of the structure. Accordingly, the
use of INP intensity measure is recommended to evaluate
the seismic performance of structures in nonlinear
problems. In this intensity measure, a part of the response
spectrum that has a great effect on the nonlinear behavior
of the structure is considered as a part of the intensity
measure. Therefore, this IM was considered to evaluate
the residual drift of the stories due to the ground motion
duration. Finally, a comparison was made between the
efficiency of intensity measure in predicting nonlinear
behavior and residual drift.

Figures 11-21 show the RIDR variations in different
values of intensity measures in long and short durations
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of ground motion in detail. In each figure, the regression
(R?) shows the amount of RIDR dispersion for each
variation in different intensity measures. The correlation
coefficient (p) also specifies the degree of correlation of
the data in each intensity measure. For example, in Figure
11, which illustrates the extent of RIDR variations in
different PGA values, it is clear that as PGA increased,
RIDR rose, too; however, the increase was more in the
long term duration record mode than the short term one.
The strong correlation coefficient in both forms would
enhance the reliability of the results.
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In general, among eleven intensity measures in ten
cases with an increase in various intensity measures, the
RIDR ascended in both long- and short-durations strong
ground motion. Only in Ip, and in the short term, a
declining trend was observed. This could be due to the
direct relationship between this intensity measure and the
Avrias duration which is one of the bases in sorting the
records. In Figure 22, the comparison of intensity
measures for the Long- and short- ground motion
duration is shown. How various intensity measures
affected RIDR in the long-duration motion mode could
be as follows:

Inp > IM; > S, > PGA > S,(Ty) > ASI > HI >
CAV > PGV > SED > I

And in the short-duration motion mode as:

Inp > So(Ty) > Sg,,, > IM. > HI > PGA > ASI >
PGV > I, > SED > CAV

6. CONCLUSION

In this study, the impact of strong ground motion duration
on the seismic response of a three dimensional model was
investigated with respect to different types of intensity

measures. Two sets of long- and short-duration natural
earthquake records were utilized to discover the impact
of strong ground motion duration on the seismic response
of the abovementioned structure. In addition, the effect
of different intensity measures on the response of the
structure was assessed and the adequacy of the intensity
measures was calculated. Utilizing correlation
coefficients, the dependency of seismic parameters was
surveyed. Indeed, in this research, the correlation
between seismic parameters of earthquakes, quantitative
comparison of RIDR and the effect of different intensity
measures on the 4-floor steel structure of the RIDR were
investigated under two acceleration categories with long
and short ground motion duration. The following results
can be highlighted:
1. The results showed that domain-based seismic
parameters, such as PGA, PGV and, PGD could have
a direct relationship with energy-based seismic
parameters, e.g. Al, SED, ASI, VSI, and HI. This
direct relationship is associated with relatively strong
correlations, being higher in PGA relationships with
more energy-based seismic parameters than PGV and
PGD. The quantitative results indicated that PGV /
PGA showed a direct relationship with other seismic
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parameters, but a weak correlation was observed,
which was more important in long-duration.
Generally, PGA, HI, and VSI, in addition to a direct
relationship with other seismic parameters (except
PGV / PGA), represented the strongest correlation
with other seismic parameters of both short- and long-
duration ground motions.

Comparing RIDR in long and short strong ground
motion duration modes indicated that with an
increase in the duration, the RIDR would rise.

11 intensity measures were compared in terms of long
and short strong ground motion duration with regard
to RIDR. The quantitative results, mentioned in
section 5-3, showed that most of the intensity
measures were directly related to RIDR (except Ip).
In other words, with an increase in intensity measure,
RIDR would rise. In general, in long-duration strong
ground motions, Ine, IMc, and S, _intensity
measures showed the least dispersion (highest
regression) with RIDR, indicating that RIDR tended
to increase with a steep rise in this magnitude.
However, for the short-duration strong ground
motions, Ine, Sq(Ty)and S, intensity measures
caused the least dispersion. The results of the
mentioned intensity measures indicated the strongest
correlation among intensity measures of the
surveyed, which could predict the response of
structures at low dispersion.
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Reinforced concrete moment resisting frame (RCMRF) is one of the most popular structural systems.
Conventionally, buildings with RCMRF systems are designed to satisfy the relative displacement,
resistance, and flexibility requirements defined by the design codes. Structural design codes have given
different ranges of design parameters that the designers and engineers must consider in the design process
of structures and the values selected for these parameters affect the seismic behaviour of the structures.
However, performance assessment of the RCMRF under the earthquake loading to limit the probable
levels of damage has a complicated and difficult procedure that is time-consuming for designing of
ordinary buildings. In this study, to prevent this time-consuming process, tighter ranges for design
parameters have been attempted to improve the seismic performance of the RCMRFs. In this regard,
databases of RCMFs were created for different ranges of design parameters. The Particle Swarm
Optimization (PSO) algorithm is used to create these databases and RCMRFs are optimally designed
according to ACI 318-14 code. Then, nonlinear time history analysis according to ASCE/SEI 7-16 code
was performed on the RCMRFs in each one of the databases and the statistical analysis of local and
global results acquired from the nonlinear time history analysis is carried out. Finally, tighter ranges of
design parameters have been determined to achieve more robust structures without involvement in time-

consuming processes.

doi: 10.5829/ije.2021.34.10a.05

1. INTRODUCTION

Recent developments in construction technologies have
made the design of more complex structures easier
which are susceptible to undesirable effects of severe
events such as an earthquake. It is difficult to prevent the
collapse of structures under such events; nevertheless,
the consequences of failure can be reduced significantly
in the structures with adequate robustness. It seems that
structural robustness can be suggested as a novel key
concept in the design of concrete structures; however,
quantification and methods of robustness assessment
have not been sufficiently integrated yet. This study
attempts to facilitate the design of robust structures in
the medium-rise reinforced concrete (RC) buildings,
which make up a large part of buildings, by providing
simple approaches that are applicable and known to the
structural engineers.

* Corresponding Author Institutional Email: ar.sepas@urmia.ac.ir
(A. Sepas Hokamabadi)

Structural designers have different strategies in
selecting design parameters for RC frames. This issue
drastically affects the performance of structures under
earthquake and changes the robustness of the structures.
This study uses Particle Swarm Optimization (PSO)
algorithm as a well-known algorithm for structural
design to avoid such issues and evaluate the impact of
the selected parameters on robustness of the structures.

In specified ranges for various parameters, the
structures designed by this algorithm are analyzed under
the selected earthquakes using Non-Linear Time-history
Analysis (NLTHA). The impact of design parameters
variation on the seismic performance of the structures
were assessed by employing statistical methods.
Therefore, suitable parameters range can be determined
to increase the structural robustness subject to
earthquake loading.

Please cite this article as: M. Mohammadizadeh, B. Pourabbas, K. Foroutani, M. Fallahian, Conductive polythiophene nanoparticles deposition
on transparent PET substrates: effect of modification with hybrid organic-inorganic coating, International Journal of Engineering (IJE),
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2. DESIGN ALGORITHM

Based on the reasons mentioned above, the design
optimization algorithm selected in the present study is
PSO algorithm which is one of the best metaheuristics
and has been widely used in the past years.

2. 1. Sections Database A variety of different
reinforcement patterns and sections can be used for the
beams and columns in the RC frames. In this section,
two main databases are developed for the sections of
beams and columns to reduce the complexity of the
optimization process. To create these databases, the
provisions of the design code and some practical
requirements are followed. Most concrete columns and
beams usually have square and rectangular sections,
which their length to width ratios vary between 1.1 and
2. The increment of dimensions of the sections is usually
5 cm. The size of the steel reinforcement is F18, F20, and
F22 for beams and F20, F22, and F25 for columns. The
strength of concrete is considered 280 kg/cm?,
longitudinal steel reinforcements, 4200 kg/cm?, and
shear reinforcements, 3000 kg/cm?.

ACI 318-14 [1] code applies certain requirements for
sections. These requirements include the minimum and
maximum steel reinforcement ratio, the minimum
concrete cover thickness of 4 cm for the reinforced
concrete members, minimum diameter of the shear steel
reinforcements, and the minimum space between
longitudinal reinforcements. Complying with these
requirements, a large number of sections can be created
for beams and columns.

It is worth to mention that the requirements specified
in ACI 318-14 code related to the frames with special
ductility, were taken into consideration when
developing the database [1].

2.1. 1. Beams According to the ACI 318-14
Code [1], the following requirements should be
considered for the beam sections:

1. As Figure 1a shows, at least four bars should be
positioned at the four corners of the section.

2. The minimum space between the longitudinal bars
should be 4 cm.

3. The minimum thickness of the concrete cover should
be 4 cm.

4. The diameter of the ties is F10.

5. The bar layers should be limited to two layers.

6. The upper-layer reinforcements should be located in
the same position as the lower layer reinforcements, and
as shown in Figure 1b, the minimum free space between
two layers should be 2.5 cm.

7. If a beam section requires a larger number of bars, all
these reinforcements will be added to the second layer,
symmetrical to the vertical axis of the section, and

exactly above the lower layer of reinforcements. If the
mentioned symmetry cannot be obtained, then the
symmetry is to be created by adding another reinforcing
bar, as shown in Figure 1c [2]

The requirements of section 10 of ACI 318-14 Code
are observed for the minimum and maximum ratio of the
flexural reinforcing bars [2]. Considering the mentioned
provisions, 35 different dimensions of sections are
created as follows:

35 X 40~70, 40 x 45~75,45 x 50~80, 50 X
55~85,55 X 60~90 cm

A total number of 8548 different sections are created
for beams and a sample of the details is presented in
Figure 2. This beam sections used in the present study.

2.1. 2. Columns According to ACI 318-14 Code
[1], the following requirements should be observed for
the column sections:

A. The minimum clear spacing between the longitudinal
reinforcing bars should be considered sc=40mm.

B. The least number of reinforcing bars is four, and as
shown in Figure 3a, they should be positioned at the four
corners of the section.

C. The minimum concrete cover should be t;=40mm.
D. Considering the special ductility of the frame, the
diameter of ties should be F10, and their clear spacing is
setat 12.5 cm.

E. As Figure 3b shows the arrangement of the bars
should be symmetrical in the two opposite sides of the
section.

—
h — d
teg tey [es
5
(@) (b) (©)

Figure 1. Restrictions for placement of reinforcements in
the beams: () at least four reinforcing bars in the corners.
(b) The minimum clear spacing between the longitudinal
bars in two layers. (c) Reinforcing bar placement symmetry
in relation to the vertical axis of the section. [2]
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Figure 2. Beams Database
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F. The area of the longitudinal reinforcing bars should
be between 1 and 3% of the total cross-section [2].
G. The maximum clear spacing between the longitudinal
reinforcing bars should be considered S;=150mm.

F20, F22 and F25 reinforcing bars are used in the
column sections. A database containing 150 types of
square sections with 40 cm to 90 cm dimensions and 5
cm steps, has been used for the columns. The strength of
each column section under the applied loads (flexural
and axial) is calculated using the P-M interaction curves.
Eleven-point P-M interaction linear- diagram shown in
Figure 4 has been used in this study.

2. 2. Frame Analysis All design conditions and
requirements must be considered for the optimal design
of a frame. To do so, internal forces such as axial forces,
shear forces, and bending moments of each member are
needed. These structural response values are calculated
to design each of the frames using Finite Element
Analysis. In the present study, only bending moments
have been considered for the beams to simplify the
calculations, while combined axial forces and bending
moments have been considered for the columns. The
analysis of columns also includes checking the column
slenderness. If a column is determined to be slender, the
slenderness coefficient is applied. According to ACI
318-14 Code, if a column is slender, the moment
amplifies.

b
d'T T
d
h
lur f T
5
(@) (b)

Figure 3. Limitations of reinforcing bar placement in the
Columns: (a) At least four longitudinal reinforcing bars in
the four corners. (b) Symmetrical patterns of bars and the
bar clear spacing and cover [2]
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Figure 4. Eleven-point P-M interaction linear- diagram

2. 3. Geometric Constraints of the Problem In
this constraint, the section dimensions and the number
and size of the reinforcing bars of the upper floor
column should be less than or equal to the lower floor
column. The geometric structural members are shown in
Figure 5.

Furthermore, in the beam-to-column connections,
the beam width should be less than or equal to the width
of the lower floor column, the dimensions of columns
on each floor are also the same, but their reinforcing bars
can be different, and the beams of lower floors have
greater or equal dimensions to the beams of upper floors.
These constraints are written as follows:

gh=2-1<0m=12...0
beg

g_PnC =bﬂ—1SO,m= 1,2,....le
bea

ghp b _q<om= 1,2,...nj
bpa

@

bei
bce

—1l<om=12..nj

g4 =% _4q <0m=1.2,...nj
dea

ghn =M _1<om= 1,2,...nj
Rpa

2. 4. Design Constraints The constraints related
to a force-based design should also be incorporated into
the design and analysis process. For the beams, the
corresponding moment demand in the middle (M,) and
at the ends of the member (M, andM,; ) should be less
than the section capacity (@M,). For the columns, the
capacity of the column sections should also be larger
than the corresponding demand. The interaction of axial
force and bending moment are considered to assess the
capacity of columns. Therefore, the pair of axial forces
and bending moment (M,, P,) resulting from the
imposed loads should not exceed the range of the
column’s interaction diagram. The section capacity and
demand are calculated as follows to formulate this
column constraint.

Ly =+(¢ Mn)z + (d)Pn)Z, Ly =+ (Mu)z + (Pu)2 &)

o < 5

il

| |

[y

Figure 5. Geometries of structural members
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Thus, if Ly < L, then the column section can be
considered adequate. Finally, the formulation of
constraints for the reinforced concrete frame can be

expressed as follows:

M
g1= oz 10 3
g2 = My l/oMz;—1<0 4
g3 = IMygl/oMz—1<0 )
Ly
gi=2-1<0 6)

2. 5. Constraints of Inter-story Drift
According to 16.4.1.2 of ASCE 7-16 Code, the mean
inter-story drift should not be larger than twice the
values available in ASCE 7-16 Code (see Table 12.12-
1). The inter-story drift should be computed as the
difference of the deflections at the centres of mass at the
top and bottom of the story under consideration [3].
Cabxe

6x = dl—e (7)
Cq is the deflection amplification factor, calculated from
ASCE 7-16 Code, Table 12.21, &xe, the deflection at the
location required, determined by an elastic analysis, and
I, the importance factor determined in accordance with
ASCE 7-16 Code (section 11.5.1). The Cq4 coefficient for
the reinforced concrete special moment frame is 5.5,
which is extracted from ASCE 7-16 Code (Table 12.2-
1) and I. is obtained from ASCE 7-16 Code (section
11.5.1) equal to 1 [3], therefore:

S0 < £, % < 2 % 0,02 X by, > 22 <
e

1,
e sX (8)
2 % % =0.00727

hs is the story height below Level x. Ultimately, the
formulation of the drift constraints for the inter-story
drift of mentioned RC frames can be written as follows:

6X€

=—>——1
hsxx0.00727

gai <0 , i=12..n )

2. 6. Strong Column Weak Beam (SCWB)
Constraint ACI 318 adopts the strong-
column/weak-beam principle by requiring that the sum
of column moment strengths exceed the sum of beam
moment strengths at each beam-column connection of a
special moment frame. Studies conducted by Kuntz and
Browning [3] and Maffei [4] have shown that the full
structural mechanism can be achieved only when the
column-to-beam strength ratio is relatively large (about
four or more). Because this ratio is impractical in most
cases, a lower strength ratio of 1.2 is adopted by ACI
318 [1]. The following inequality should be observed in

all the structural joints to prevent the development of the
mentioned state:

6 —
Mrclgflop + Mft,oblot > E (M‘rT + Mn) (10)

In the expression above, the sides of the expression
are the total plastic moment capacity for the members of
the beams and columns at each structural joint.

2. 6. Optimization Formulation The
formulation of optimal design in force-based design
methods is as follows.
minimize: F(x)
(11)
subject to: g;(x) <0 ,i=12,..n,xL <x<xV
In expression (7), x vector indicates the design
variables, and F is the optimization objective function,
which is a criterion for selecting the best designed
structure. This part of the study aims to minimize the
construction costs of the structure. Needless to mention,
minimizing the objective function should not have an
adverse impact on structural behaviour and efficiency.
Therefore, the minimum point of the objective function
should satisfy g: (x) < 0 inequality, which is also termed
as the problem constraints.
The main goal in the optimization of a RC frame is
to minimize the construction cost, thus the objective
function can be written as follows:

C =
Y12 (Ce by hy; +Cs As i +Cr (o +2hp ) Ly + (12)
74(Cebejhej+Cs As o+ 2Cp (bej + he ) H;

In which C is the objective function, ny the number
of beams, by, hpi, Li and Asp,i are the width, height,
length and the area of the bars in the i beam
respectively, nc is the number of columns, be; ,hej ,Hjand
Ascj are the width, height, length, and the area of the
bars in the j column respectively. Cc, Cs and Cr are the
cost of each unit of volume of concrete, steel, and the
cost of the unit of area of moulding according to
American Society of Civil Engineers [5] respectively.
Their values are C.=105$/m3 Cs=7065$/
m3,Cr =92 $/ m?.

In this research, the constraints of the optimization
problem have been applied using the concept of penalty
function [6]. Thus, the penalty functions are written as
below:

@ =F(1 + Pyeam + Peotumn) (13)

Ppeam = ) ?zbl((max{o' gl})z + (max{O,gz})Z + (14)
(max{0, g3}));

Peotumn = Tp ?ﬁl((max{o' gaP? +

(max{0, gs)? + (max{0, gg})? + (max{0,g,})2); >
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In these equations, rp is the positive parameters of the
penalty function, P.ymnand Ppeqn are the penalty
functions of the column and beam members [7].

3. PARTICLE
ALGORITHM

SWARM OPTIMIZATION

Recently a group of optimization algorithms has been
created based on the simulation of the social interaction
of a group of live creatures for achieving food resources.
Particle Swarm Optimization (PSO) algorithm [8, 9]
which was introduced by Eberhart and Kennedy [2], is
an algorithm of that group. The PSO algorithm has had
a very strong performance in comparison to similar
algorithms and it can easily work with continuous and
discrete variables and integers. In comparison to similar
optimization methods, the PSO algorithm is much more
effective and needs less function call to obtain better or
similar results compared to other algorithms. It involves
a very simple concept, and paradigms can be
implemented in multiple lines of computer code, which
conveniently accommodates the constraints and
variables of a specific problem [10]. The formulation of
this algorithm is described in literature [11-13].

4. DESIGN OF REINFORCED CONCRETE FRAMES

4. 1. Geometry of Frames For the force-based
optimal design, two 6-story and 9-story, 3-bay frames
were considered. In designing of these frames, the
created databases for beam and column sections have
been used. To create an efficient and limited search
space of beams and columns, Lee’s method [6] for
optimization has been used. The capacity of sections
obtained based on the ultimate capacity of the section by
coding in MATLAB [14]. The frames being studied are
the 3-bay frame from the middle axes of the 6-story and
9-story building plan, as shown in Figure 6.

4. 2. Loading the Frames In the models being
studied, the lateral static loads of earthquake in the form
of horizontal point load applied on the nodes of each
story and the gravity loads for the dead load assumed as
DL=500 kg/m? and LL=200 kg/m? for the live load.

The earthquake force was calculated according to
ASCE 7-16 Code. The seismic coefficient for the 6-story
building has been determined as 0.125, and 0.118 for the
9-story building, and earthquake base shear calculated
and distributed along the height based on the
expressions of the Code [3]. The loading combinations
applied according to ACI 318-14 [1] for the assessment
of demands in all the models.

m Ia) D ) . . ot
~6.00-6.00+6. 00~
E6 26 B6 B B B e

BS ) BS

C C3 c1 4
B4 B4 B4 B4 B4 B4

. c10 Ly C 0 C L o193 Lo TH oy

22 -+ 82 ~7 ma ) )

_ oE < I c _ ST CiL
E1 21 81 £l &1 21

<1 cT <7 1 L c10 cle <1

Figure 6. Typing of the selected frame for the 6-story and
9-story buildings (dimensions are in meters)

4. 3. Specifications of Materials The value
of yield stress of the steel reinforcing bars and the
compressive strength of the concrete in all the frames
assumed asf, = 280 kg/cm?, f,, = 4200 kg/cm?.

5. ROBUSTNESS ASSESSMENT OF DESIGNS

In the real-world engineering, some uncertainties are
considered during the design process. Considering the
natural properties of the problem, the uncertainties
would always exist, and depending on the source, the
uncertainty can be reduced but cannot be avoided [15].
Uncertainty is not considered in definitive optimization.
On the other hand, in the Robust Design Optimization
(RDO), an additional objective function related to the
random nature of problem parameters in the demand and
capacity is considered. Therefore, for the optional
structures in RDO, when the structural specifications or
the seismic loading are considered as random variables,
the aim is to minimize the initial cost and variation of
the responses. A complete study of the available
research papers about robust design optimization can be
found in literature [16]. The RDO problem is stated as a
multi- objective optimization problem as per the
following description:

smelnf [Cin(5), COVgpp (s, x)]

subject to: g;(s,x) 20i=1,...,1 (16)

S;€ DMj=1,..,m

where s and x represent the design and the random
variables vectors, respectively. The objective functions
considered are the initial construction cost, Ci,, and the
coefficient of variation of an EDP, COVEDP. The
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conceptual difference between a DBO and an RDO
optimisation problem, is explained schematically in
Figure 7 [17].

5. 1. Assessment of the Design Fundamentals
Affecting the Structure Robustness The input
optimization database is reformed based on the
variations of requirements in codes for different ranges
of p of the columns (1%<p<1.5%, 1.5%<p<2%,
2%<p<2.5% & 2.5%<p<3%) and beams (pmin<p=<1%,
1%<p<pmax) and the best answers (optimized structures)
obtained for each of these databases using the
optimization algorithm. Figure 8 shows the created
database for the 6-story structure with the values of p of
columns.

5. 2. Selection of Answer Set It consists of N
points from the end of the optimization convergence
chart according to the initial costs, in which the points
are the answers resulting from the optimization of a
structure sorted by descending values of the objective
function.

It is obvious that the required number of points must
be selected according to the value of the acceptable error
in the calculation of the standard deviation and mean,
using the expressions in the statistical discussions. In
this study, the Cochran formula has been used to
determine sample size. This equation is as follows [18]:

n=(z*pg)/d?) / (1 +1/N (z* pg)/d* —1))) (17)

/\f(x) - min

i ™ o /f % //

\/

Deterministic optimum

uncertainty

ROO optimum

X
Figure 7. The concept of robust design optimisation [16]
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In the equation above, n is the sample size, N, the
statistical population size, z, the normal variable of the
standard unit, which is equal to 1.96 at the confidence
level of 95%. p is the proportion of the population that
has the attribute in question and if not available, it will
be considered 0.5. q is the proportion of the population
that does not have the attribute in question and equals
(1-p). d is the acceptable margin of error, which is
usually considered 0.01 or 0.05 [18].

Based on the mentioned equation, the number of
structures to be studied for the robustness is about 40,
and to increase the accuracy of the results in this study,
the tolerance of the objective function was limited to
5%. In each range, the most economic structures within
this limit were selected and their number is larger than
40 structures. A sample of the created database is shown
below.

5. 3. Non-Linear Time-History Analysis To
investigate the effect of the variations in design
parameters on the robustness of the structures, using the
12 accelerogram records of the surrounding area,
nonlinear analysis of time history was performed for
each of the selected statistical populations in section 5.2.
The schematic chart of scaling the accelerograms is
shown in Figure 9. These accelerograms were randomly
extracted from the PEER databank and according to the
method recommended in ASCE/SEI 7-16, each one was
scaled to a 2% probability of exceedance in 50 years
[19].

The expected yield stress of steel and strength of
concrete was used in the non-linear time-history
analyses according to ASCE/SEI 41-13 Code [20];
therefore, the expected yield stress of steel and strength
of concrete is determined as f,=5250 kg/cm?, f-=420
kglem?. Thus, the expected strength of unconfined
concrete was f¢'=420 kgl/cm?, the corresponding strain,
0.002, the ultimate strength, 224.0 kg/cm?, and its
corresponding strain, 0.004. The pattern suggested by
Mander et al. [21] has been used in this study to define
the non-linear stress-strain curve of the concrete
materials in the compressive zone and in the confined

Structure Beams Columns Cost
f Bl B2 B3 B4 BS B6 a a a ] (6] (7] a 8 €12 $
1 5540051018 | 5540051018 | 5540040720 | 5040040818 | 5040030620 | 5035020422 | 601222) 551220 | 501020 501020 | 501020 451020] 601420 551220] 50 20]451020] 37884
1 5540061018 | 5540051018 | 5540051018 | 5040030622 | 5040030620 | 5035020422 | 601222] 561220 | 5010201 501020 (1] 601420] 551220 50102 020 45‘”9 37479
3 5540061118 | 5540051018 | 5540061018 | 5040030622 | 5040030620 | 5035020422 | 601222] 561220 | 501020 501020 20| 551220 50 | 451020] 38041
1 5540071118 | 5540051018 | 5540051018 | 5040030622 | 5040030620 | 5035020422 | ¢ 21551220 | 501020] 501020 §51220] 50 20| 38073
5 5540061118 | 5540061118 | 5540051018 | 5040030622 | 5040030620 | 5035020422 | 601222] 561220 | 501020] 501020 5612201501020 20 38106
] 5540071118 | 5540061118 | 5540051018 | 5040030622 | 5040030620 | 5035020422 | 601222] 551220 | 501020] 50 420]551220| 50 20/ 38138
7 5540071118 | 5540071118 | 5540051018 | 5040030622 | 5040030620 | 5035020422 | 601222) 551220 | 501020] 50 [1]601420| 551220| 50 38170
8 5545051018 | 5545051018 | 5540050918 | 5040040818 ) 5040030620 | 4540030620 | 601420] 551420 | 551220 (11601420 551420 38531
g 5545051018 | 5545051018 | 5540050918 | 5040050818 5040030620 | 4540030620 | 601420] 551420 | 551220 601420 551420 38588
In | RRARNEANTR | RRARNEANIR | BRANNRNGTR | KNANNEAGIRT EnannanAan | arannancan | aniaanl &e14on | Retaan] sninanl &ning a0 | BELAN | 454NN | mRoR

Figure 8. A part of the created database for the 6-story structure with the values of p of columns 2%<p< 2 5%
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Scaling for 2-D Analysis
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Figure 9. Schematic chart of scaling the accelerograms [22]

Period, sec

States [23-25], and it was computed by the program for
each section of the columns, and then used in the non-
linear time-history analyses [26].

5. 4. Selecting the Parameters for Sensitivity
Analysis The parameters selected for sensitivity
analysis consist of the story maximum plastic drift, and
the maximum rotation of the plastic hinges in the beams
and columns.

5. 5. Analysis of the Main Parameters Affecting the
Structure Robustness Non-linear time-
history analysis was conducted for the created databases
of the structures, and the median of maximum values of
parameters mentioned in the last section was extracted
for each of the structural members based on the selected
records. In order to obtain the dimensionless form of the
data, these results were divided by their acceptance
criteria values in the non-linear analyses according to
ASCE/SEI 41-13 [20].

5. 6. Calculation of the Standard Deviation The
standard deviation and mean was calculated for the
median of maximum values of the selected parameters in
each one of the statistical populations, and the chart for
the average variations of the answers was drawn based on
the input parameters variations together with the standard
deviation of the outputs. The standard deviation equation
is:

o= |20 — w2 (18)

In which ¢ is the standard deviation, u, mean of the data,
N, number of the statistical population, and x is the data.

5. 7. Results from the Statistical Analyses of the
Non-linear  Time-history Analysis Output
According to the discussions above, the output of non-
linear time-history analysis is consisted of the maximum
plastic inter-story drift, and maximum rotation of the

plastic hinges in beams and columns of all stories. Here,
at the first, the output of local data, i.e. maximum rotation
ratio of plastic hinges in the beams and columns are
presented according to the variations of the
reinforcement ratio of columns. Next, the outputs related
to the maximum rotation ratio of plastic hinges in the
beams and columns according to the variations of the
reinforcement ratio of beams are presented in Figure 10.
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Figure 10. Charts of the average variations of the plastic
hinges rotation ratio in beams and columns, and their
variance according to the variations of the reinforcement
ratio of columns in the 6-story & 9-story building

As understood from Figure 10, with an increase in the
reinforcement ratio of the columns, the plastic hinges
rotation in the columns decreases, and the plastic hinges
rotation in the beams increases. This means that the
failure mechanism moves towards the formation of the
beam mechanism. In addition, the variance of plastic
rotations also decreases with the increase in the
reinforcement ratio of the columns. This results in an
increase in the predictability of structural behaviour.

It can be seen in Figure 11 that with an increase in the
reinforcement ratio of the beams, the plastic hinges
rotation in the columns decreases, and the plastic hinges
rotation in the beams increases. This shows that plastic
hinges are first formed in beams. In addition, the variance
of the plastic hinges rotations also decreases with an
increase in the reinforcement ratio of the beams, and as a
result, the predictability of structural behaviour increases.

As a global criterion in Figure 12, it can be seen that
by increasing the ratio of steel in beams and columns, the
behaviour of the structure improves.
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Figure 11. Charts of the average variations of the plastic
hinges rotation ratio in beams and columns, and their
variance according to the variations of the reinforcement
ratio of beams in the 6-story & 9-story building

Therefore, with an increase in the ratio of reinforcing
bars in the beams and columns, the probability of the
formation and development of plastic hinges in the beams
increases, while it decreases in the columns. As shown
schematically in Figure 13.

The inter-stories drift of the structures resulted from
non-linear time-history analysis, is presented above as a
global criterion.
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Figure 13. Variation of the probability of plastic hinges
formation and development in the beams and columns,
together with the variation of the reinforcement ratio in the
beams and columns

6. CONCLUSION

The probability of failure can be significantly reduced for
the structures which have adequate robustness. In fact,
performance assessment of the designed structures by the
practicing engineers under probable earthquakes has
complicated steps to limit the possible damages.

In this study, an attempt is done to propose a
methodology to design robust RC frames, which results
in improving seismic performance of these structures. To
do so, certain ranges are selected for the design
parameters and several structures are designed using
optimization algorithms within these ranges, and
structural response evaluated by nonlinear time-history
analysis are statistically analysed to assess the robustness
of the optimal designs.

An increase in the probability of hinge formation in
the beams leads to the increment of the probability of
formation of beam mechanism, and the decrease in the
variance of results also shows the increasing in the
predictability of structural behaviour, both of which
would lead to increased robustness of the structure.

According to the results of local and global criteria, it
can be concluded that structural engineers, without
engaging in complex calculations, can obtain structures
with higher robustness by using sections sticking to the
high steel ratio limits.
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Ignoring the primary damage to structural components due to blast load or fire is the alternate load path
(APM) method's weakness in progressive failure analysis. The new technique used in this study
examines the structure's more realistic responses by considering the initial cause of the failure. Also,
buckling-restrained braces (BRBs) are applied to diminish the potential for progressive failure in
braced steel buildings. Variables include the type of primary local loading (APM, blast loading, and
heat caused by fire), the position of column removal in the plan (inner and outer frame), the type of
brace (BRB and CB), and the number of stories (3, 5, and 8 stories). The buildings were simulated
using ABAQUS. The results showed that BRBs in steel buildings under blast load, compared to
conventional braces, reduce the potential of progressive failure. The use of BRBs provides much more
energy absorption than conventional bracing systems due to brace buckling prevention.

doi: 10.5829/1JE.2021.34.10a.06

1. INTRODUCTION

The utilization of buckling-restrained braces (BRBs) in
braced steel building and its effect on improving
structure behavior against progressive failure is the most
important aim of this study.

Extensive studies have been conducted on
progressive failure [1-6] and BRBs [7-10]. Each of them
examines a part of this event. Palmer et al. [11]
examined braced steel frames' performance and built
two double story frames with a span in two different
modes (with conventional braces (CBs) and BRBs). The
results showed that BRBs compared to CBs showed
more stable response against lateral loading. Akbarnia et
al. [12] examined the effect of column removal on a
three-story steel building equipped with BRBs and
compared its performance with a three-story building
with a flexural frame. The results showed that BRBs
elements make steel structures well perform against

* Corresponding Author E-mail: Abdolorahim_jalali_m@yahoo.com
(A. Jalali)

external loadings such as earthquakes [12].

Yang et al. [13] investigated the role of composite
slabs against progressive failure. They showed that the
ratio of the dimensions of the composite slab is effective
on the bending frame behavior. Mashhadi and Saffari
[14] investigated the effect of members' secondary
stiffness ratio on dynamic load coefficient in the
nonlinear analysis of structures under column removal.
They showed that the span length and number of floors
in short and medium steel moment-resisting frames
significantly affect the dynamic load coefficient.

Tavakoli and Hasani [15] investigated the effect of
seismic parameter characteristics on the progressive
failure potential in steel moment-resisting frames. The
analysis results showed the dynamic response of the
removed member under the seismic load is entirely
dependent on the seismic characteristics such as the
energy applied to the structure, the maximum ground
acceleration, and the frequency content. Lin et al. [16]
presented a new method for evaluating steel moment-
resisting frames against blast loads. This method was
compared with other common methods. They proved

Please cite this article as: B. Pordel Maragheh, A. Jalali, S. Mohammad Mirhosseini, Evaluating the Effect of Buckling-restrained Braces in Steel
Buildings against Progressive Failure Using Different Simulation Strategies, International Journal of Engineering, Transactions A: Basics, Vol.
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that the onset of damage in the first floors has a more
practical effect on the failures' chain than the other
floors. Naghavi and Tavakoli [17] investigated the
effect of columns' response to progressive failure. For
this purpose, a neural network method was used, and
sensitivity analysis was performed. The results of this
analysis can be used to estimate the response of steel
structures to progressive failure. Ryu et al. [18]
conducted finite element modeling for the progressive
failure analysis of steel stiffened-plate structures in
fires. They showed that fire consequences should be
quantified accurately for the quantitative fire risk
assessment. Zhou et al. [19] compared design methods
for beam string structure based on reliability and
progressive collapse analysis. The results showed that
the representative beam string structure designed with
fixed load partial factors and optimum resistance factor,
which varies with cases, had high performance of anti-
progressive collapse. Zheng et al. [20] studied the
progressive collapse mechanism in braced and tied-back
retaining systems under deep excavations. They showed
that the progressive failure path extends from struts or
anchors to piles and will lead to large-scale collapse.
Musavi and Sheidaii [21] compared the seismic and
gravity progressive collapse in dual systems with
special steel moment-resisting frames and braces. The
results showed that structures had better performance
under seismic progressive failure than models under
gravity loads because of more resistance, ductility,
suitable load redistribution, and more structural
elements in load redistribution.

In general, the studies mentioned above can be
divided into three general categories. In the first group,
researchers assessed the progressive failure of steel
buildings with different load-bearing systems using the
column removal method (alternate load path method or
APM). In the second category, the method and type of
analysis were evaluated. In the third category, new
strategies for strengthening steel buildings against
progressive failure were assessed. According to the
above general classification in the present study, the
type of progressive failure analysis method and the
performance of buckling-restrained braces (BRBS) in
reducing the progressive failure potential were
evaluated. Three different methods were used to analyze
the progressive failure. In the first method, APM, which
is a common method, was used. In the second method,
the progressive failure was evaluated by removing
several columns and the heat caused by the fire. In the
third method, progressive failure analysis was
performed by direct simulation of blast waves. The
overall purpose of presenting these three methods was
that the primary cause of the progressive failure in the
APM method is not very important. However, loads
such as heat from fires and blast waves can create more
critical states than the APM. On the other hand, BRBs,

due to the combined performance of concrete and steel
and buckling prevention, can help the load-bearing of
columns in sudden and unusual loads. Therefore in this
work, the performance of this type of braces against
progressive failure was investigated.

2. PROCEDURE

Variables were the type of primary local loading (APM,
blast loading, and heat caused by fire), the position of
primary local failure in the plan (inner and outer frame),
the type of brace (BRB and CB), and the number of
stories (3, 5, and 8 stories). Table 1 presents the studied
modes. Steel braced frame buildings with CBs and
BRBs (3, 5, and 8-story) were first analyzed using
Sap2000 [22] which is based on Iran national building
regulations. The plan of the buildings was similar in all
cases. The length of each span and the dimensions of
the stairs were considered 6 and 4x6 meters. The
building's lateral load resisting system was braced frame
in both directions (CB and BRB). St37 building steel
specifications were used to define steel. Box sections
with a thickness of 10 mm were used to simulate the
core and steel sheath of the BRBs. The compressive
strength of concrete used in the BRBs was considered
24 MPa. Dead and live loads of the stories were 335 and
200 kg/m?, respectively. Also, dead and live loads of the
roof were 200 and 150 kg/m?, respectively. ABAQUS
[23] was used to simulate the buildings for progressive
failure potential. Finally, the response of the structure to
both blast and fire loadings was compared with the
APM. Studies of progressive failure showed that
removing columns at the lowest stories can create a
more critical situation for the buildings [24-26].
Therefore, to evaluate the progressive failure in building
frames, removing two columns in the lowest story was
assessed. The results of the structural design were
displayed in Table 2.

3. FINITE ELEMENTS SIMULATION

Finite element simulation was performed with
ABAQUS software [23]. Structural elements include
beam, column, brace, and roof, which are three-
dimensional and deformable types. Materials include
steel and concrete (the concrete core of BRBs and roof).
BRBs consist of steel sheath (outer wall), concrete core,
and central core. Shell, solid, and beam elements were
used to simulate the box-shaped steel sheath, concrete
core, and central core, respectively.

The explicit dynamic method in numerical solution
was used for the analysis. Tie interaction constraint was
utilized to define the interaction between members in all
cases. The convergence examination method of the
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TABLE 1. Introducing the modes in the present study

TABLE 2. Design results

Building  Storey

Beam Column

Brace

No. Numbgr Initi'al local Brace Frame Name

of stories loading type type
1 No Remove CB - 3st-No R-CBr
2 Blast Inner 3st-B-1-CBr
3 Outer 3st-B-O-CBr
4 Fire Inner 3st-F-1-CBr
5 Outer 3st-F-O-CBr
6 APM Inner 3st-APM-1-CBr
7 Outer  3st-APM-O-CBr
8 3 No Remove BRB -—-- 3st-No R-BRB
9 Blast Inner 3st-B-1-BRB
10 Outer 3st-B-O-BRB
11 Fire Inner 3st-F-1-BRB
12 Outer 3st-F-O-BRB
13 APM Inner  3st-APM-I-BRB
14 Outer  3st-APM-O-BRB
15 No Remove  CB - 5st-No R-CBr
16 Blast Inner 5st-B-1-CBr
17 Outer 5st-B-O-CBr
18 Fire Inner 5st-F-1-CBr
19 Outer 5st-F-O-CBr
20 APM Inner  5st-APM-I-CBr
21 Outer  5st-APM-O-CBr
22 ° No Remove BRB - 5st-No R-BRB
23 Blast Inner 5st-B-1-BRB
24 Outer 5st-B-O-BRB
25 Fire Inner 5st-F-1-BRB
26 Outer 5st-F-O-BRB
27 APM Inner  5st-APM-I-BRB
28 Outer  5st-APM-O-BRB
29 No Remove CB 8st-No R-CBr
30 Blast Inner 8st-B-1-CBr
31 Outer 8st-B-O-CBr
32 Fire Inner 8st-F-1-CBr
33 Outer 8st-F-O-CBr
34 APM Inner  8st-APM-I-CBr
35 Outer  8st-APM-O-CBr
36 ° No Remove BRB 8st-No R-BRB
37 Blast Inner 8st-B-1-BRB
38 Outer 8st-B-O-BRB
39 Fire Inner 8st-F-1-BRB
40 Outer 8st-F-O-BRB
41 APM Inner  8st-APM-I-BRB
42 Outer  8st-APM-O-BRB

First
Second

Third

3st

Fourth
First
Second
Third
Fourth
Fifth

5st

Sixth
First
Second
Third
Fourth
8st Fifth
Sixth
Seventh
Eighth
Ninth

2IPE 300 Box 350x 350x 20
21PE 300 Box 350x 350% 20
21PE 270 Box 350x 350% 20
2IPE 270 Box 350x 350x 20
2 IPE 300 Box 400x 400% 20
2 IPE 300 Box 400x 400x 20
2 IPE 270 Box 400x 400x 20
2 IPE 270 Box 300x 300% 20
2 IPE 270 Box 300x 300% 20

Box 200x 200x 20
Box 200x 200x 20
Box 200x 200x 20
Box 200x 200x 20
Box 200x 200x 20
Box 200x 200x 20
Box 200x 200x 20
Box 200x 200x 20
Box 150x 150% 20

2 IPE 270Box 300x 300 x 20 Box 150x 150x% 20

2 IPE 300 Box 450x 450x 20
2 IPE 300 Box 450x 450x 20
2 IPE 300 Box 450x 450x 20
2 IPE 300 Box 450x 450x 20
2 IPE 270 Box 450x 450x 20
2 IPE 270 Box 350x 350x 20
2 IPE 270 Box 350x 350x 20
2 IPE 270 Box 350x 350x 20
2 IPE 270 Box 350x 350x 20

Box 200x 200x 20
Box 200x 200x 20
Box 200x 200% 20
Box 150x150x 20
Box 150x 150% 20
Box 150x 150x% 20
Box 150x 150% 20
Box 150x 150% 20
Box 150x 150x% 20

responses is used to specify the optimal mesh size in
simulation. Also, concrete was simulated using concrete
damage plasticity.

4. THE USED METHODS

Methods for investigating the progressive failure of the
studied buildings include the APM, blast loading, and
heat caused by fire, respectively. In this section, each of
these methods is described.

4. 1. APM The general idea of APM is that the
building should be designed so that if the normal load
transfer paths are removed or damaged. There are other
alternative paths for transferring the load to the ground.
Therefore, structures are designed to remove columns or
specific walls. The loads applied to the models under
study are applied according to the Equations (1) and (2):
[27]:

Grp = Q1p[(0.9 or 1.2) D + (0.5L or 0.2S)] @)

G=1[(090r1.2) D+ (0.5Lor0.2)] @)

where, Gy is increased gravity load for the upper floors
of the column or removed wall, and G is gravity load for
floors above a column or the wall, which is not
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removed. This load combination must affect the span
that is not loaded with a combination of G.p load. In
equations 1 and 2, D, L, and S are dead, live, and snow
loads, respectively. Q;p is load increase coefficient for
calculating deformation-controlled actions.

4. 2. Fire Load Application Method One of the
issues that affect structures such as residential buildings,
factories, offices, and industrial complexes is fire. This
is especially important for steel structures because, in
steel members, fire reduces strength and stiffhess due to
their high thermal conductivity and low thickness. After
axial loading on the column, the fire was applied.
Equation 3 was used to define fire heat. In this regard, T
is the temperature change, and t is the duration of the
fire. The mentioned equation is based on 1S0834 [28,
29].

T = Log,,(8t+ 1) + T, ©))

4. 3. Blast Load Application Method CONWEP
model [30] was used to apply blast loads. A possible
blast can have different intensities. The blast loading
intensity applied to the column will increase as the
explosive increases and the distance from the blast
center decreases. For this purpose, by defining the
scaled distance (Z) of Equation (4), the overpressure
produced by the blast (Ps), TNT material in kg (W) at R
distance from the explosive center can be calculated
from Equation (5).

R

7= E (4)
X = Log1o(2) )

Log;o(Z)[Log;oPs] = —0.1319X2 — 0.2331X + )
0.4644

The weight values of explosive (w), collision angle
(n), and distance of the blast center ® were first
determined. Then maximum pressure values and blast
continuity time were determined for different modes.
For this purpose, it was placed in the Friedlander blast
load equation [31]:

t
Py = Peo F(1— ) W)

In this Equation, Ps is the maximum pressure
caused by the blast, P is the pressure value in time t,
and t* is the continuation time of the blast (when the
pressure reaches to zero). To apply blast loads, an
explosive weighing 500 kg TNT equivalent, for the
external blast, is placed near the corner of the structure
and at a distance of 5 meters from it, and in the case of
internal blast, it is placed at a distance of 5 meters from
the middle column.

5. VERIFICATION

5. 1. Verification of Progressive Failure Analysis
Using APM The verification of progressive
failure analysis with APM was performed using the
method developed by Zhang et al. [32]. In the selected
laboratory study, a one-story steel frame was
constructed. This frame had one bay in one direction
and two bays in the other direction. The beams and
columns of the frame were made of H100x67x4.5x6
and H200x200x6x8, respectively. A 60 mm thick
concrete slab was made on the beams. This slab was
installed on the beams using shear studs. The length of
the larger bay was 2.4 m, and the lengths of smaller
bays were 1.8 m. According to Figure la, eight steel
blocks with a total weight of 148 kN were placed in the
middle of the span to simulate a gravitational load on
the slab. One of the columns at the edge of the slab was
suddenly removed using a knocking hammer, and its
response was measured in the form of vertical
displacement. More details about this experiment are
provided in the literature [32]. The experimental frame,
deformable shape, and displacement diagram of finite
element and experimental specimen are shown in Figure
1. The experimental study's maximum displacement is
about 10.7 mm. The maximum displacement in the
finite element method is 10.9 mm. The difference
between the two displacements is about 1.86 percent.
Therefore, it can be stated that the hypotheses used to
simulate the APM in the present study had good
accuracy.

Column
Removal

(b)
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12 £ APM Simulatiom (This study)
r Experimental [32

Deflection (mm)
(-

" - R : T T - } I T——

0.0 0.5 1.0 1.5 2.0
Time (s)
(©
Figure 1. Verification of progressive failure analysis using
APM a: Experimental specimen [32] b: FEM c: Comparison
displacement diagrams

5. 2. The Verification of the Used Method in
Simulation of Fire Loading The verification of
the used method in simulation of fire loading was
performed using method developed by Jiang et al. [33].
Three different frames were studied. The dimensions of
the sections and the temperature applied to them were
different in different modes.

The dimensions of hollow rectangular sections were
50%30x3 cm and 60%x40x3.5 cm for columns and
beams, respectively. The middle column of the first
floor was warmed up using a furnace.

Figure 2 shows the plastic strain distribution,
strength-time curves of the model, and the laboratory
specimen. As can be seen, the highest and the lowest
values of heat generated in the finite element modeling
method in this study have a good precision compared to
the experimental results. Therefore, this software has
the appropriate and acceptable accuracy in modeling the
heat load caused by fire.

5. 3. The Verification Used in Blast Load
Simulation This validation, based on an
experimental data reported by Lawver et al. [34], was
performed by applying a blast load to a single column
(Figure 3). Several steel columns were subjected to the
blast load, and only the column with W360x122
specifications was selected for verification. Figure 3
shows the single column under blast load after analysis.
Also, this figure compares the results of the study of
Lawver et al. [34] and the simulated model. According
to the obtained values, it is observed that the results are
very close to each other. Therefore, the simulation
method of the finite elements used to model the blast
load has good accuracy.

6. INTERPRETING THE RESULTS

Although several studies on buildings' behavior against
progressive failure are available, researchers still believe

LE, Max. In-Plane Principal

SNEG, (fraction = -1.0)
(Avg: 75%)
+1.1190-02
+1.0280-02
+0.3664-03
+8.452«-03
+7.5384-03
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+3.795¢-03
+3.881e-03
+2.9664-03
+2.0520-03
- +1.138¢-03
+2.238¢-04
1200
Simulation of fire loading (This study)
1000 Experimental [33]
H
2 800 4
-
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=9
g 600 -
2
T 400 -
o
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0 t t y +
0 2000 4000 6000 8000
Time (s)
(b)

Figure 2. Verification used in progressive failure analysis
using fire load application method a: Plastic strain b:
Comparison of strength-time curves of finite element model
and experimental specimen

=

U, Magnitude

+7.424e-02
+6.805e-02
+6.187e-02
+5.568e-02
- +4.949e-02

—=a— Blast load simulation (This study)
®  Experimental [34]

Height (m)
e

Displacement (em)
Figure 3. The verification used in the progressive failure
analysis using the blast load application method a: Single
column under blast load [34] b: Finite element model c:
Comparison of column displacement (Numerical and
Experimental)
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that more research is needed to examine their behaviors
against various parameters that may affect them.
Experimental tests of these parameters' effect required
considerable cost, time, and equipment, which in some
cases is impossible or very difficult. Analytical models
can be effective and have appropriate accuracy in
predicting structural response. The simulation method
introduced in the previous sections was used to perform
sensitivity analysis of the desired variable parameters.

When various factors locally damage buildings,
columns, as one of the most important members of the
structure in preventing structural failure, have an
important role in transferring and redistributing loads.
Therefore, researchers' redistribution criterion of axial
forces is one criterion that researchers have always
considered in studies related to progressive failure [33-
37].

The axial force changes of the columns of 3, 5, and
8-story simulated buildings will be examined. The
values of the axial force changes of the columns around
the local load application location (column removal
location), compared to their values in the non-applied
local load state according to the desired variables (BRB
and ordinary brace), type of progressive failure analysis
method (direct blast load application method, fire load
application method and APM) and the position of the
initial local load application (inner and outer frames)
and the number of stories (3, 5 and 8 stories) have been
calculated. The axial forces' values are the maximum
axial force extracted from the diagrams related to the
axial force of the columns. The resulting values are
presented and analyzed separately in different graphs to
understand better and compare the desired modes and
examine the introduced variable parameters. After
reviewing the maximum values of axial force in
adjacent members to the local load application location,
the effect of each of the studied parameters on the axial
force changes of the columns is investigated in this
section. Also, the deformable shape of several buildings
under study is shown in Figure 4.
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Figure 4. The deformable shape of several buildings under
study

6. 1. Investigating the Type of Used Method
According to Figure 5, when the direct blast load
method is used, an increase in axial forces is much more
significant than in the APM modes. For example, in 3,
5, and 8-story steel buildings braced by CBs where the
local load is applied as a blast load (inner frame), the
maximum axial force of the adjacent columns to the
load location is 3.6, 2.3, and 1.7 times more than their
corresponding values in the column removal method
(APM) (Figure 5a). On the other hand, in 3, 5, and 8
story steel buildings braced by CBs, local load, and
column removal were applied on the outer frame, the
maximum axial force of the adjacent columns to the
load application location. In contrast, the direct blast
load application method was used is 1.01, 2.19, and
1.88, times more than their corresponding values in the
column removal method (APM) (Figure 5b). Also,
according to Figure 5c, in 3, 5, and 8-story steel
buildings braced by BRBs that the local load and
column removal are applied on the inner frame, the
maximum axial force of the adjacent columns to load
application location, while the direct blast load
application method was used, is 200, 59 and 49% more
than their corresponding values in the column removal
method (APM).

According to Figure 5d, in 3, 5, and 8-story steel
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buildings braced by BRBs that the local load and
column removal are applied on the outer frame, the
maximum axial force of the adjacent columns to load
application location, while the direct blast load
application method was used, is 200, 67, and 64% more
than their corresponding values in the column removal
method (APM). Therefore, it can be concluded that
when explosive is considered as the initial cause of the
failure in the progressive failure analysis, the maximum
force created in the adjacent columns to the impact area
will be significantly higher than other methods. Because
of the sudden pressure caused by blast applied to the
columns and the stresses that are applied to the beams,
the axial force of columns in the blast load application
method is more than the APM. The APM in evaluating
the axial load of the column has smaller values.

Although in the APM, several columns of the
structure are completely removed and lose their
function, the loads caused by the blast were applied in
an impacting manner and create a more critical state in
the structure. Therefore, it can be stated that the primary
cause of the local failure and considering it during
structure analysis against progressive failure can have
much more accurate predictions of the actual behavior
of the structure against the initial local failure.

Axial force (kN)
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6000  —=—Blast load
" Fire load
s —+—APM
-Zé 5000
v
Z 4000
<
= 3000
z
-«
2000
1000
0
3st Sst 8st
Number of stories
a
6000 ——5=Without Tocal collapsc
- —&— Blast load
~ 5000 -+ Fire load
Z ——APM
=
= 4000
~
v
-
<= 3000
< 2000

1000

0
3st Sst 8st
Number of stories
C

Axial force (kN)

6. 2. Position of Column Removal In this
section, the position of column removal in the plan
(outer and inner frame) on the redistribution of axial
forces is examined. The maximum axial force is
presented in Figure 6. As it can be seen, in buildings
with fewer stories, the columns in the inner frame are in
a much more critical position and bear more forces after
applying the initial local load. However, as the height
increases, the columns in the outer frame bear more
forces. Therefore, the position of removing columns in
the plan can depend on the number of stories. Changes
in the columns' axial force in situations where the blast
load was applied from the outside indicate that the
columns, walls, and infills around the structure can play
an imperative part within the structure reaction against
impact waves. If the walls or infills are connected to the
columns, a large amount of the pressure caused by the
blast will reach the surrounding columns, which will
cause them to be exposed to severe damage. However,
suppose a solution can be found to separate the
structural columns from the walls. In that case, the load
transfer through the rigid diaphragm to the roof will be
transferred to other columns and structural members.
More members will bear the blast wave and the
structure strength increases, and the potential for
progressive failure decreases.
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Figure 5. Comparison of methods used in progressive failure analysis a: Conventional brace - inner frame b: Conventional brace -

outer frame c: BRB - inner framed: BRB - the outer frame
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Figure 6. Examining the position of the column removal
(outer and inner frame) in the stories on the changes of the
maximum forces of the columns near to the initial local
damage position

An interesting point that can be indicated in Figure 6
is that when the column is removed in the outer frame,
the APM shows much more force is more conservative
in this respect. The reason for this is that when the
column is removed in the inner frame, more members of
the structure participate in bearing additional loads and
redistribution of forces. This creates fewer axial forces
around the removal location. When the column is
removed in the outer frame, fewer members contribute
to the load distribution, creating more force in the
columns around the removal location.

6. 3. Percentage of Changes in the Maximum Axial
Forces Around the Local Failure Location
Figures 7a and 7b compare the percentage increase of
the maximum axial forces around the local failure
location to investigate the method used and the position
of the position column removal in the stories. According
to the desired variables, the values of the axial forces
around the local failure location are calculated relative
to their values in the non-removal mode. It should be
noted that the axial forces' values are the maximum
axial force when the blast load affects two columns of
the inner frame and the elements around them. The
columns' axial forces around the location of the local
failure increased more than APM and fire loading
methods. As shown in Figure 7b, explosion-induced
loads on inner columns caused maximum axial forces
around the local failure location to increase by 317% in
the mode of blast load application. However, in the
APM, removing the two columns in the inner frame
caused maximum axial forces around the local failure
location to increase by 15%. The analysis results
showed that if explosives cause the primary local
failure, considerable axial forces are created in the
columns around the primary local failure location.
These forces are not considered when APM is exerted.
According to these results, the initial cause of failure

should be considered. Because the force transfer by the
residual structural members of the building under local
failure can prevent the progressive failure, and if the
initial failure is not predicted correctly, the structure
response against the possible failures would not be
appropriate. Therefore, it can be stated that the type of
primary local failure is very influential, and ignoring it
may activate to wrong divinations of building behavior.
The heat application due to fire caused the axial forces
created in the columns to be much higher than the APM.

6. 4. Investigating the Effect of BRBs The
performances of CBs and BRBs are compared in this
section. Figures 8a and 8b compare the performance of
CBs and BRBs on the structure response against
progressive failure in modes affected by the blast load
in the inner and outer frames. When the explosive was
placed inside the structure, the BRBs showed much
better performance in terms of axial force changes than
CBs. The axial forces created in adjacent members to
their blast location compared to the corresponding
values in buildings with CBs are greatly reduced. This
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Figure 7. Increasing axial loads of the columns around the
removal location compared to the non-removal mode a:
buildings with CBs b: buildings with BRBs



2256 B. Pordel Maragheh et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 10, (October 2021) 2248-

a_ -4 Conventional brace —8—BRB

Increasing axial load (%)
1)

3t Sst 8t
Number of stories
a
T0

= &= Conventional brace —— BRH

= 60 S

3 -

= g

T 50 S

= b

- o

= 40 .

= \\

g 3 S

- ~

= Y

E 20 '\./
= h

10

0!
st Sst Hst
Number of stories
C
o0

== Conventional brace == HRE
a0

S

n

0

Axial Increasing axial load (%)

38t st Bst
Number of stories

[

160 == Conventional Ilragc -a—BRB
T 10 S i
— 120 R e
= 100 7 e
= g
2 80 w
e =
£ 60
E 40
£
(L
3st Sst Bst
Number of stories
b
T0
- =#= Conventional brace —8—BRB
= 60
ER
E 40
ﬁ
st 30
§ 20
=
= 10
0
st Sst 8st
Number of stories
d
90
— 80 == Conventional brace —s—BRB
bt
- 70
-
2 6ol
Z 50
5 4o
£ |
Z 30
S
-
5 20
10
1]

3st Sst 8st
Number of stories

f
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outer frame

is also true to some extent in buildings that were placed
under an external blast. For example, the percentage
increase in the axial force of a 5-story building braced
with BRB is about 30 percent less than the
corresponding value in buildings braced with CB.

The use of BRBs in steel buildings under blast load,
compared to CBs, improves the structural performance
and reduces the possibility of progressive failure. This is
because CBs cannot buckle due to applied pressure and
have similar behaviors in tension and pressure.
However, BRBs can absorb higher energy by yielding

brace in tension and pressure. Due to steel sheaths and
the simultaneous effect of concrete and steel on tension
and pressure, they have more energy loss capacity and
more ductility than CBs. BRBs, with their compressive
performance, can significantly contribute to bearing
axial forces created by column removal to the adjacent
columns of the blast location. Figures 8c to 8g show that
the BRBs in some modes cause the difference between
the axial force created in the removal and not removal
methods to be reduced compared to CBs.
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7. CONCLUSION

The results showed that APM is relatively easy without
considering the loading type, but it is less accurate and
unreliable for predicting progressive failure in the
structures. The method that was used in this manuscript
provides rather dependable prophecies of the failure
caused by explosive and fire loads. The initial cause of
the progressive failure and its application to the
structure led to more realistic responses.

Also, due to the performance of BRBs in preventing
the occurrence of buckling of the steel core (in order to
allow the occurrence of compression yield
phenomenon), absorbing more energy and covering the
entire length of the steel core with concrete, it is
expected that the potential for progressive failure in the
structure is reduced.
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Incremental forming is one of the non-traditional forming processes which is widely used in rapid
prototyping and customized component manufacturing. One of the challenges encountered in single
stage single point incremental forming (SSSPIF) is difficulty in achieving greater wall angle for a
considerable depth. In this research work, the investigation is carried out by experimental and
numerical simulation for reaching the maximum wall angle to a possible depth without any defects in
SSSPIF. SSSPIF of truncated cone shaped component from 1mm thick AISI304 austenitic stainless
steel are made at a different wall angles. Also, numerical simulation using LS-DYNA explicit solver is
performed and the results are validated with the experimental values. Components with the wall angle
of 640 is successfully made without any defects made in a single stage forming for a depth of 45 mm
within the experimented process parameters. Major strain, minor strain and thickness distribution in the
sheet material due to forming process are obtianed from experiments and finite element analysis
(FEA). From the results of both experiment and FEA, it is observed that the major strain, minor strain
and thinning effects are higher in the region below the major diameter of the truncated cone at all
experimented wall angles. Also the FEA results have shown good agreement with the experimental

values. Further it is seen that the strains are increasing with the increase of wall angle.

doi: 10.5829/ije.2021.34.10a.07

1. INTRODUCTION

A newer non-conventional forming process known as
incremental sheet metal forming is used recently for
manufacturing customized components and medical
implants. In this process, the desired shape and size of
the part is imparted by rotating tool with hemispherical
head, which moves in a specified generated path. Single
point incremental forming (SPIF) is one of the types of
incremental sheet forming (ISF) where single tool
performs the operation by moving the tool in
incremental step-down size. The required shape and
size of the component may be obtained in a single stage
or multi stage processes. Due to absence of die in this
process, the initial investment is much lower when
compared with the conventional forming process. AlSI
304, an austenitic stainless steel, is very widely used

*Corresponding Author Institutional Email:
ethiraj.mech@drmgrdu.ac.in (N. Ethiraj)

material due to its strength, corrosion resistance and
biocompatibility. Due to the characteristic of
inactiveness with environment and non-toxic nature
makes stainless steel a good candidature for food,
chemical and medical industries.

In past, number of researchers have attempted to
explore the incremental forming process due to the
increase in need for customized components. The
deformation mechanism was studied by Jackson and
Allwood [1] in SPIF as well as in two point incremental
forming (TPIF). It was presented from their study that
the deformation is due to (i) shear and stretching in a
plane perpendicular to the direction of tool movement
and (ii) shear along the tool direction. Gupta and Jeswiet
[2] have investigated the effect of tool-sheet interface
temperature, which is generated due to the friction
between them at high relative velocity of the tool, on
formability and geometrical errors. They have suggested
that, to certain extent, the higher rotational speed and
feed rate of the tool are ideal process parameters for the

Please cite this article as: D. Sureshkumar, N. Ethiraj, Experimental and Finite Element Analysis of Single Stage Single Point Incremental
Forming, International Journal of Engineering, Transactions A: Basics Vol. 34, No. 10, (2021) 2259-2265
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better results. Wall angle of the formed component
plays a crucial role in deciding the required forming
force. The forming force increases with the increase of
wall angle upto 60° and beyond which the force
decreases due to the thinning effect of the formed part
which may lead to a fracture [3]. The maximum wall
angle that can be formed is depending on the type of
material and its thickness. In case the part requires wall
angle more than the maximum value, multi pass strategy
is employed [4-6]. Safari [7] has experimented the two
point incremental forming (TPIF) of 1mm thick
AA3105 aluminium alloy sheet to form both internal
and external cavities using different process parameters.
It was concluded from his study that the component
with 70° internal and internal cavity for the depth of 95
mm and 40 mm were fabricated by TPIF. Also, it was
observed that the rotational speed of the tool and the
pattern of forming influence greatly the formation of
maximum height in external and internal surface
cavitity [7]. Investigation on  TPIF of the same
complicate shaped component from the same material
of 2 mm thickness was carried out by Safari and Joudaki
[8]. It was concluded from their findings that the
thinning of material was observed around 23.5 — 32.5%
at different forming increment and moreover, the higher
tool rotational speed and the pattern of forming reduced
the thinning to 17.5% [8].

Also, to overcome the limitation in successful
formation of the required wall angle, Duflou et. al. [9]
have attempted heat assisted SPIF since the temperature
helps in improving the formability of the material. In
order to improve the precision and formability in SPIF,
researchers employed different strategies like heating
the sheet metal during forming process [10] and
stretching forming in conjunction with conventional
SPIF [11]. It was observed by Vahdani et al. [10] in
their investigation that the maximum depth of formed
component was not improved in hot SPIF eventhough
there is an improvement in formability of the DCO1steel
material. Laser forming, one of the advanced forming
processes, is used for making the different curved
surfaces using the heat generated by the laser beam.
Safari and Mostaan [12] have studied the formation of
cylindrical surfaces with curvature of arbitary radius
using laser forming. It was presented that the parallal
lines of irradiation are necessary for producing the
intended surfaces and the number of such lines is the
important parameter for the success of forming [12].
The saddle shape with larger radius of curvature was
successfully made by laser forming using spiral
irradiating lines [13] and recommended the Out-to-In
spiral pattern over In-to-Out spiral pattern for the better
performance. But, in laser forming, more number of
passes are required to produce larger angle and hence
the cost of manufacturing may be high when compared
with the IF process.

Apart from experimentations, researchers used FEA
to simulate ISF and investigate the forming
characteristic of the sheet metal [14-16]. Blaga and
Oleksik [17] have tried 3 different forming paths to
create a frustum of a cone using DC04 steel sheet and
concluded that the spiral path is the best among used
strategies due to the occurrence of homogenous
distribution of strains. Similar spiral path was used in
both experimentation and FEA to produce truncated
cone in Stainless steel 304, DC06 and aluminum alloy
AL5052 by Golabi and Khazaali [18], Li et al. [19] and
Wang et al. [20]. Experiment and FEA was carried out
by Neto et al. [21] using circular path and found that
stress and strain FEA results are in good agreement with
experimental results. Researchers used analysis software
like ABAQUS [22-23], LS-DYNA [24] for predicting
different output parameters efficiently. Shrivastava and
Tandon [25] employed Radioss as a solver for explicit
simulation and HyperView and Hypergraph for post
processing. To measure the strains in the incrementally
formed components, Centeno et al. [26] utilized
ARGUS software for circle grid analysis. Nasulea and
Oancea [27] has developed Tool Motion Points
Generator (TMPG) software to input path for simulation
in ANSYS. To improve the formability, Wang et al.
[28] developed a newer spiral path strategy by
interpolation and translation of a generated points from
Unigraphics software. FEA was performed in double
sided ISF and Multi stage ISF to find the strains and
fracture limits by Moser et al. [29] and Wu et al. [30].

It is clear from the literature survey that the increase
in the wall angle beyond certain value limits the height
of the component formed in single stage of forming.
Also, it is observed that most of the researchers
investigated the components made with wall angle 30°
to 60° for a part height of 25 to 60mm and increasing
the wall angle above 60° produced the component
height within the range of 10 to 35mm by single stage.
So, it is obvious that producing a component with the
wall angle more than 60° for a depth more than 35 mm
in SSSPIF has imposed a challenge to the researchers.
The main aim of this paper is to investigate the SSSPIF
of 1 mm thick AISI 304 stainless steel component with
wall angle more than 60° for a part depth of more than
35mm by experimental and FEA methods by selecting
suitable process parameters. Also, the effect of wall
angle formation on the various strains due to the
deformation to understand the thinning and fracture of
the component.

2. FINITE ELEMENT ANALYSIS

Simulation of single stage incremental forming was
carried out in four different stages. In first stage, the
individual parts like blank material, tool, clamping plate
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and backing plates are 3D modeled and assembled. In
second stage, this model was imported to finite element
simulation  software. Also, meshing, boundary
condition, material properties and contact between parts
are applied. In third stage, the CNC code for forming is
converted into displacement curve and the final stage is
solving and post processing.

LS-DYNA explicit solver is used for FEA of single
point single stage incremental forming to determine the
deformation characteristics of the material. In order to
show the backing plate in the assembly, the full model
is cut and shown in Figure 1. Total number of 62712
Belytschko-Tsay shell element with two integration
points is considered for the forming simulation.

AISI 304 stainless steel sheet of 1mm thickness was
considered as the blank material and necessary
mechanical properties like Young’s modulus of 2.1E5
MPa, Poisson’s ratio of 0.3, density of 8000Kg/m® was
applied. The hemispherical tool head is shown as
spherical ball. The blank is considered as deformable
and all other parts of the assembly are considered as
rigid. Frictional coefficient of 0.1 and 0.4 are assumed
for blank & tool and blank & supporting plates
respectively using CONTACT ONEWAY SURFACE
TO SURFACE keyword in LS DYNA. X, ¥ & Z
coordinates of a path of a rotating tool from CNC code
is converted into curve and stress strain curve of raw
material was used as an input for simulation. Since the
chosen tool path is spiral, partial or symmetrical model
cannot be used and hence full model is used for
simulation. The advantage of using spiral tool path over
other is that no mark can be observed during step down
tool movement. The approximate simulation time is
around 140 hours for each full model. From the FEA
results major, minor and thickness strain are measured
and validated with the experimental work.

3. EXPERIMENTAL WORK

Truncated cone shaped components of austenitic
stainless steel AISI304 are produced in a YCM make

Nacking plate

Figure 1. Assembly of SPIF for FEA

computerized numerically controlled (CNC) vertical
machining center. The important specification of the
machine such as maximum spindle speed and feed rate
of 8000 rpm and 10000 mm/min, respectively.
Purchased sheet is sheared into required dimension of
120x120x1mm and is laser etched with 5mm diameter
circular grids. The blank is clamped firmly between the
clamping and backing plate in a custom designed
fixture. The tool diameter of 14mm with hemispherical
end is made of High carbon high chromium (HCHCr)
tool steel and heat treated to have the hardness in the
range of 52-55 HRc. The setup of single point
incremental forming process is presented in the Figure
2.

Initially the range of process parameters used are as
follows: tool traversing speed 200 to 1250 mm/min; tool
rotating speed 250 to 1000 rpm; and incremental depth
0.1 to 0.5mm. The process parameters are selected
based on successful formation of the component without
any defect and surface finish. For further
experimentation the tool traversing speed of 1000
mm/min, tool rotating speed of 250 rpm and step down
depth of 0.5mm are fixed and the wall angle is varied.
In order to minimize the heat generated during forming
process a continuous coolant of Blasco cut 4000 strong
water soluble lubricant was used.

During forming process, the circular grids are
deformed and to measure the size of the grids, the cup is
cut into two halves (Figure 3) and measured using Arcs
video measuring system (AVMS model- SVP 2010) at
M/s Kosaka calibration lab, Chennai. Thinning effect is
calculated by measuring the thickness before and after
the forming process using MGW dial thickness gauge.

Figure 2. SPIF

Figure 3. Half cut portion of the formed component
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4. RESULTS AND DISCCUSSSION

The incrementally formed components by single stage
SPIF experiments and FEA at various wall angles
keeping the depth of 45mm as constant are shown in
Figure 4 (a) and (b).

Increase in wall angle beyond 64° produced a
fracture at a region close to the smaller diameter of the
cone at a height of 21.2mm itself. This may be due to
the reason that more bending and stretching causes
higher deformation in early stages of forming and
further movement of the tool cause fracture at a shorter
height. The component with a fracture which is
produced at a wall angle of 65° is shown in Figure 5.

4. 1. Effect of Wall Angle on Major and Minor
Strain The results of the experimentation and
FEA show that the strain in the major direction is
increasing enormously with the increase of wall angle

(63°) (64°)
(a) Experimentation

- 607

(b) FEA
Figure 4. Component formed at different wall angles

Figure 5. Component formed with 65° wall angle
whereas it is marginal increase in case of minor

direction. The comparison between major and minor
strain observed in the experiment and FEA at different
wall angles are presented in the Figures 6 and 7,
respectively.

From Figure 6, it is observed that the FEA results
are in good correlation with the experimental values.
The maximum and minimum variation between the
experiment and FEA is 10 and 0.2% at the deformed
zones among all the experimented wall angles. Major
strain increases with the increase of wall angle due to
the reason that, the material undergoes more stretching
and bending when the wall angle increases. At all wall
angles, the major strain is noticed very close to the
region below the blank clamp in both FEA and
experiment. It may be attributed to the reason that the
excessive strain at this region due to restriction on
material flow imposed by the blank holder and the
stretching and bending caused by the rotating tool. The
same region was reported by Shrivastava and Tandon
[25] during formation of truncated pyramid in SPIF.
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It is seen from the Figure 7 that the minor strain
increases with the increase in wall angle and the results
of FEA and experiments are in good agreement.
Maximum of 7% and minimum of 0.4% minor strain
variation are observed between FEA and experiment
among all the experimented wall angles. In the forming
zone, the diameter of the cone increases with increase in
wall angle which deforms the material circumferentially
and hence the minor strain is more. The minor strain
increases from the major diameter region of the cone to
the minor diameter region just before the bottom corner
radius similar to the results obtained by Neto et al. [21].

In general, increase in the wall angle increases the
axial force required to form. Also, biaxial straining and
severe stretching caused by the downward spiral
movement of the tool while forming the depth causes
more strain. The above may be the reason for increase
in major and minor strain when the wall angle is
increased.

4. 2. Effect of Wall Angle on Thickness Strain
Figure 8 shows the thickness strain comparison between
experiment and FEA at various wall angles. Increase in
wall angle, increases the thinning effect in the formed
region in both experiment and FEA. The FEA result
shows good association with the experimental values.
The maximum thinning ranges from 0.49mm to 0.68mm
in FEA and 0.45mm to 0.65mm in experiment with the
increase of wall angle. As discussed earlier in section
4.1, both major and minor strain increases with increase
in wall angle which leads to decrease in thickness below
the blank clamping region near the major diameter of
the cone component. Shrivastava and Tandon [25]
observed that the maximum thickness reduction in the
earlier stage of forming at a same region and also stated
that the severity of reduction in the thickness is more
when the wall angle increases. It is also observed that
the corner region near the clamping plate causes more
thinning due to changes in tool direction and twisting.

The reason for this severe thickness reduction was
attributed to the bending of the material at the earlier
stage of forming and is not disturbed throughout further
forming process. Also more and more severe localized
thinning occurs when the wall angle is increased to
certain value. Beyond which the unexpected failure of
the formed component is observed.

4. 3. Forming Limit Diagram The forming limit
diagrams (FLD) showing the distribution of major and
minor strain for different wall angles from LS DYNA
post processing are presented in Figure 9.

It is observed from the figure that the number of
points falling above both necking and failure limit curve
are increasing when the wall angle is increased.
Moreover, the maximum value of major strain is
increasing more when compare to maximum value of
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minor strain as the wall angle is increased. This may be
attributed to the reason that severe strain caused by the
biaxial straining and stretching due to depth of
formation when the wall angle is increased.

5. CONCLUSION

The investigation on experiment and FEA of single
stage single point incremental forming of truncated cone
using AISI 304 austenitic stainless steel sheets are made
to determine the maximum possible wall angle that may
be achieved for the height of 45 mm. From the results
of study, the following conclusions are drawn:

» Components to a depth of 45 mm are made
successfully in single stage of forming up to the
wall angle of 64° in the experimented process
parameters.

» Good correlation exists between the experimental
and FEA results.
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Maximum variations in the major and minor strain
are 10 and 7%, respectively.

Maximum thinning of 0.65mm and 0.68mm was
observed at the region close to the larger diameter
of the truncated cone at wall angle of 64° in both
experiment and FEA, respectively.

Severe major, minor and thickness strain is
observed when the wall angle and depth of the
component increased.

FLDs also show more strain distribution above the
limiting curves when the wall angle increases.

Due to longer analysis running time, the success of
FEA of incremental forming is a challenging one.

Further investigation of FEA of multi stage SPIF

reduction in analysis running time is under

progress.
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In this study, the mechanical behavior of geosynthetic reinforced soil walls was investigated through
physical modeling subjected to strip footing monotonic and cyclic loads at various stress paths. The
influence of footing location, stress level, post-cyclic behavior and sand-tire shred admixture on the
lateral deformations of the wall facing, bearing capacity and the settlement beneath the footing were
assessed. To this aim, 12 physical model tests were conducted on a scale of 1: 4. Results indicated that
the bearing capacity has increased with an increase in the offset distance of the strip footing to the wall
facing and adding tire shred to the backfill material; but an increase is more prominent by adding tire
shred to the backfill material. The location of the footing from the wall facing was a crucial parameter
on the deformation of facing and the failure mode of the footing. Failure in the facing was the
predominant mode of failure in the near facing footing. However, a rupture in the geosynthetic caused
failure in the footing far from facing footing. Also, the results of cyclic loading tests showed both
permanent displacement and residual settlement accumulated with load cycles and a majority of them
occurred over the first fifteen cycles. Depending on where strip footing was located, it may or may not

induce a magnifying effect on subsequent cyclic loading responses.

doi: 10.5829/ije.2021.34.10a.08

1. INTRODUCTION

Using geosynthetic materials to increase the tensile load
of the soil has been widely reported in recent decades
[1-3]. Geosynthetic reinforced soil (GRS) walls are one
of the traditional structures that are based on these types
of materials. From the environmental point of view,
GRS walls have been attracted due to higher flexibility,
construction time, cost effectiveness and the possibility
of using local materials.

Several experimental and numerical studies sought
to investigate the monotonic and cyclic behavior of
GRS walls. Among them, the effects of toe resistance
[4, 5], backfill relative density [6, 7], facing inclination
[8], the facing existence [9], the location and the value
of the surcharge load on lateral deformations [10-14],
backfill materials [15-17] and wall geometry on failure

*Corresponding Author Institutional Email: a_noorzad@sbu.ac.ir (A.
Noorzad)

mode [18] are the most important parameters that have
been reported in the literatures. The results of those
works showed that by increasing the frictional
resistance of the wall toe, the soil density, the surface
angle to the vertical axis, and the load distance from the
facing, the static bearing capacity of the wall increases,
while the lateral deformations decrease. Another major
finding is that the properties of the backfill soil and
reinforcement layers have little influence on the
geometry of the failure surface. However, parameters
related to the geometry of the wall, such as the size and
location of the bridge seating, and the height of the wall,
have significant effects. In contrast to the extensive
researches on GRS walls under static loading, very
limited studies have been conducted on the behavior
under cyclic loading conditions.

One of the most fundamental limitations of GRS
walls is their limited bearing capacity, which has been
estimated to be 192 kPa [19, 20]. Therefore, using
materials like tire shred with high ductility properties

Please cite this article as: M. H. Hoseini, A. Noorzad, M. Zamanian, Physical Modelling of a Strip Footing on a Geosynthetic Reinforced Soil Wall
Containing Tire Shred Subjected to Monotonic and Cyclic Loading, International Journal of Engineering, Transactions A: Basics, Vol. 34, No.

10, (2021) 2266-2279
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could enhance the bearing capacity of GRS walls. The
performance of tire shreds when mixed with sand has
been reported by many researchers [21, 22]. Despite the
well-known performance of sand and tire shred
mixtures, only a limited number of studies have
employed such mixtures in the body of the reinforced
soil walls. For instance, Xiao et al. [23] investigated the
seismic behavior of a reinforced soil wall constructed by
embedding tire shreds using a shaking table. They
observed that wunder similar conditions, walls
constructed with tire shreds, compared to the
conventional type of reinforced soil walls, had
experienced less lateral displacement, vertical
settlement, acceleration, and stress.

Most of previous studies have been focused on the
monotonic behavior of GRS walls. However, there are
few studies directed to investigate the response of GRS
walls subjected to cyclic loading. In this line, several
uncertainties are associated with the influencial
parameters on the failure mode of GRS walls under
cyclic loading of a shallow foundation. In addition, few
studies investigated the application of shredded tires for
increasing the ductility of the GRS walls. Therefore,
series of physical models with a scale of 1: 4 have been
carried out. The monotonic behavior of these walls was
studied and simulated under similar conditions to cyclic
loading.

2. MATERIALS AND METHODS

2. 1. Experimental Setup The model test
setup used in this study consist of a rigid soil chamber
and a computer-controlled loading system. The length,
width, and height of the cubic box are 1600, 400, and
800 mm, respectively. A polystyrene foam layer and a
film of clay were placed in the beneath of the box to
isolate it from the surrounding environment. A
transparent Plexiglas wall (with a thickness of 10 mm)
was placed on one side of the wall for visual
observation. Figure 1(a) depicts an image of the setup.
The stress and displacement of the wall facing and
footing settlement was measured using a S-shaped load
cell and three LVDTs. The positions of the
reinforcement layers and the LVDTs are illustrated in
Figure 1(b). For the tests on reduced-scale models in a
1-g gravitational field, similarity relationships must be
considered to produce similar responses between model
and prototype structures. The similitude relationships
proposed by lai [24] that have been widely used by
other researchers [25, 26] have been used for this study.
The length scaling factor was selected of 4 and it was
referred to as the ratio of the prototype dimensions to
the physical model dimensions. The geometry of the
model, footing width, stiffness of geosynthetic, applied
pressure, frequency and loading time were scaled. The

theoretical ~scaling factors for the similitude
relationships are summarized in Table 1.

2. 2. Soil Figure 2(a) presents the particle size
distribution of the D11 Firuzkuh sand (according to the
ASTM D-422-63 standard [27]) and the microscopic
images of the grains are presented in Figure 2(b).
Poorly-graded dry sand was used in the model tests.
This sand was selected to simulate a reduced size and
strength backfill. The mean particle size (Dso) was
1.45mm, while the uniformity coefficient (C,) and the
coefficient of curvature (Cc) were 1.6 and 1.2
respectively. As shown in Figure 2(b), the sand grains
generally have semi-sharp corners (sub-angular to sub-
rounded) with medium to low sphericity, as compared
to the diagrams proposed by Maroof et al. [28].
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Figure 1. a) Photograph illustrating the Test setup, b)
schematic view of apparatus and samples geometry

TABLE 1. Similitude relationships for 1-g tests [24]

Theoretical scaling Scaling factor for

Variable factor =4
Length A 4
Material density 1 1
Strain 1 1
Mass A2 64
Stress A 4
stiffness A2 16
Time 105 2
Frequency 205 0.50
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According to the ASTM D4253 [29] standard, the
maximum and minimum unit weights of the sand were
17.8 and 14.3 kN/m3, respectively. In the direct shear
test, the friction angle at the target relative density (RD)
of 70% was 43 degrees. The obtained specific gravity
(Gs) is 2.62. The properties of the soil are summarized
in Table 2.

2. 3. Tire Shred Based on previous studies, the
tire shred can significantly increase the modulus and
shear strength of the granular layer [21, 22, 30]. The
grain size distribution curve of the tire shred is depicted
in Figure 2(a). The tire shred grains have a specific
gravity, Gs, of 1.16, while the elastic modulus is 3.27
MPa. The tire shred particles were prepared from a
truck tire after ensuring that they were free of any steel
and cord. In the direct shear test (100 mm %100 mm
box), the friction angle was computed 31 degrees; while
the friction angle from the tire shred-geosynthetic
interaction became 30 degrees.

2.4. Reinforcement Layer According to ASTM
[31], the typical tensile strength of the uniaxial geogrid
ranges from 58 to 210 kN/m. Based on Table 1, the
tensile strength reduces by the square of the scale value.
Considering the scale value of 1:4 in this research, the
tensile strengths reduced to the ranges of 3.5 to 13
kN/m. A geosynthetic with a 10 mmx10 mm aperture
size and a failure tensile strength of 6.1 KN/m in each
direction [31] was selected as a reinforcement layer to
satisfy the required tensile strength. The aperture size is
not highly important, except for the pull-out capacity.
However, when the reinforcement length is 0.7 times
the wall height, pull-out is often not an issue [19, 20]. In
this study, the reinforcement layer length was 510 mm.

TABLE 2. Properties of the soil

Properties Value
Specific gravity, G 2.62
Mean particle size, Dsp (mm) 1.45
Effective particle size, Dio (mm) 0.91
Coefficient of uniformity, C, 1.6
Coefficient of curvature, C. 1.2
Maximum unit weights, Ymax (KN/m?) 17.8
Minimum unit weights, Ymin (KN/m?) 143
Optimum moisture content, (%) 25
Friction angle, ¢(degree) 43
Friction angle from sand-geosynthetic interaction, (degree) 36
USCS soil clasification SP

—t— Pure Sand

s0 | —O—Tire Shred

Passing by weight, wt. (%)

Figure 2. a) Grain size distribution of the sand, b)
microscopic view of the grains, c) the geosynthetic, d) the
facing block

The physical and mechanical properties of this type of
geosynthetic, provided by the factory, are presented in
Table 3, further Figure 2(c) shows a photograph of the
geosynthetic.

2. 5. Facing Concrete blocks with a width of 60
mm, a length of 50 mm, and a height of 45 mm were
used to build the facing panels. Figure 2(d)
demonstrates the concrete blocks of the facing.
According to FHWA [33], the joint between the facing
blocks and the reinforcement layers in GRS walls is
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TABLE 3. Physical and mechanical properties of the
geosynthetic

Physical property Mechanical property

Ultimate tensile strength

Aperture size (mm) 10x10 (kN/m) 6.1
Rib thickness (mm) 33 Mfiximum strain at 51.7

' maximum strength (%) ’
Weight of unit area 700 Tensile strength at 10% 29
(g/m?) strain (KN/m) i
Polymer material HDPE

extremely weak. The lateral blocks of the wall facing
were greased in order to eliminate the effects of the
sidewalls on the sample. There is no connection
between the facing and the reinforcement layers, except
for the friction between the geosynthetic layers and the
facing blocks.

2. 6. Strip Footing A metal sheet with a
thickness of 25 mm, a width of 75 mm, and a length
equal to the width of the box (i.e., 400 mm) was used to
carry out the two-dimensional simulation (plane strain)
of the strip footing on the wall.

2.7.Sample Preparation The overall height of
the wall in the model test was 450 mm that represents a
wall with 1.8 m height in real scale. This height is
acceptable for GRS bridge abutment as used by Adams
and Saunder [34]. The reinforcement layers spacing and
the soil friction angle has the greatest effect on the
geosynthetic tensile forces [35]. In order to obtain
higher ultimate passive force in GRS abutment,
Ramalakshmi and Dodagoudar [36] found that the
reinforcement layers spacing should be closer.
However, in most cases, the spacing is chosen by the
requirement of the project.

In this study, four geosynthetic layers were used at a
spacing of 90 mm. To avoid pull-out effects, length of
510 mm was adopted for the reinforcement layers. The
backfill was compacted in 2-cm layers with an optimum
moisture content of 2.5% and a relative density about
70%. In all the tests containing the sand-tire shred
mixture, the tire shred was used at a mass replacement
rate of 7.5% with a rate in the range of 6% to 10%, as
recommended by previous work [37, 38]. Moreover, a
greased transparent polyethylene plastic sheet was
placed on both of the inner sides of the box to eliminate
the effects of the sidewalls on the sample.

3. EXPRIMENTAL PROGRAM

3. 1. Loading Pattern Overall, two series of
tests were performed under different loading conditions.
In the first series, the samples were subjected to

monotonic loading, and the loading continued until
failure has reached. Four monotonic tests were
performed, i.e., three tests on sand backfill, and one on a
mixture of sand and tire shreds. In those three tests, the
samples were quite similar, and only the location of the
strip footing was different. In the second series of
experiments, the samples were first subjected to vertical
cyclic loading, and then, after some delay and then
unloading, they were subjected to monotonic loading
until failure. The amplitude of the cyclic loading was
selected as a percentage of the monotonic bearing
capacity; a method that was used by previous studies
[39-41]. Cyclic tests were initially loaded monotonically
at 20% of qu (qu is the ultimate bearing capacity of the
monotonic sand test when D=1B), and then, they were
loaded with three different stress levels (i.e., 0.2 qu, 0.4
Qu, and 0.6 qu). Accordingly, 200 cycles were applied to
each sample at the frequency of 0.1 Hz at every stress
level (i.e., a total of 600 cycles for each sample). Islam
and Gnanendran [42] reported that for a particular
loading amplitude, the footing settlement slightly
changed (by about 10 to 15%) with an increase in
loading frequency from 0.2 to 5 Hz, and the effects
became more evident at a higher loading frequency.
Therefore, having a loading frequency of 0.1 Hz for the
model has a negligible effect on the results. Three cyclic
loading tests were conducted on GRS without tire shred,
while one was performed on a backfill made of the
sand-tire shred mixture. Figure 3 displays the loading
pattern. Table 4 presents the testing program examined
in this work.

Monotonic test

B
h

.
| 0125 KPa /s
i

Y

Footing load, g (kPa)

Time (5)

@

Footing load, q (kPa)

Time (s)

(b)
Figure 3. Loading pattern, a) monotonic loading, b) vertical
cyclic loading
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TABLE 4. Model test program

. Footing
Backfill ; /
Type material distance Qs/Qu Jc/qu (%)
from facing (%)

Monotonic sand 1B, 2B, 3B
Monotonic sand-tire 2B

shred
yclic Sand 1B, 2B, 3B 20 20, 40, 60
Cyclic Sas”hdr'eté'e 1B,2B,3B 20 20,40, 60
Monotonic
(post-cyclic) sand 1B, 2B, 3B
Monotonic sand-tire 2B
(post-cyclic) shred

qu=The ultimate bearing capacity of the monotonic sand test when D=1B
gs=The initial monotonic loading
gc=The cyclic loading amplitude

3. 2. Repeatability Test To check the
repeatability of the results, the footing was placed at a
distance of 2B from the facing, and then, two tests were
carried out. The results for the bearing capacity against
the footing settlement both showed the same behavior
when repeated (Figure 4).

4. TEST RESULTS AND DISCUSSION

The results of the tests are presented in three categories,
regardless of the backfill material, i.e., monotonic
loading, cyclic loading, and post-cyclic loading
behavior. In each section, the behaviors of the models
with the sand backfill are discussed. Then, the results
for the sand-tire shred mixture are given and discussed.

4. 1. Monotonic Loading Figure 5 displays the
results of model test with pure sand backfill under
failure conditions. Based on the results, the dominant
failure mode for short distances between the footing and
the wall facing (D=B) was related mainly to the failure
of the wall facing (see Figure 12(a)). Moreover, with an

Vertical footing stress (kPa)
0 50 100 150 200 250

o

Footing settlement (1nm)

Figure 4. Result for two samples with the same properties

increase in the distance from the facing, the role of the
geosynthetic layers in the footing bearing capacity
becomes more significant. At a long distance (D=3B)
from the facing, the wall continued to carry until the
geosynthetic ruptured, and then the sample has been
failed. At D=2B and 3B, the failure first initiated at the
corners of the strip footing, and it progressively
mobilized toward the center of the wall. Khosrojerdi et
al. [43] also have reported this observation for the
sliding between the soil and the geotextile layers in
GRS walls.

The variations in the footing settlement versus the
vertical stress on the footing at different footing
placement distances are displayed in Figure 5(a). As
shown in this figure, with an increase in the distance
between the footing and the facing, the maximum
bearing capacity of the footing increases. Under
different footing placement conditions, i.e., distances of
B, 2B, and 3B, the maximum ultimate bearing capacity
of the footing (regardless of the footing settlement) is
130, 210, and 230 kPa, respectively. Xiao et al. [32]
stated that at distances of more than 0.4 of the wall
height (D/H > 0.4), the bearing capacity of the footing
remained constant. In the present study, the value of
D/H for various locations of the footing (i.e., distances
of 1B, 2B, and 3B) is 0.16, 0.34, and 0.5, respectively.
The results indicate that by increasing the D/H to 0.5,
the bearing capacity continues to be increased.
However, an increase in bearing capacity from 2B to 3B
is very small. It is worth noting that the load increases
with a slope pertinent to the deformations. The slope of
the load-deformation curve decreases with an increase
in the distance between the footing and the wall facing.
This means that the behavior of the reinforced soil
approaches the ductile behavior with an increase in the
distance from the wall facing, which can be attributed to
the type of failure governing the model. When the
footing is located at a distance of B from the facing, the
local failure in the wall leads to a decrease in bearing
capacity and extensive deformations in the footing. At
this distance, heavy sliding occurs between the soil and
the geosynthetic layer, and the load cannot be
transferred to the lower layers of the wall. At this
distance, the softening regime governing the GRS is
mainly caused by the decrease in the sand shear
strength, which leads to in the sliding of the upper
layers of the facing blocks, and ultimately causes them
to fall (see Figures 6(a) and 12(a)). Xie et al. [44] called
this mechanism a log-spiral wedge and occurred when
the footing is located closer to the facing or the GRS
wall is tall. However, when the footing is at the distance
of 3B from the facing, the footing bearing capacity is
independent of the wall facing deformations, and the
footing  experiences collapsibility due to the
geosynthetic rapture (see Figures 6(c) and 12(c)) and
two-sided general shear mechanism is governing [44].
As a result, the flexible behavior of the geosynthetic
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dominates the reinforced soil system. The failure in the
soil beneath the footing is affected by the geosynthetic
flexibility behavior with an increase in the load.
However, regardless of the position of the footing, the
GRS (without any connection between the
reinforcement layers and the blocks) experiences the
internal sliding type of failure at the end of the loading
process (see Figure 12). This failure mode was
discussed in literature [44, 45].

Since the lateral deformation is an important
parameter in the stability assessment and construction of
GRS walls, the changes in the horizontal displacement
in the facing in relation to the footing settlement were
recorded for two locations in the wall, i.e., the middle
and the upper quarter parts of the wall, as depicted in
Figures 1(b), 5(b) and 5(c). The horizontal displacement
in the upper quarter of the wall in all the models is
almost two times that of the middle of the wall. As
noted by Mirmoradi and Ehrlich [10] the locations of
the surcharge and footing change the deformation
profile of the wall facing. The results show that the
location of the surcharge has a significant impact on the
lateral displacement of the facing. The lateral
displacement in the samples placed at the distances of B
and 2B has been increased linearly with an increase in
the footing settlement to 0.7% and 1.8% of the wall
height, respectively. Thereafter, the lateral deformation
in the wall facing remained unchanged up to a
settlement of approximately 4-5% of the wall height.
This outcome can be attributed to the interlocking of the
soil and the geosynthetic layers. In the initial
deformations in the reinforced soil, the reinforcement
layers did not start functioning yet, and the initial
settlement was caused by the soil deformations.
Immediately, the interaction between the soil and the
geosynthetic has been commenced. With an increase in
the footing settlement from 0.7% (for the distance of
1B) and 1.8% (for distances of 2B and 3B) to
approximately 4-5%, a large fraction of the footing
stresses and deformations have been transferred to the
reinforced soil, and the wall facing did not deform.
Then, as the settlement exceeded the wall bearing
capacity threshold, the lateral deformations become
larger, indicating the onset of the failure of the
reinforced soil. This trend was observed in the upper
quarter of the wall due to the size of the shallow
foundation, and considerable deformations did not occur
in the middle of the walls as stated by Ahmadi and,
Hajialilue-Bonab [46] and Li et al. [47]. Interestingly,
an increase in the deformations in the middle of the wall
has occurred in the farthest footing (3B distance), as
compared to the adjacent footings. Since the failure
mode in this footing resulted in from a decrease in the
strength of the soil beneath the footing (the effect of the
facing failure on the bearing capacity is smaller), a large
part of the stress was transferred to the depth of the soil
until the geosynthetic has been raptured (see Figure

6(c)) and the deformations in the middle of the wall
facing grew.

Another test was performed to improve the behavior
of the reinforced soil at the distance of 2B from the
facing inner edge by adding tire shred to the backfill. In
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Figure 5. Results of monotonic loading tests on sand backfill,
a) vertical stress vs. normalized vertical settlement, b, c)
normalized lateral displacement vs. normalized vertical
settlement at 0.5H and 0.75H, respectively
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(o)

Figure 6. Deformation at the top layer of the geosynthetic
after monotonic loading at a) D=1B, b) D=2B, and c)
D=3B

Figures 12(b) and 12(d), the failure mode of the wall is
displayed for two states, i.e., first without tire shred, and
second with sand-tire shred mixture. When the sand-tire
shred mixture is used, the pressure is reduced, as noted
by previous works [23,48]. The sample is exposed to
more pressure, and the bearing capacity increases to
approximately 290 kPa, which is almost 38% higher
than the behavior of the pure sand sample (Figure 7(a)).
Figures 7(b) and 7(c) demonstrate that the lateral
deformations in both samples are similar before
reaching a settlement of 1.7%. Afterward, the tire shred
contributes to the bearing process, increasing the
ductility of the lower middle part of the wall. In the
upper-middle part of the wall, the deformation behavior
of the sample has a milder slope, indicating that the tire
shred grains take part in the bearing mechanism, and a
larger load is transferred to the lower layers of the
reinforced soil, which is visible in the form of
distortions in the lower layer. Using 3D numerical
modeling; Mahgoub and EI Naggar [49] reported that
tire shreds resulted in an improvement in transferring
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Figure 7. Results of monotonic loading tests on sand and
sand-tire shred mixture, a) vertical stress vs. normalized
vertical settlement, b, c) normalized lateral displacement
vs. normalized vertical settlement at 0.5H and 0.75H,
respectively

the stresses, reducing the stress influence zone
underneath the footing.

4. 2. Cyclic Loading After the monotonic loading
tests series, the new samples were tested under cyclic
loading at three different stress levels. First, 20% of qu
(qu is the ultimate bearing capacity of the monotonic test
when D=1B) was considered as the dead load. Then, at
each footing position, three different stress levels, i.e.,
0.2, 0.4, and 0.6 of qu, were applied to simulate the
cyclic loadings. To this end, 200 cycles were applied to
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the samples at each stress level. Figure 8 presents the
values of the lateral displacement and the settlement of
the footing in the GRS wall samples for three locations
of the footing. In the GRS with pure sand backfill
(Figures 8(a), 8(b) and 8(c)), it is observed that from
cycles up to 15, the rate of the lateral deformation is
almost sharp. However, as the number of cycles
increases, this rate decreases. While from cycle 100 to
the end, it grows slowly or remains constant. Alam et al.
[50] state that the majority of the footing displacements
and soil stresses occur within the primary loading
cycles. In sand-tire shred mixture samples (Figures 8(d),
8e, and 8f) at a high-stress level (0.6 qu), the lateral
deformations of the samples continue to increase, and
reach a constant value after more cycles. It is also
observed that at the same stress level, the lateral
deformation decreases in all GRS walls by increasing
the footing distance from the facing. In the GRS with
pure sand backfill at small (0.2 qy) and medium (0.4 qu)
stress levels, the value of the lateral deformation has
increased to 1.5 to 3 times that of the case where the
sand-tire shred mixture is used. In the sand-tire shred
mixture samples at a high-stress level (0.6 qu) for the
location of footing at D=1B, the value of lateral
displacements increases to 1.5 to 2 times that of the pure
sand samples. The residual settlement at small and
medium stress levels for the pure sand samples is
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higher; however, at a large stress level, this value for the
sand-tire shred mixture is almost two times that of the
pure sand samples.

Figure 9 shows the lateral deformation profile of the
facing for all locations of footing at different stress
levels. Regardless of the backfill material, with an
increase in distance from the facing, the lateral
deformation of the facing decreases. Also, with an
increase in stress level in the cyclic loading without
considering the location of the footing, the lateral
deformation of the wall facing increases. Interestingly,
the lateral deformation of sand-tire shred mixture GRS
at low and medium stress levels is less than sand GRS
wall, but at high-stress levels, it causes inverse behavior
irrespective of the location of the footing.

4. 3. Post-Ccyclic Loading Following the cyclic
loading, the monotonic loading of the samples was
carried out at each position in the strip footing. Figure
12 presents the wall failure modes. According to these
results, the wall deformations have increased at the end
of the test. The bearing capacity of the specimens
located at the distances of 2B and 3B has increased by
approximately 23 and 26%, as compared to the pre-
cyclic loading state, respectively (Figure 10(a)).
However, in the sample at the least distance (B), the
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bearing capacity remained almost unchanged because of
the very large effect of the wall facing on the sample
under cyclic loading. As shown in Figures 10(b) and
10(c), the lateral deformations in the upper-middle part
have increased, while they have decreased in the lower-
middle part, except for the samples located at very short
distances. In the upper half of the wall, lateral
deformations have occurred in samples placed at the
distances of B and 2B with an increase in stress.
Consequently, the sliding mode and the internal
instability of the wall are observed.

There are continued settlements in the footing with
an increase in stress in the GRS containing tire shred
(Figure 11). The sample experiences settlement from the
onset of the loading due to the ductility of the tire
shreds. However, this settlement is accompanied by
little lateral deformation in the upper part of the wall up
to a settlement of approximately 1.3%. Therefore, the
footing settlements are reversible, and the lateral
deformations in the wall are postponed until the sample
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exceeds 90% of the peak strength. However, dX/H in
the sand samples at the peak strength is approximately
1%, and it continues with the same rate until failure.
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The behavior of walls in monotonic and monotonic
post-cyclic loading at different levels of vertical strain is
illustrated in Figure 13. Figure 13(a) shows the vertical
stress-vertical strain curve for the footing located on the
wall. As it is observed, at the same strain levels, sand
GRS presents more strength, but sand-tire shred GRS
have displayed more strain due to their high ductility
and increasing more resistance. Also, the monotonic
post-cyclic behavior of the sand GRS, despite its higher
strength, had less ductility, but in the GRS including the
tire shred, the value of the change in strength and
decrease in ductility is negligible.

The behavior of the lateral wall strain profiles for
different percentages of vertical strain for monotonic
and monotonic post-cyclic loading are demonstrated in
Figures 13(b) and 13(c), respectively. At the same
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Figure 13. The behavior of walls in monotonic and monotonic
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the lateral wall strain profiles for different percentages of
vertical strain in monotonic and post cyclic loading

vertical strain levels, the sample with the tire shred
indicates less horizontal strain. The sand GRS has been
failed at lower strain levels. Table 5 presents a summary
to compare sand and sand-tire shred mixture parameters.

5. CONCLUSIONS
Experimental physical models were constructed to
investigate the performance of the GRS walls subjected

to monotonic and cyclic loadings. The wall facing was
made of concrete blocks, and four layers of geosynthetic

TABLE 5. comparison of sand and sand-tire shred mixture

Pure Sand-tire

Test result sand shred mixture
Ultimate bearing capacity, kPa 210 290
Maximum lateral deformation, mm 2.7 2.9
Bearing capacity at 0.5% vertical strain, kPa 68 68
Bearing capacity at 1% vertical strain, kPa 155 117
Bearing capacity at 1.5% vertical strain, kPa 192 171
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were used in the reinforced soil wall. The effects of the
position of the strip footing, stress level and sand-tire
shred admixture on the lateral deformations of the wall
facing, bearing capacity and the settlement beneath the
footing were studied. The following conclusions can be
made based on the findings from this study; however,
they are limited to cases similar to those physical
models considered in this study:

e  The stress level significantly influenced the lateral
wall deformations at the near facing footing.
However, the effects of the stress level on the
lateral deformations decrease drastically at far
footings. The local failure of the wall was the
dominant failure mode in the near facing footing.
However, with an increase in the distance from the
wall facing, the failure mode is shifted to internal
sliding.

e Using the sand-tire shred admixture, the bearing
capacity of the footing on the GRS wall was
increased. Moreover, at small stress levels, the
deformation behaviour of the tire shred GRS wall
is more appropriate than the sand GRS wall; but at
high stress levels, the deformation behaviour of the
shred tire GRS is higher than that of the sand GRS.

e At post cyclic loading the bearing capacity of the
samples placed at the longer distances from the
facing has increased in comparison to the
monotonic loading samples. However, at the short
distance, the bearing capacity remains almost
unchanged.

It is worthy to note that, the frequency effect and the
connection between the facing blocks and geosynthetic
layers are not considered. Besides, the findings are
based on 12 small-scale model tests. The applicability
of the results to other situations required further
investigation.
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This paper aims to experimentally investigate and compare the structural behavior of reinforced
concrete straight beam and other beams there made with one, two, and three out of plane parts. The
study focused on the effect of the number and location of the out plane parts on the beams mid span
deflection, and rotation, as well as the ductility index, cracking loads, and failure modes. Four beams
were fabricated with a cross-sectional width of 150 mm and a depth of 200 mm, and 2000 mm in
length. All the beams were made with normal strength concrete and constant longitudinal
reinforcement ratio 0.011 for negative and positive moments. All the beam specimens were clamped by
a special steel fixed ends and subjected to the two-point load up to their failure. The obtained results
presented that the load bearing capacity of straight beam was higher than the beams with out of plane
parts. Furthermore, the beam with two out of plane parts has capacity higher than the beams with one
and three out of plane part by 5.86 and 55.07%, respectively. In addition, the results showed that the
ductility increased with increasing number of out of plane parts by 5.52%, and 32.71% as copared with

the beam with one out of plane part.

doi: 10.5829/ije.2021.34.10a.09

1. INTRODUCTION

A reinforced concrete structures can be cast to take the
shape required, making it widely used to mix the
architectural and structural requirements. It is also
maintain the aesthetic of the buildings, because it is
yields as rigid members with minimum apparent
deflection. In some special cases in low-rise and high-
rise buildings inside and outside them, the designer need
to change the straight path of the beams to a non-
straight path, whether for architectural purposes or to
reduce the number of columns to provide a wider
utilization of space, like corner beams, balcony beams,
grid beams system, zigzag concrete beams, and other
architectural application requirements. Examples of this
type of members as in Sky House Tokyo in Japan,
Complex structural layout in China, Cross-bracing
concrete beam in Budapest metro stations, Concrete
Balconies in National Theatre, London and Modern

*Corresponding Author Institutional Email:
eng.mohammed.mansour@uobabylon.edu.ig (M. M. Kadhum)

concrete buildings with cantilever corner balcony beams
as shown in Figure 1. This variation within the axis of
the beam led to a change in its structural behavior in
terms of its strength including bending, shear, torsion
and lateral torsional buckling as compared with the
straight members. Therefore, there are researchers
studied the structural behavior of the reinforced concrete
beams under combined loading of torsion, bending, and
shear to evaluate the effect of load application method
on the beam .

Owainati [1] studied the effects of using different
combinations loadings of torsion, bending and shear
with the different torsion to shear ratio, and different
ratios of transverse and longitudinal reinforcement on
the structural behavior of rectangular reinforced
concrete beams that made with a wing loading arms at
the front and back sides of the beam to apply the
torsional loads. The study concluded that the cracks'
shapes and failure mode was affected by the loading
type. Moreover, an increase in the ratio of longitudinal
and transverse reinforcement enhanced each of the

Please cite this article as: M. S. Mohsin, N. A. Alwash, M. M. Kadhum, Comparative Study on Structural Behavior of Reinforced Concrete
Straight Beam and Beams with out Plane Parts, International Journal of Engineering, Transactions A: Basics, Vol. 34, No. 10, (2021) 2280-

2293
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Figure 1. Beam with out of plane parts applications

cracking and ultimate load, but the transverse
reinforcement is more effective in increasing the
cracking torsional moment. Ali and Anis [2] analyzed
the reinforced concrete floor to spandrel beam assembly
by experimental work and analytical solution to study
the effects of loading arrangement on the structural
behavior like flexural strength, torsional capacity and
deformations. The structural model loaded by two types
of loading, first one by applied concentrated load at
mid-span of the floor beam and made the spandrel
beam exposed to pure torsional moment, while the
second one by applied concentrated load at the joint of
floor beam to spandrel beam in addition to first loading
and made it exposed to combined loading. According to
the load-deflection relationship, the study results
showed that the ductility decreased and the angle of
twist at the ultimate load increased when the model
exposed to the combined loading type two. Kaminski
and Pawlak [3] adopted the experimental work and
numerical analyses to investigate the load capacity and
stiffness of angular and rectangular beams under two
types of loading. The first type of loading was a pure
torsional moment and the second type was a combined
load of a torsional moment plus a shearing force and a
bending moment. The analyses results conclude that the
load capacity and stiffness of the beams decreased when
their exposed to combined loading of both a torsional
moment and bending moment as compared with the
beams that just loaded with a torsional moment.

ACI 445.1R-12 [4] based on the theoretical and
experimental results of many previous researches for the
reinforced rectangular concrete beams under three types
of loading pure torsion, bending plus torsion, and shear
plus torsion and explained that the presence of a

bending moment reduced the torsional ductility of the
beams and the torsion to bending moment ratio affected
on the diagonal compression angle and the pattern of the
cracks, the cracks were diagonal on the bottom face
under pure torsion, but the cracks angle became normal
to the longitudinal axis of the beam under pure bending.
Elsayed et al. [5] investigated the effect of increasing
the angle of cantilever's inclination and reinforcement
ratio on the behavior of rectangular cross-section
reinforced concrete beams. The result of the
investigation summarized that increasing the angle of
cantilever inclination has a little effect on the cracking
and ultimate loads, but the overall stiffness of beams
which depend on the maximum deflection and
maximum strain and highly affected. An increase in the
main longitudinal reinforcement ratio led to an increase
in the diagonal cracking load, ultimate load, and flexural
cracking load, respectively. Kai and Li [6] tested
reinforced concrete frames subjected to the loss of the
ground corner which represents corner panels. The
experimental and analytical study results showed that
the loss of the corner column caused the progressive
collapse of the frame and plastic hinge developed at the
beam end near to the corner joint when using a
moderate ratio of transverse reinforcement in the corner
joint region .

Rafeeq [7] studied by experimental work the
behavior of fixed ends rectangular reinforced concrete
beams subjected to the two different types of loading,
first one was bending plus shear and the second one was
bending and shear plus torsion. The study concluded
that the torsional load is substantially reduced the beam
load bearing capacity. Thus, if torsional loading is not
considered in beam design or the beam has a deficiency
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in torsional reinforcement, it is necessary to strengthen
the beam. Talaeitaba and Mostofinejad [8] investigated
the behavior of fixed supports RC beams under
combined shear and torsion. The first case by applying
pure shear force, and the other cases was shear plus
different value of torsion and the last case was pure
torsion. The experimental test results showed that the
beam under pure shear has the highest ultimate load of
all tested beams and the beam under combined of shear
plus high torsion value is the lowest bearing capacity,
but the beam under pure torsion has the middle bearing
capacity value of them.

Amulu and Ezeagu [9] studied the effect of the
combined loadings of torsional moments, bending
moments, and shear forces on the behavior of normal
strength reinforced concrete beams by using standard
design codes and experimental work. This study
concluded that the beams failures were due to the
combined actions of torsion, shear, and bending
moment effects. Therefore, an increase in the capacity
of the beams to resist the applied combined loads, were
as a result of the increased longitudinal and transverse
reinforcements ratio. Also proved that the capacity of
the beams can be increased to resist the effects of
combined loads by using the amount of reinforcement
obtained from torsional design calculations and should
be provided in addition to the total amount of bending
and shear reinforcement at ultimate loads. Nagendra and
Kumar [10] analyzed rectangular reinforced concrete
beams with a cantilever L-span under torsional loading
by experimental work and numerical analysis to study
the effects the reductions of longitudinal and transverse
reinforcement on the beams behavior. The beams were
provided with reinforcement to resist bending moment
and without torsional moment resisting reinforcement.
The torsional test is based on the strength of membrane
elements subjected to pure shear that was also applied to
beams subjected to combined shearing forces, bending
moments. The experimental and numerical analysis
results showed that the decreasing of longitudinal and
transvers reinforcement caused a reducing of beams
torsional capacity, but the reducing of longitudinal

reinforcement caused the beam failed earlier than beam
with reducing of transvers reinforcement.

Most of the researches currently available have been
focused on the structural behavior of the beams under
the effect of combined loads that loaded by side arms in
pure torsion or combined of shear force, bending
moment, and torsion moment, but it is too limited or in
the otherwise is not available researches about
reinforced concrete beam with out of plane parts. As
indicated by the best of the authors' knowedge, this
study is the first experiment to investigate the structural
behavior of beams with the out of plane parts as
compared with the straight beam. The main objective of
this research is to discover the difference in behavior
between the straight beam and the beam containing out
of plane parts in its longitudinal path, as well as the
effect of the locations and number of these out of plane
parts on the structural behavior. Therefore, a laboratory
result was obtained proved that the classical method of
design of straight beam needs to be modified including
the torsional effect resulting from existing out of plane
parts, and their failure mode was different and their load
bearing capacity was also less than the straight beam.

2. EXPERIMENTAL PROGRAM

2. 1. Specimens Preparation In this paper, all
reinforced normal strength concrete beams with one,
two, and three out of plane parts and straight control
beam were fabricated and loaded with a constant a/d
ratio of 2.647. All tested specimens had a total span
2000 mm and effective span 1500 mm with rectangular
cross-section of 150 mm width, 200 mm depth. The
beams description and their material hardened
properties are summarized in Table 1. All specimens
were designed according to ACI Code [11], the
reinforcement cage include six deformed longitudinal
bars of a 12mm diameter, and 8mm diameter bars as
square ties with 135° minimum inside bend standard
hook with a uniformly spaced 81lmm center to center
along the beams length, as shown in Figure 2. The

TABLE 1. The beams label and their material hardened properties

Splitting tensile

Flexural Tensile Strength Average concrete compressive

Symbols Refer to strength (MPa)  (Modulus of Rupture) (MPa) strength at 28 days (MPa)
NSC-S Normal Strength Concrete Straight Beam 2.56 7.37 35
NSC.iop  Normal Strength Concrete Beam with One 256 737 35
Out of Plane Part
NSC-20P Normal Strengltjr: g:foglcarséep?:tam with Two 256 737 35
NSC-30P Normal Strength Concrete Beam with 256 737 35

Three Out of Plane Parts

*Standard cylinders (150mmx300 mm) were used to evaluate the compressive strength of concrete.



M. S. Mohsin et al. / IJE TRANSACTIONS A: Basics Vol. 34, No. 10, (October 2021) 2280-2293 2283

e

(b) Geometry and reinforcement of NSC-iO beam

-
v/ " =
g 1
¥y & 3§
200mm
Wi
> 8§ N
i 3 3
200mm B
L
1
|
g -
3
3

Figure 3. Geometry and reinforcement details of tested beams

reinforcement cage was incorporated into plywood
molds and using 160 mm concrete spacers as a concrete
cover from all sides. The tensile yield strengths for 8
mm and 12 mm bars were 559 and 413 MPa,
respectively. The flexural tensile strength was estimated
for the prisms of dimensions (100x100%x400) mm
according to ASTM C78-02 [12]. The tensile strength
also measured by splitting tensile strength for concrete

cylinders of (100 mm diameter x200 mm length)
according to ASTM C496/C 496M-04 [13].

The longitudinal and transverse reinforcement that
used in the beams with out of plane part was the same
that used in the control straight beam. The control beam
designed according to ACI Code [11] based on its own
of bending moment and shear force. The longitudinal
reinforcement of flexural behavior was used as a
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constant ratio of 0.011 for a negative and positive
moment and then the required transverse tie
reinforcement was calculated and the ultimate load that
was expected to applied in the experimental work. The
analytical equations based on the case that shown in
Figure 3 and used to calculate the required applied load
and the required transverse reinforcement as below:

RaA=Va=Rg=Vg=P €y

Ma= Mg= 2202 )
P.a?

Mc=Mp= — (3)

where; P is the applied load, Ra and Rg is the reactin at
suupports, Va and Vg is the shear force at suupports,
and L is the effctive span of beam.

Then substitute these equations into the ACI Code
[11] design equations to calculate the applicable
ultimate load (P) at supports and mid span as below:

(a) Calculate nominal strength bending moment as:

Mn = Asfy (d - %) 4)

(b) Calculations of ultimate load at supports by equating
the nominal bending moment strength to the applied
load bending moment at point A or B as:

P.a(L-a) , WseirL?
Mn = Ma+Mp.L= (L )y sizf

5
Myl  Wseypl? ®)

a(L-a) 12a(L—a)

Pmax =

(c) Calculations of ultimate load at mid span by
equating the nominal strength bending moment to the
applied load bending moment at point C or D as:

P.a?

Wserf.L?
Mn = Mc+Mp.L.= . s

24

+

(6)

MpL Weers.L3

a? 24 a?

where; M, is the nominal bending moment, Mc is the
live load bending moment at loading point, Mp_ is the

Pmax =

4
AA

R4

SD

M.

=
s i s o
- ~
13
s
[ ]
e PR <5
N}
\J
D b | -
S
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Figure 3. Fixed ends beam aid

dead load bending moment, Wss is the beam self-
weight, As is the area of reinforcement, fy is the yield
strength of reinforcement, d is the effective depth of
beam, a is the shear span, and a= compression Stress

__Asfy
block depth = o8sfe’D

The shear reinforcement required and their spacing
was calculated as follows:

f'

@V = 0.75bud g ™
Vs = % (Vu - @Voe) (8)
s=200 ©)

Vs
Check for maximum spacing to provide Av as:

16 A,f,

| bue

s :{ 3ty (10)

d
| S
600
where; V¢ is the Shear strength of concrete, Vy is the
shear force due to applied loads, by is beam width, Ay is
the total area of shear reinforcement within a spacing S,
Vs is the shear reinforcement strength, S is the spacing
between stirrups or ties.

All the beams without of plane parts reinforced with
the same reinforcement of the control straight beam in
flexural and shear.

The beams in this study were fabricated by using
normal strength concrete (NSC) that designed
according to ACI Committee 211.1-01[14] by using an
ordinary Portland cement, natural clean sand, partial
crashed coarse aggregate with maximum size 12mm,
and water, as shown in Table 2.

The properties of fresh concrete were found by
workability slump flow test and fresh density and
shown in Table 3; while the hardened properties
evaluated by compressive strength, splitting tensile
strength, and flexural tensile strength test as mentioned
in Table 1.

TABLE 2. Mix design to produce 1m® of normal strength
concrete.

Fine aggregate  Coarse aggregate
(kg) (kg)

400 818.16 946 214.6

Cement (kg) Water (kg)

TABLE 3. The properties of fresh concrete test results
Slump flow (mm)  Fresh density (Kg/m?)

Concrete Type
NSC 60 2422
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The models were prepared to compare the structural
behavior of NSC beams with out of plane part with a
control NSC-S beam to evaluate the effect of the
number and location of these out of plane parts on their
structural behavior as compared with the straight beam.

2. 2. Test Setup and Instrumentation The
tested beams were supported by using a special
clamping steel frame of HP section which clamped to
ends of the beams as shown in the schematic drawn in
Figure 4 and experimental test set up in Figure 5. A

<—_—’_’_’/_,_,———— Hydraulic Jack x
Load Cell
e—’”/ﬂzpreader Beam

Loading Plate

e’_"/—'—'_ Hydraulic Jack m

f Load Cell
S Spreader Beam\

Loading Plate ___
Fixed Support

Figure 5. Experimental Test set up
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clear span of 1500 mm between the supports was loaded
with a two-point load to evaluate the structural
performance of the beams. The shear span to effective
depth (a/d) ratio was fixed value by using a distance of
450mm from the loading point to the interior face of
support. The length of the flexural span between the
loading points is equal to 600 mm. The universal test
machine with a hydraulic jack of 1000 KN capacity
were used to applied the load with gradually increments
of 5 KN up to failure. The load was monitored by
installing the load cell between the jack and a spreader
stiff beam. The deflection at mid span and under the
loading points was monitored by using electrical
LVDTs were positioned vertically under the beams. The
angle of twist at the mid span of beams was measured
by taking the difference between readings of back and
front LVDTs and divided by the distance between them
and using trigonometric functions.

All the test devices described above were connected
to an electrical data logger that was computerized to
readings and saving the data per second n the course of
experimental run.

3. EXPERIMENTAL RESULTS

3. 1. General Behavior and Crack Patterns
The development of cracks at each stage of loading was
measured and marked on the beams to observe the
growth, sequence, and pattern of cracking during the
test up to the specimen’s failure. The beams' cracks
patterns at the failure load after rleas load are shown in
Figure 6 and their failures before release the load are
shown in Figure 7. The specimens with one and two out

Loy SRS

NSC-S Front

—— ” LRt Vo
o N\ { )

vy l:,. g O T_:‘,i-— o '
By _L—Z e

NSC-20P Front

NSC-30P Front

of plane part were failed in the torsion at out of plane
part then followed by flexure mode at the fixed
supports. The specimen with three out of plane parts
was failed in the torsion at out of plane parts. In general,
the torsional cracks of beams were started at the interior
corners of out of plane parts and continued from bottom
to the top then distributed at the top face of beam in the
mid span region and at the side faces of the out of plane
parts, while the flexural and other torsional cracks
observed bellow the point load and at the shear span (a),
and flexural cracks at the supports.

The torsional and flexural cracks increased,
widened, and traveled with increasing the applied load.
In NSC-10P the torsional cracks started at the out of
plane part then followed by vertical flexural and
inclined torsional cracks below the point load and
inclined torsional cracks at the shear span (a), then
finally flexural cracks at the support. In NSC-20P the
first cracks appear at the interior corner of out of plane
parts then flowed be vertical flexural cracks at mid span
and at last, the negative moment cracks started at the
supports. NSC-30P torsional cracks were started at the
out of plane parts and below the point load, and then
followed by the combined torsional and flexural cracks
at the supports. The cracks propagated from the corners
to the faces of out of plane parts in diagonal shape and
increase in their width at the same time increasing
number of support cracks up to the beam failure. In
NSC-S the first vertical flexural cracks appeared at the
mid span and at the fixed supports then followed by the
vertical flexural cracks under the loading points and at
last, the inclined shear cracks appeared at the shear span

@a).

-

. == L
NSC-20P Back

NSC-30P Back
Figure 6. Experimental crack patterns of specimens at the failure load
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NSC-20P

NSC-30P

Figure 7. Specimens behavior at the failure load

Finally, at the failure load, the flexural cracks at the
fixed support rapidly expanded and almost reached to
the bottom face of the beam, followed by the concrete
crushing at the mid span region. It is worth mentioning
that the cracking load of NSC-S was highest among
them and NSC-30P was lowest, but NSC-10P and
NSC-20P were of approximation the same value. The
cracking and ultimate loads for beams are plotted in
Figure 8 and the maximum cracks width at the ultimate
load are plotted in Figure 9. The cracks under different
loading characteristics are shown in Figure 10.

3. 2. Load-deflection Characteristics

3. 2. 1. General Behavior The load-deflection
response of all the tested beams for measured deflection
at mid span is shown in Figure 11. This response is the
main result to evaluate each of the ductility, energy
absorption, and stiffness. From the curves it can be
revealed that the NSC-S beam has the highest ultimate
load of all the beams without of plane parts and less
central deflection. It is worth to mention that the NSC-
20P beam has ultimate load higher than the NSC-10P

and NSC-30P beams. This behavior due to the axis of
the mid span part of NSC-20P beam is parallel to the
beam axis and decreased the applied torsional moment
at this part which led to increase the load-carrying
capacity, while the NSC-10P and NSC-30P have mid
span part perpendicular to the beam axis and increase
torsional moment at these parts which led to decrease
the load-carrying capacity.

W Cracking Load ¥ Ultimate Load
700
s 576.77
= 600
=
- 500
3
o 400 369.20 3L
2
g 300
<
200 176.14
100
38 26 26 14 .
0
NSC-S NSC-10P NSC-20P NSC-30P

Figure 8. Cracking and ultimate loads of heams
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The relations between the loads and deflections also
can be described by the beam deflection shapes along
the span between the supports as shown in Figure 12.
The deflection shape at the ultimate load was carried out
in the experimental work by taking the readings of
LVDTs that installed under the mid span point and
under the loading points.

From the load-mid span deflection and deflection
shape responses it can be summarized that the NSC-S
beam has an ultimate load 35.96%, 33.33%, and 69.46%
higher than NSC-10P, NSC-20P, and NSC-30P beam,
respectively. The mid span deflection of NSC-10P,
NSC-20P, and NSC-30P beam was higher than NSC-S
beam by 56.23%, 47.68%, and 45.99%, respectively.
These results gave indicate that the increase number of
out of plane parts reduced the deflection at the ultimate
load and made the deflection shape is close to the shape
of the NSC-S beam. The ultimate load capacities,
related deflection, and failure mode of all the tested
beams are summarized in Table 4.

3. 2. 2. Displacement Ductility Index
Among many aspects required in reinforced concrete
structural members design, ductility has become
involuntary by the standard codes ACI 318,
EUROCODE 8, and ABNT NBR 6118 [15-17]. In this
context, Shadmand et al. [18] mentioned that the
ductility represents the one of the materials properties
which can be defined as the ability of material or a

E

E30 | —NSC-S

g ——NSC-10P
L0

€ —8-NSC-20P
ga —8-SC-30P

o
=]

70

0 150 300 450 600 750 900 1050 1200 1350 1500
Span {mm)

Figure 12. Deflection shape response of specimens

TABLE 4. The experimental results output of all the tested beams

Failure load Mid span Yield Mid span Ductili Energy Energy
Beams deflection Ay load Py deflection Ay indexty absorption  ductility Failure mode
Pu[kN] (mm) [kN] (mm) (KN.mm)  index
NSC-S 576.76 26.79 432.57 13.45 2.05 11924.52 2.19 Flexure at support and mid span
NSC-10P 369.36 61.21 277.02 36.00 171 15283.11 1.14 Torsion at out of plane part
NSC-20P  392.30 4592 20422 2539 181 1214794 190 'Orsionatoutof plane partand flexure
at support
NSC-30P 176.14 31.09 132.10 11.57 2.69 7929.77 3.43 Torsion at all the out of plane parts
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member to undergo large deformations without
significant resistance loss or rupture before collapse. In
concrete structural members, it is can be obtained by the
ratio of steel reinforcement within it; because mild steel
is a ductile material that can be bent and twisted without
rupture [19,20]. Ductility of structural member in
experimental work can be estimated in terms of ductility
index.

According to Kim et al, [21], Maghsoudi and Bengar
[22] and Faez et al. [23] ductility index is defined as
follows:

—4u
=3 (12)

Where; p is the ductility index, Ay is the defection of the
beam at the ultimate load, and Ay is the defection of the
beam at the yield load.

Researchers proposed several approaches to evaluate
this term; while Park [24-25] depended on the
equivalent elasto-plastic yield point that depends on the
equivalent elasto-plastic energy absorption;, otherwise
used the ultimate load deflection at the first fracture of
any element that occurs at the end of the elastic zone
and causes reduction in stiffness as shown in Figure 13.
In this strategy, the yield point deflection (Ay) is
represent the intersection point of two lines; the first
line is a horizontal tangent to the load-deflection curve
at the ultimate load, whilst the second one is a line
passing through the origin point to the point that
represents 75% of the ultimate load.

The deflections at the yield and ultimate loads as
well as the ductility indexes of all beams are listed in
Table 4 and plotted in Figure 14. As can be seen from
this table and figure that the ductility of NSC-10P and
NSC-20P was less than NSC-S by 16.58% and 11.70%,
respectively, while NSC-30P is 23.79% higher than
NSC-S. Furthermore, it can be seen that increasing
number of out of plane parts improved the ductility and
reduced the difference with NSC-S. Moreover, these
indications explained by relative ductility indexes that
evaluated for the beams with out of plane parts relative
to the control straight beam as plotted in Figure 15.

First fraclure or buckling
of on element

LoaD

|
I
!
I
— H
by pysPL ACEMENT DISPLACEMENT Ay

(a) (b)
Figure 13. Park definition for displacements [19, 20]: (a)
yield displacement by equivalent elasto-plastic energy
absorption. (b) The ultimate deflection is based on the first
fracture of an element
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3. 2. 2. Energy Ductility Index The energy
absorption capacity of the concrete beam can be
approximated as the area under the load-deflection
curve up to its ultimate load, which represents the
energy absorption that could sustain before displaying a
significant drop in load carrying capacity [26-28].
Absorbed energy can be obtained by integrating the area
at each loading step in load-displacement relationship
[29-32]. Figure 16 represent the load-deflection curve
where; the total energy E done by integrate the product
the magnitude of the load P and of the small deflection
dx and which is equal to the area under the load-
deformation diagram between x = 0 and x = x; and can
be written as:

E=["Pdx (12)

P

0

el * "
dx

Figure 16. Determination of energy based ductility capacity
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The calculations of the area under the load-
deflection curves for all tested beams are illustrated in
Figure 17 and summarized in Table 4. The results
showed that the NSC-10P heam has the highest value
of energy absorption and this value decreased when the
number of out of plane parts increased as compared
with the straight beam.

Thomsen et al. [32], Maghsoudi and Bengr [33]
defined the energy ductiliy index as (ug) which is the
ratio between the energy of the system at failure (Ey)
and the energy of the system at yielding load of tensile
steel reinforcement at the central support (E,):

He =22 (13)
where E, is the failure energy of the beam at ultimate
load, Ey is the elastic energy at first steel yield load as
shown in Figure 18, and ue is the energy ductility index.

The energy ductility index that estimated according
to Equation (13) for the tested beams are plotted in
Figure 19.
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Figure 17. Beams total energy absorption
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Abdulraheem [34] proposed approach to evaluate
the ability of RC beams to absorb the energy in terms
of energy ductility index pen by classified the total
energy absorption into two regions, elastic energy zone
Ee and plastic energy zone Ep. and can be estimated as
the ratio of the plastic energy to the elastic energy as
shown in Figure 20, and calculated using the following
equation:

_ Epi _ Etotai—Eel
Hen=——"=—7_—"
Eey Eey

(14)

where Ep is the plastic energy that represents the area
under the load-deflection curve from the yielding point
up to the ultimate load, and Eg is the elastic energy that
represents the area under the linear part of the load-
deflection curve up to the yielding point as shown in
Figure 20.

In this study, Equation (14) used to estimate the
energy absorption index for the tested beams, becase it
gave results more acceptable as copare with the
displacemnt ductility index. The estimated results are
summarized in Table 4 and plotted in Figure 21.

3. 2. 3. Twisting Angle The angle of twist for
the cross-sections at the mid span was calculated at each
stage of load increase in the experiment up to the beam
rupture. The angle was measured by taking the
maximum absolute different readings between the
LVDTs that installed at the at front and back points and
the LVDT at centerline of the beam which installed as

Yielding Point

-~

:

Applied Load

Men= E,/E,

Displacement
Figure 20. Procedure of energy absorption index Evaluation
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Figure 21. Beams energy ductility indexes
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shown in Figure 4, then divided on the distance between
them and took the average of front and back angles. The
load and mid span twisting response is explained in
Figure 22.

The load-mid span rotation response used to study
the effect of increase number of out of plane parts and
their locations on the beams rotational behavior. It can
be observed that the NSC-20P beam has the angle of
twist at the ultimate load higher than NSC-10P and
NSC-30P beams by 27.32% and 38.59%. That means
the perpendicular direction of mid span part to the beam
axis has a greatly effect on the decreasing of the angle
of twist, especially when increase the number of out of
plane parts. The beams twisting angle at service and
ultimate load are addressed in Table 5 and plotted in
Figure 23.

=—NSC-10P
e NSC-20P

Applied load (KN)

——NSsC-30P

o 05 1 15 2 25 3 35 &
Mid span rotation (degree)

Figure 22. Applied load versus twisting angle of the beams

TABLE 5. The mid-span twisting angle of all the tested beams

* Twisting angle at Twisting angle at

Beams service load (degree) ultimate load (degree)
NSC-10P 1.56° 2.58°
NSC-20P 1.80° 3.55°
NSC-30P 1.10° 2.18°

*Service load = 65% ultimate load

® Service Load Twisting Angle ® Ultimate Load Twistig Angle
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NSC-10P NSC-20P NSC-30P

Figure 23. Twisting angle of beams at service and ultimate
load

4. CONCLUSIONS

Based on the experimental investigations, the effect of
the out plane part on the structural behavior of straight
and with out of plane part RC beams subjected to static
loads are examined. The following are the most
important notices for observed and recorded results:

1. The presence of out of plane part decreased the load-
bearing capacity of all the beams with out of plane
part beam as compared with the straight beam by
35.96%, 33.33%, and 69.46%.

2. The ductility of the beams that estimated by
displacement ductility index and energy ductility
index methods gave indication that the ductility of
the beams with out of plane parts increased when
increasing the number of these out of plane parts
until to reach and pass the ductility of the straight
beam when using beam with three out of plane parts.

3. The cracks width- load characteristics were affected
by the number and loaction of out of plane parts and
the maximum crack width of the straight beam is the
smallest one and the crack of the beams was affected
by the location and direction of the out of plane part
relative to the axis of beam at mid span, because the
maximum crack width of the beam with two out of
plane parts is smaller than of the beams with one and
three out of plane parts.

4. The angle of twist of the beams was also affected by
the location and direction of the out of plane part
relative to the axis of the beam at mid span, because
the twisting angle of the beam with two out of plane
parts is higher than of the beams with one and three
out of plane parts at the service and ultimate load.

5. The failure mode of beams with one and two out of
plane parts was occurred by torsional cracking
propagation at the out of plane part and torsional and
flexural cracks at the other spans and at the supports
faces, and the beam with one and three out of plane
parts was failed by torsional cracks propagation at
the out of plane parts, while the straight beam was
failed by flexural cracks at the mid span and at the
supports.

From the study conclusions above, it can be seen
that the load bearing capacity and the structural
behavior of beams with out of plane parts was affected
by the number and locations of the out of plane parts.
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In this study, multiple objectives on earthquake damage assessment procedures have been investigated.
The Unified performance-based design (UPBD) method has been used to design the Reinforced Concrete
(RC) frame shear wall building. First, the Damage index (DI) of the building has been estimated by using
Park and Ang method. It has been found that this method is highly time-consuming. Hence, it is not
found suitable for large scale investigation. Therefore, a new approach has been suggested to reduce the
computational time and efforts in the case of complex structures in evaluating the global damage index
(GDI). In this present study, the most three influencing parameters of the building have been considered
to find the GDI. It has also been observed that the most damage occurs on the ground storey of the
building. The suggested method efficiently calculates a reliable GDI that can assess building damage
from small to large scale buildings.
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Global Damage Index
NOMENCLATURE
DI Damage Index GM Ground Motion
MDOF Multi-degree of freedom hy Beam depth
SDOF Single degree of freedom Opp Allowable plastic rotation of the beam
UPBD Unified performance-based design Ay Design displacement
SCGM Spectrum compatible ground motions m, Effective mass
GDI Global damage index he Equivalent heigh
EDPs Engineering Demand Parameters m; Mass of i-th storey
LDl or SDI Local or storey wise damage index Aiyw Yield displacements of the wall in i-th storey
DDBD Direct displacement-based design A; Profile displacement
ESDOF Equivalent single degree of freedom N Number of the storey
SCGM Spectrum compatible ground motions Uy Displacement ductility of the wall
LSPL Life safety performance level Dpey, Yield displacement of the wall
Oy Yield rotation of the wall M, Wall moment
Opw Plastic rotation of the wall & Wall damping moment
Oy Yield rotation of the wall Mo s, Frame overturning moment
byw Yield curvature & Frame damping
Ring Inflection height Toriqr  Trial effective time period
g, Yield strain of rebar r Post-yield stiffness ratio
L, The horizontal length of the wall K, Effective stiffness
tw The thickness of the wall Vy Base shear
T, Permissible shear stress of concrete Sy Optimum deformation under earthquake loading
DL,LL,F,F, Dead load, live load, seismic load in the x-Direction and y-direction &, Optimum deformation monotonic loading
B Non-negative parameter Qy Yield strength,
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6,4 Design drift

n Reduction factor corresponding to the damping
B Yield rotation of the wall

Viwau Shear carried by the walls

Dstory Storey wise damage index

Estoreyi Hysteretic energy dissipated of i*" storey

D; DI of i*" member

Dgiobat DI of the entire structure

dE Hysteresis energy

Ormax Optimum roof displacement

byw Yield curvature of wall

Fi Force applied in the i-th floor level

Cc Regression constant

E; Hysteretic energy dissipated of i*"* member
n Number of members in a particular storey
ty, Thickness of the wall

1. INTRODUCTION

Structures get damaged and often collapse under high
intensity of earthquakes. The Damage Index (DI) is a
parameter that can be used to quantify the amount of
damage suffered by the structure. Damage is the process
of deterioration of a structure's strength, ductility and
stiffness, and that is why estimation of damage index is
very important. Structural design should be done to
minimize the damage. Reinforced concrete (RC) frame
shear wall buildings are mainly used for residential,
commercial and office buildings. This type of buildings
is efficient in resisting earthquake loads. But still, there
can be damage to such buildings leading to severe
economic losses [1-3]. Several approaches are available
for evaluating DI and have been proposed by numerous
researchers [4-8]. Park and Ang [9] considered only two
parameters to determine the DI of the structures, namely,
maximum deformation and hysteretic energy. The
limitations have been highlighted in determining DI of
the buildings considering the displacement mode shapes,
have been identified experimentally. Yazdannejad and
Yazdani [10] have improved the Park and Ang damage
model by adding stiffness using Bayesian framework.
Hait et. al [11] have considered U-, L- and rectangular-
shaped RC frame buildings and found rectangular-shaped
buildings are least vulnerable to damage. From Several
studies based on DI, it has been observed that, there are
many approaches available for evaluating DI, but those
are either incomplete or tedious to use. Likewise, Park
and Ang’s approach is tedious and time-consuming.
Estimation of the DI by adding multiple parameters that
define the buildings real damage state under seismic
excitation may lead to more accurate results.

In the present study, an 8-storey RC frame-shear
wall building of Life Safety performance level has been
considered for the assessment of DI. The unified
performance-based design (UPBD) method has been
employed for designing the RC frame shear wall
building. Nonlinear time history analysis (NLTHA) is
performed under spectrum compatible ground motions
(SCGM) as per EC-8 demand spectrum at 0.45¢g level and
type B soil. In this study, the 3 most influential
parameters have been considered to determine the
building's global damage index (GDI). Here, a
relationship between Park and Ang DI and Engineering
Demand Parameters (EDPs) has been developed to
increase the ease of finding the DI of the buildings.

2. DAMAGE INDEX

The damage index (DI) is a criterion that measures the
amount of damage in a structure for a specified hazard
level. These damage indices of the structures are
expressed by different response parameters obtained
from analytical assessment. Researchers have proposed
several methods on DI, but most of them have considered
limited EDPs; therefore, it could not give accurate results
of the DI of the structures. To compute the DI of the
structure, there is a need to assume more EDPs to get
accurate results. DI is classified into two ways: local or
storey wise damage index (LDI or SDI) and GDI, and the
brief description reported in literature [12].

3. DESIGN PHILOSOPHY USED

Sullivan et al. [13] established the direct displacement-
based design (DDBD) method for dual frame buildings.
In this method, interstorey drift was the only target design
parameter considered as well as the member sizes are also
decided by trial and error process. In contrast, in the
UPBD method, two target design criteria, namely, drift
and performance level (in terms of plastic rotation) can
be satisfied. This method also gives member size at the
beginning of design process which avoids iteration.
Choudhury and Singh [14] introduced the UPBD method
for RC Frame buildings and UPBD method for frame-
shear wall building has been reported by Mibang and
Choudhury [15]. In the design process the multiple
degrees of freedom (MDOF) structure is represented by
an equivalent single degree of freedom (ESDOF) system
as shown in Figure 1. For the benefit of readers, the basics
of UPBD method for frame-shear wall building are
discussed here in brief. The drift rotation of the building
consists of yield rotation and plastic rotation of the wall.
As per Figure 1, Equation (1) is obtained.

0q = Oyw + Opy (1)

The yield rotation of the wall and yield curvature of the
wall can be determined by Equations (2) and (3),
respectively.

hin
Byw = ¢yw Zf 2
2¢
¢yw = L_‘: (3)
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Shear
wall

G G I
(a) MDOF system (b) ESDOF system
Figure 1. MDOF and ESDOF systems

Using Equations (1), (2) and (3), Equation (4) is obtained.
4

The thickness of the wall (¢,,) is obtained from Equation

).

t, = Vwaul (5)

- 0.8X Ly XTc XNy,

— Eyhing
Y 8g—6pw

Factor 0.8 is used to reflect the fact that 80% of the wall
length is considered effective in taking shear (IS 456
2000). The beam depth can be determined by Equation

(6).
hyp

_ 0.5g)lp

(6)

The width of the beam is taken as 1/4™ to 1/3" of beam
depth as per common practice. The h;,¢ is a parameter of
dual system design, and it can be found out by
determining the moments that are borne by frame and
shear wall.

The yield displacement profile of the wall is obtained
using Equations (7).

- 0a—6pp

Bywhih Bywhi,
Aiyw= %mf - wamf, Whenhi = hinf (73.)
A= 221 O o < (7b)
iyw 2 Ghinf’ i = tinf
2¢
Dyw = L—y (7c)
w

Design displacement profile is obtained from Equation
(8)

A= Diyy + (04 — Pywhing /2)h (8)
The MDOF building is converted to an ESDOF and the

properties of ESDOF system are determined by using
Equations (9) to (11).

— T, miAi2
ACl_ Z?=1miAi (9)
ity mib
me = Z—d (10)

_ Yhamidihy

he = Stoma, ()

Wall ductility demand is determined by Equation (12).
Ad

Hy = By (12)

Frame ductility is determined by Equations (13) and (14).

_ (AimAiq) 1
Hf - (hi_hi—l) gyf (13)
0.51p¢
Oy = = (14)

The trial value of the effective period is obtained from
Equations (15) and (16).

N
Te,t‘rial = g\/#sys (15)
_ Mypywt+Mor pxiiy
Usys = My+Mor (16)

The frame equivalent viscous damping and the wall
equivalent viscous damping components are calculated
using Equations (17) to (19).

95

$w=13 1 =pup®5—01x7X
) ( i ) (¢
HW ( T.e,trial"'o-gs)4
120 _
& :E(l—uwo's -0.1 xrxuf)(l +
1 ) (18)
( Te,trial+0-85)4

waw"'Mot,f ff
My, + Mot f

Espor = (129)
Displacement spectra corresponding to design spectra are
drawn for various dampings. For this purpose, Equation
(20) is utilized. Displacement spectra corresponding to
EC-8 design spectra for soil type B and at 0.45¢g level
have been used in the present study and are shown in
Figure 2.

0.8
E o7 —%
é 0.6 —10%
g 05 Te —15%
204 ————— —_—20%
2 03
5 —25%
502 : A
2 01 |
wv

0 Y

0 2 4 6 8

Time period,sec

Figure 2. Displacement Spectra corresponding to EC-8
design spectra for soil type B at 0.45¢ level
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_ , 10
n= (5+&Espor) 2 0.55 (20)
Effective stiffness (K, ) is give by Equation (21).
4n’m,
K, = 72 (21)
Base shear (V,,) is given by Equation (22).
Vp = kelg (22)

The computed base shear is distributed to different floors
as per Equation (23).

mid;

T mid;

Fi:Vb

(23)

Where, F;is the force applied in the i-th floor level of the
building.

The combinations of load used for design are:

DL + LL

DL+ LL+F,

DL +LL+F,

Design is done using the expected strength of materials
[16]. The capacity design has to be done so that the
column to beam capacity ratio is more than 1.4 according
to 13920:2016.

3. DESIGN OF REPRESENTATIVE BUILDING

3. 1. Model Selection In the present study, an
8-storey frame-shear wall building has been considered.
The plan and elevation of the building are shown in
Figure 3. The building has been designed using the
UPBD method for target performance objective of LS
performance level and 2% drift. The sizes of beams and
columns are given in Table 1. The material specifications
are given in Table 2. NLTHA is performed under five
spectrum compatible ground motions (SCGM) as per
EC-8 [17] demand spectrum at 0.45¢g level and type B
soil condition. The SCGM s are generated using software
of Kumar [18]. The details regarding SCGMs have been
given in Table 3. The match of response spectra out of
SCGMs with the EC-8 demand spectrum is shown in
Figure 4. Finite element software SAP2000 v. 21 [19] has
been used to model, design, and analyze the building. The
storey height is kept constant to 3.1 m.

T ey
et .

by

B

(a) Plan (b) Frame elevation
Figure 3. Building model considered in the study (a) Plan
(b) elevation [SW indicates shear wall]
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TABLE 1. Sizes of members in the building considered (mm)

- Inner Outer Beam Shear wall Length
Building column : ;
Column . size  thickness of wall
name (mm) storey-wise (mm) (mm) (mm)
(mm)
800x800 (1-4) 700
B-8-LS  700x700 750%750 (5-6) 150 5000

700x700 (7-8) **0

TABLE 2. Material properties related to concrete and rebar

Materials properties Unit Values
concrete compressive strength (fck) MPa 30
steel yield strength (fy) MPa 500
Modulus of elasticity of concrete (Ec) MPa 5000,/ fck
Modulus of elasticity of steel (Es) MPa 200000
Poisson’s ratio (steel) - 0.3
Poisson’s ratio (concrete) - 0.15
TABLE 3. Details of SCGMs used
SLNo. Name Bacl_<ground_ Year of DL_lratlons
Equation (India)  occurrence in sec
1 GM1 Baithalangso 1988 78.05
2 GM2 Nonghklaw 1986 29.54
3 GM3 Silchar 1988 46.81
4 GM4 Umsning 1981 70.52
5 GM5 Barkot 1991 31.61
4 —EC8
Lo —GM1
3 *\ GM2
%
> 2 / \\ ——GM3
3 j \ GM4
N
1 . GM5
e
. =
0 5

2 3
Period (sec)

Figure 4. Match of response spectra of SCGMs with EC-8
design spectrum

4.DI OF STRUCTURE

In recent years, several DI models have been introduced
by many researchers to predict the structural damage.
Among all the methods, Park and Ang is the most
common and popular approach (Equation (24)) used by
other researchers. It also gave the expression for the local
damage index (LDI) (Equation (25)) as well as global
damage index (GDI) (Equation (26)). Nevertheless, this
method is very time-taking in calculating the GDI.
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Therefore, there is a need for some method which can
provide ease in finding the GDI of structure.

_m, B
DI =3+ anude (24)

Storey DI and Entire storey DI are evaluated using
Equations (24) and (25).

_ XL, DiE;
SDI = 352 (25)
o i=1 Dstorey,iEstorey,i
GDI — Zstorer)L/,L—l t V) ti Y, (26)

storey,i=1 Estorey,i

5. 1. Procedure Followed for the Proposed DI
Assessment In the literature review, it has been
found that limited work had been carried out considering
multiple EDPs for calculating the DI of the buildings. In
this study, multiple EDPs have been considered for
calculating the DI, and these parameters have been
combined in a mathematical expression to find the DI of
the building. Out of four engineering demand parameters,
3 parameters have been found to be the most influential
EDPs for the building. To determine the most significant
parameters among the four EDPs, a correlation matrix
has been prepared. The top three influencing EDPs are
selected from the correlation matrix, as shown in Table
4. The corresponding R?> 90% is maximum, and hence
it can be considered the most influencing parameter
variable on DI.

By combining the 3 most influential parameters, a
new expression can be proposed for finding the DI of the
building, and a correlation has been established by linear
regression analysis (LRA) between Park and Ang global
DI and EDPs. The proposed DI expression is shown in
Equation (27).

GDI= 0.083 x IDR + 0.088 x 6 + 0.682 x
dyngxt 0.242

Equation (27) has been generated from the considered
EDPs, which were evaluated by considering 10 data

(27)

TABLE 4. Correlation matrix for selected EDPs to categorize
the most suitable variables

Joint Roof Hysteresis

GDI IDR Rotation Displacement Energy
GDI 1.0 0962 0.959 0.954 0.500
IDR 0962 1.0 0.969 0.950 0.479
Joint Rotation 0.959 0.969 1.0 0.943 0.443
Roof 0954 0950 0.943 10 0572
Displacement
Hysteresis
Energy 0500 0.479 0.443 0.572 1.0

points from the simulated model. The flow chart of the
proposed method is shown in Figure 5.

In this study, ground storey experiences the
maximum damage; therefore, the contribution of the
ground storey is maximum in GDI. Comparing the GDI
and the ground storey damage, it has been found that
0.819 times of ground storey DI displays equivalent GDI
with an accuracy level of 92% (R?=0.92). The expression
is given by Equation (28). This method can be used only
when the ground storey damage is known.

GDI=0.819x DI of the ground storey (28)

The damage index (DI) by using 3 individual response
parameters is expressed by Equation (29).

DI = 0.1539 x IDR + 0.243 for IDR
DI = 4.6703x © + 0.4367 for © (29)
13729 X dpgy — 0.2556 for dpmgy

DI

5. RESULTS AND DISCUSSIONS

In this study, an NLTHA has been performed to
determine the actual response in each step of the building.
Park and Ang DI approach is very time-taking as well as
consuming lots of time with the increase of the height of
the building. Thus, the author attempted to establish a
connection between Park and Ang method and calculated
EDPs GDI of structure. Finally, the proposed method, i.e.
calculated EDPs GDI, is compared with Park and Ang
GDI method and shown in Figure 7. To validates the
proposed method, another building with a different storey
height (H=3.3m) has been analyzed, and GDI has been
evaluated. It has been found that after changing the
height of the floor of the building, the proposed approach
is also capable of assessing the DI same way like Park
and Ang GDI shown in Figure 6, and it proves that the
proposed method gives approximate same results as the
park and Ang GDI method.

The proposed method calculates GDI almost same as
park and Ang method (R?=0.95) as shown in Figure 7.
The estimated slope of the proposed method (eqution 27)
is 0.945 which shows good correlation between these two
methods.

vaiu

by p

Figure 5. Flow chart followed by the proposed method
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004
w043 —@— Park - Ang. DI
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GM1-GM2 in both X and Y direction

Figure 6. Comparison between Park and Ang. and proposed
(Equation (27)) GDI

o
o

y =0.9452x + 0.0439
0.55 R?=0.9588

» ©
G own

o
S

0.35

Proposed equation (27)
o

o
w

0.35 0.4 0.45 0.5 0.55
Park and Ang GDI

Figure 7. The fit of the Park-Ang GDI with the proposed
GDI (Equation 27)

Figure 8 shows a connection between Park and Ang
DI and individual EDPs. This method decreases the
computational time and would fit the investigation of
large-scale damage index (DI).

It is observed from Figures 9 and 10 that the
calculated values of DI are highest at the ground storey
level. Therefore, the contribution of the ground storey is
maximum to GDI. A suitable correlation between ground
Storey damage and GDI, has been found from the current
study (Equation (28)). Therefore, GDI to ground storey
DI ratio is 0.819. Likewise, the ratios for other floors can
be obtained. Actual GDI versus empirical GDI (Equation
(28)) is plotted in Figure 11 and it shows that there is a
high accuracy rate of the empirical formula, which is
greater than 92%.

0.6 y=4.6703x + 0.4367
0.55 R?=0.92

0.5

o
G 045
0.4
0.35

0.3

0 0.005 0.01 0.015 0.02 0.025 0.03
Rotation (rad)

@)

0.6 y =0.1539x + 0.243
2 _
0.55 R*=0.9256
O
0.5
8 0.45
0.4
0.35
0.3
1 1.2 1.4 1.6 1.8 2 2.2
IDR
(b)
0.6 y =1.3729x + 0.2556
R?2=0.912
0.55
0.5 (o
8 0.45
0.4
0.35
0.3
0.1 0.15 0.2 0.25
Max roof displacement (m)
(©)

Figure 8. The comparison presented between individual
EDPs and Park-Ang. DI a) Rotation versus GDI, b) IDR
versus GDI, ¢) Max roof disp. versus GDI
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0.4

0.2

Local damage index(LDI)

GM1 GM 2 GM3 GM4 GM5
H Storey 1 B Storey 2 H Storey 3  Storey 4

M Storey 5 M Storey 6 Storey 7 M Storey 8
0.8

B-LS-8 (Y-Direction)
0.6
0.4

0.2

Local damage index (LDI)

GM 1 GM 2 GM 3 GM 4 GM 5
W Storey 1 M Storey2 M Storey3 M Storey4
W Storey 5 M Storey 6 Storey 7 M Storey 8

Figure 9. Storey-wise damage index (LDI) is shown for five
ground motions in both X and Y directions
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GDI for B-LS-8

GM 2 GM 3 GM 4

GDI

0.6

0.4

0.2

0
GM1 GM 5

Figure 10. Park and Ang. Global damage index of an 8-
storey building in both the X-Y directions

X-Direction ~ mY-Direction

0.6
0.55
0.5
0.45
0.4
0.35
0.3

y=0.4766x + 0.2871
R?=0.9228

Emphirical calculated GDI
(Equation 28)

0.3 0.4 0.5 0.6
Park - Ang. DI

Figure 11. Empirically calculated GDI (from Equation 28)
versus Park and Ang DI

5. CONCLUSION

In this study, 3 different expressions are proposed for the
assessment of the DI of RC frame-shear wall building.
The proposed approach considers maximum roof
displacement, IDR, and joint rotation as EDPs. The
reason behind proposing a new approach is to reduce the
computational time as well as effort. The new proposed
equation is simple, accurate, and easy to apply. The
outcome of the current research shows that the proposed
equation (Equation 27) simplifies the Park and Ang
approach. Therefore, this proposed approach is suitable
for evaluating the DI of the building from a small to large
scale. Also, Equation (28) can be used for evaluating the
DI of buildings but this equation can be used only after
finding storey wise DI. Equation (29) can also be used for
finding the GDI of the building, but the level of accuracy
is lesser than both the proposed equation (Equations. 27
and 28). According to the correlation matrix shown in
Table 1, where 4 engineering demand parameters has
been chosen, and it has been found that 3 parameters (i.e.
joint rotation, optimum roof displacement, and Inter
storey drift ratio) are found as the most influential
parameters with the accuracy rate of 95% (R? = 0.95 with
GDI). As a result, this proposed approach can be used to
find the GDI of a structure to achieve a high degree of
accuracy. It has been found that the maximum damage
occurs at the lower storey of the building; therefore, the
ground storey should be designed with special care.
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ABSTRACT

Over years, the energy absorption process against different kinds of loading has always been one of the
most important issues in the engineering science. To address this, many kinds of dampers such as
viscoelastic, friction, yielding, mass, and liquid dampers have been invented. Among all these dampers,
steel yielding dampers are one of the most economic, available, suitable, and best choices for the long
return period of seismic cyclic loading on structures. However, it seems that there are not sufficient
studies on these dampers to convince the designers to use them widely. This research tries to show the
effects of geometrical parameters on the energy absorption and cyclic behavior on a specific simple
trapezoidal steel yielding damper using the finite element method, then the effect of using a new steel
damper on base shear and roof acceleration responses of a three storey building studied by nonlinear
time history analysis. According to the results, there are some effective and less effective parameters
whose variation such as geometrical parameters can seriously change the total energy absorption level
and improve the damper hysteresis loops as well as ductility under specific cyclic loading and showed
that using a new steel damper will result in the significant decreasing in base shear and roof acceleration
of the building.

doi: 10.5829/ije.2021.34.10a.11

NOMENCLATURE
E Steel module of elasticity (kN/mm?) PGA Peak ground acceleration of ground motion (m/S?)
F, Steel yielding strength (KN/mm?) PGV Peak ground velocity of ground motion (m/S?)
P, Yielding plate nominal yielding load (kN) a Trapezoidal plates angle (deg)
K Yielding plate elastic stiffness (kN/mm) 0 Brace angle (deg)
s Soil shear wave velocity (m/s) B Effective damping
b Yielding plate width (mm) to Yielding plate thickness (mm)
t, b, Moving & fixed support plates thickness (mm) A Hysteresis loop area (KN.mm)

1. INTRODUCTION

are trying to find damage control approaches to reduce
the damaged area and increase the energy dissipation of

Controlling and damping the structural seismic energy at
the time of an earthquake has always been an important
issue for structural earthquake researchers. Nowadays,
codes allow designers to take account of plastic hinges in
some parts of structures. In addition, they offer some
sections and connections to concentrate on the damaged
area such as reduced beam sections. However, it is a fact
that some parts of the structure will get damaged and
should be replaced after a major shock. Thus, researchers
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structures. The use of dampers is one of the most
considerable ways to achieve this goal. Dampers can
dissipate the input earthquake energy without any
significant damage to the main parts of the structure.
Among all dampers, steel yielding dampers are the most
available, economic, and easy to construct. Concerning
the energy absorption process of steel, it should yield due
to shear force and bending moment, so steel yielding
dampers should be embedded such that they deform due
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to the lateral force of structures during an earthquake.
ADAS dampers are one of these useful dampers. They
are made of many yielding plates, placed above a chevron
brace and yield together; meanwhile, it seems they can
also be used in many other places of structure such as
base plates, beam-to-column connections, and diagonal
braces. The related history and evolution of these kinds
of dampers are expressed further. Since 1976, many
researchers have been trying to find a way to use steel
yielding dampers in structures. In 1976, Kimura et al.[1]
and in 1980 Mochizuki et al. [2] began their studies on
dampers by researching non-buckling braces. The first
type of this type of brace was introduced by Wanatabe et
al. [3] in 1988. In 1990, Fujimoto et al. [4] installed them
on 10- to 15-storey office buildings in Japan after
conducting several experiments on non-buckling braces
and preparing a numerical model. Extensive research has
been conducted on various types of dampers since then.
In 2019, Daniel et al. [5] studied seismic mitigation of
Magnetorheological dampers. In 2019, Del Gobbo and
Marcantonio [6] also evaluated the seismic performance
of three types of four-, eight- and sixteen-story buildings
by installing viscous dampers. He concluded that the use
of dampers could significantly reduce the cost of
repairing a structure once it occurred if any of the
methods of placing the dampers were considered and an
optimal design was achieved. Elsewhere, dealing with
friction dampers, Taiyari et al. [7] in 2019 evaluated the
seismic performance of two real four- and ten-storey
structures using friction dampers. They concluded that
the use of this type of damper plays an effective role in
reducing the seismic parameters of the structure. Various
yielding dampers have always been considered by
researchers due to their optimal performance and energy
absorption, stable cycle diagram, and ease of
construction, as well as the flexibility of their shape and
design. In 2018, Gerami and Kafi [8] conducted studies
on the effect of the presence of yielding dampers at
predetermined points on the seismic performance of
convergent bracing frames. They proved that by using
theoretical foundations and numerical modeling if the
sections of the bracing members are properly reduced at
certain points, the seismic behavior of the braced frame
will be significantly improved. The use of a variety of
ring and U-shaped elements has also been one of the
favorite fields of damping researchers due to the high
energy absorption process; among them, we can mention
in 2014 Kafi et al. [9] and Zahraei and Cheraghi [10] in
2016. Yielding slit dampers are also a type of yielding
damper that has recently been researched for use. In
2008, Chan and Albermani [11] examined the use of slit
dampers in braced frames and performed several
laboratory tests. They concluded that due to yielding of
this type of damper in small rotations, it quickly enters

2 X-Shaped Plate Added Damping and Stiffness

the process of energy absorption during an earthquake.
Also, considering the re-hardening after yielding, the
ultimate strength of the fuse increases to twice its
yielding rate. The use of parallel yielding plates in the
design of yield dampers is a method considered in recent
years due to its many advantages. In 2020, Maleki et al.
[12] studied the effect of Curved-TADAS dampers on
seismic response of moment resisting steel frames. The
parallel triangular and trapezoidal plates used in
XADAS? and TADAS® dampers have also been
considered by researchers due to the high uncertainty of
the part and the wide energy absorption in the entire
yielding surface. In 1995, Soong et al. [13] considered a
yielding damper using triangular parallel plates for the
use on the upper part of Chevron braces. In 2009, Chan
et al. [14] used shear steel plates to absorb energy in
Chevron braces. After nineteen monotonic and cyclic
laboratory tests, they concluded that the system had a
completely stable behavior and that a large amount of
energy was absorbed. In 2011, Krawinker et al. [15]
performed experiments on the rhombic slit dampers.
Indeed, the geometry of this damper was designed to
better distribute the yielding and energy absorption
process of the steel on its surface. In 2011, Akula [16]
tested a type of yielding damper using U-shaped
components. By designing a kind of connecting piece, he
was able to arrange the U-shaped pieces in such a way
that it would deform suitably by absorbing axial force and
absorbing energy. In 2012, Hosseini and Noroozinejad
[17] along with Hosseini and Alavi [18] in 2014 proposed
the idea of telescopic columns when the rocking motion
of the structure by using parallel yielding plates in the
side columns. After experimental studies and nonlinear
analysis, they proved that the use of parallel steel plates
as interchangeable vyielding dampers can provide
desirable results in the behavior of the structure during an
earthquake. In 2013, Li et al. [19] investigated the use of
parallel yielding plates in series in the upper part of
Chevron braces in reinforced concrete frames. They also
installed and tested a prototype of this type of system in
a reinforced concrete building. Finally, they concluded
that the stiffness of this system subjected to small
earthquakes and the possibility of yielding in large
earthquakes provided a good opportunity for the seismic
resistance and energy absorption. After several numerical
analyses, they concluded that the use of this system in a
reinforced concrete structure understudy will reduce
seismic responses. In 2016, Aghakouchak et al. [20]
investigated the effect of using a new type of damper
called a sawtooth steel yielding damper to improve the
cyclic behavior of steel frames. The results of finite
element modeling as well as the conducted experiments
showed that the designed damper produced responses by
the design objectives. The tested specimens also revealed

8 Triangular-Shaped Plate Added Damping and Stiffness
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a completely stable hysteresis loop curve before tooth
fracture while tolerating significant cumulative
displacement. Gray et al. [21-24] introduced a yielding
damper using parallel triangular pieces from 2012 to
2017. During several years of research, he built his
damper by casting. Finally, after doing a few tests on the
damper, he tested it by installing on a real-size frame. The
experimental results indicated the optimal behavior of the
bracing frame equipped with dampers. Also in 2019,
Zibasokhan et al. [25] introduced a new type of yielding
damper with parallel plates to improve the seismic
performance of braced structures. After conducting
several experimental studies, they concluded that the
frame containing the proposed damper had a stable and
desirable cyclic behavior. As mentioned in the literature,
the constituent component of the damper, the trapezoidal
plate, can be used as a part of new dampers. However,
there is no perfect research on this field and it seems that
a sensitivity analysis is required on the effective
parameters of this important component. This research
tries to show the sensitivity of the steel trapezoidal fuse
due to changing geometrical specifications then a
nonlinear time history analyses done on a three-story
building which has been equipped by the new steel
yielding damper made by trapezoidal plates and the base
shear and roof acceleration responses were comprised
using OpenSees. The model is made of two parallel and
one simple trapezoidal fuse (Figure 1). Considering the
function of the damper, two parallel plates move across
each other so the fuse part yields and energy absorption
process begins. The small sideway of the fuse part can be
easily moved into the embedded gap where the large one
is welded into another plate. The gap seize is so that
pieces can be easily made but the extra gap can have
some negative effects on the function of the damper and
hysteresis loops. Eventually, this small simple model can
act as a small part of a large damper.

2. MODELING VERIFICATION

To ensure that the analytical results are reliable, the finite
element modeling procedure and results should be
controlled with a similar experimental model. Hosseini
and Alavi [18] tested a kind of energy dissipation device,
whose hysteresis loops could be the modeling reference.
Figure 2 shows the hysteresis loops verification.

3. ANALYSIS

The model behavior was measured by 28 finite element
analyses by ABAQUS software. For this purpose, the
three main effective parameters were selected. The first
is material properties including yielding and ultimate
strength, the module of elasticity and ductility effect on

Figure 1. General shape of the damper element

(kN)

Displacement (men)

Figure 2. Modeling Verification

the damper behavior. since yielding dampers are usually
made of structural steel (ST37), so the related effective
parameters obtained from the laboratory test of structural
steel by Hosseini and Alavi [18], which is shown in
Figure 3. The friction coefficient is considered 0.3.

The second analysis setting is related to the software
which involves loading speed, size of meshing, and the
solution method affecting the results. For the second
category of the parameters, the model hysteresis loops

Losaned (EN Y

Figure 3. The Hosseini & Alavi Stress-Strain Diagram [18]
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are verified against experimental test results. loading
protocol (Figure 4) and loading speed, analysis method,
the element type of meshing, and size of meshing fall in
this category. The static nonlinear method was used to
calculate the results. For this purpose, the maximum 45
mm displacement at 1.8 s was applied to the model
according to Figure 4 loading diagram. The first step of
the analysis was supposed to be 5e-5 and the maximum
step time was described as 0.01 s. It should say that
according to the model verification, the chosen analytical
parameters are correct and can be fixed.

Due to sensitivity and excessive distortion of the fuse
part, the element C3D10 was selected for this part and the
element C3D8R was selected for the other parts of the
damper. Figure 5 reveals the shape of these elements.

Figure 6 indicates the meshing size and element
assignment and arrangement of the parts. As stated
earlier, the fuse part meshing assignment is different
from the other parts due to its excessive distortion. Due
to the support condition of the fuse part, the bending
moment will decrease from the large sideway of the plate
to the small sideway, but the shear force of the fuse will
not change along with the plate. This, for obtaining a
good vyielding distribution and maximum energy
absorption, the trapezoidal shape of the plate was chosen.
The small sideway of the fuse support is prepared in a
way that the fuse plate can slide inside the gap. This
feature will not cause any tension to the fuse plate as well
as connections welding. Also, the total displacement
domain of the damper will increase.

3. 1. Geometrical Effective Parameters  Distance
of two parallel plates, fuse plate thickness, fuse thickness

Figure 4. Loading protocol
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Figure 6. Meshing assignment of the damper model

to parallel plates ratio, fuse shape angle, and the gap
between fuse plate and the support plate fall in this
category with each being disused individually further.
The response of the fuse plate can be predicted using
simple equations [7]; Equations (1) and (2) predict the
fuse nominal yield load, P, and fuse elastic stiffness, Kess.

b 2
Po=2-F, (1)

bt3
Keff = 5E (2)

where, b is the width of the fuse plate at its base, t
represents the effective thickness, L is the length of the
fuse plate, Fydenotes the yielding strength of the selected
construction steel, and E is the module of its elasticity.

3. 1. 1. Two Parallel Plates’ Distance One of
the most important effective parameters on the damper
behavior is the distance of two parallel plates. According
to the analyses, as the distance increases, so does the
displacement domain of the damper and hence the fuse
yielding distribution. On the other hand, upon reduction
of the distance of the two parallel plates, more stiffness
will result. On the other hand, the ultimate strength of the
damper will increase. Figure 7 shows the hysteresis loops
of 7 to 13 centimeters, distances of two parallel plates,
which prove the above points. Note that there are two
yielding mechanisms in this situation: first, the bending
mechanism, which occurs in large distances and second
the shear mechanism, which occurs in small distances. In
the first mode, the energy dissipation of the fuse is not
considerable and as the distance increases, the shear
yielding mechanism will be associated with the bending
mode where the absorbing energy will grow. On the other
hand, in small distances, the energy dissipation will
decline again because of the small yielding area. Thus,
there is an optimum distance between two parallel plates
where both the bending and shearing yielding
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Figure 7. 7 to 13 centimeters analyses result of the two
parallel plates distance

mechanisms maximize the energy absorption on the fuse
plate. In addition, because of major rotations in the fixed
end of the plate, the connection should withstand the
cyclic moments and yielding rotations.

3. 1. 2. Yielding Plate to Parallel Plate’s Thickness
Ratio One of the other effective geometrical
parameters in the damper behavior is the ratio of the fuse
plate thickness to any of the parallel plate’s thickness. To
examine it, by changing the large plate thickness and
fixing the other parameters, six analyses were performed
as shown in Table 1. Further, for the second condition,
these analyses were conducted for the small plate as
detailed in Table 2. The ratio was supposed to be between
zero and two and then this domain was divided into six
conditions, which can show a good index in the analysis
results.

Figure 8 reveals the hysteresis loops obtained from
the first condition analyses. According to the results and
obtained hysteresis loops, as the ratio decreased, so did
the energy absorption and the damper displacement
domain while the stiffness of the device increased. No
change was observed in the ultimate strength and it seems
that the total shape of the loops was acceptable and stable.
Note that although at large thickness ratios, the dissipated
energy increases, but as the large plate thickness drops,

TABLE 1. Geometrical specification of models for the first
situation sensitivity analyses

Analysis  to o Distance Gap t, t to/ty

S1A1 8 65 130 0.5 10 24 033
S1A2 8 65 130 0.5 10 12 067
S1A3 8 65 130 0.5 10 8 1.00
S1A4 8 65 130 0.5 10 6 1.33
S1A5 8 65 130 0.5 10 48 167
S1A6 8 65 130 0.5 10 4 2.00

TABLE 2. Geometrical specification of models for the first
situation sensitivity analyses

Analysis 1t a Distance Gap t; t to/t
S1A7 8 65 130 05 15 24 033
S1A8 8 65 130 0.5 15 12 0.67
S1A9 8 65 130 05 15 8 1.00
S1A10 8 65 130 05 15 6 1.33
S1Al11 8 65 130 0.5 15 48 1.67
S1A12 8 65 130 05 15 4 2.00

the welding will be more sensitive and less reliable in
cyclic loading. On the other hand, the thick plate will
increase the weight of the device, so the aftershock
replacement will be hard. Thus, it seems the designer
should choose an economic functional ratio for his design
goals. The results of the second analysis conditions show
that as the ratio decreased, the displacement domain of
the damper would increase, but the energy absorption of
the damper would not change significantly. It seems that
because of the small contact between the fuse plate and
the small plate due to the inner curvature of the support
gap, the small plate thickness will not affect the results
considerably. Figure 9 displays the hysteresis loop of
these analyses. Note that the SIA11 and S2A12 analyses
could not be completed because of excessive distortion
and fracture of the small support plate.

3. 1. 3. The Angle of Yielding Plate The other
effective geometrical parameter is the fuse angle (Figure
10).

The condition of the fuse plate is such that it should
withstand the bending moment and shear force on the
large side fixed end and only the shear force on the free
small side. Thus, for better uniform yielding in the fuse
plate area, its geometry should be trapezoidal. The extent
of dissipated energy is dependent on the plate angle; as

lorce (kM)

~15000

Displacement (tnm)

Figure 8. Hysteresis loops obtained from S1Al to S1A6
analyses
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Figure 9. Hysteresis loops obtained from S1A7 to S1A10
analyses

the fuse angle rises, the distance between the two parallel
plates can be enlarged and then the steel yielding surface
and energy absorption increases. Also, when the distance
between two parallel plates increases, the displacement
domain of the damper will grow. On the other hand, as
the fuse angle diminishes, the steel yielding uniform
extension will improve. Also, the distance between two
parallel plates will decline and so will its displacement
domain. The condition of the fuse plate is such that it
should withstand the bending moment and shear force on
the large side fixed end and only the shear force on the
free small side. Thus, for better uniform yielding in the
fuse plate area, its geometry should be trapezoidal. The
extent of dissipated energy is dependent on the plate
angle; as the fuse angle rises, the distance between the
two parallel plates can be enlarged and then the steel
yielding surface and energy absorption increases.

When the distance between two parallel plates
increases, the displacement domain of the damper will
grow. On the other hand, as the fuse angle diminishes, the
steel yielding uniform extension will improve. Also, the
distance between two parallel plates will decline and so
will its displacement domain. Table 3 shows the
considered analyses to capture the effects of this
parameter. For this purpose, four angles between 60 to 75
degrees were considered according to previous studies.

Figure 10. Yielding element angle (o)

Figure 11 displays the hysteresis loops obtained from
these analyses. As shown in this figure, as the fuse angle
rises, the stiffness of the damper will increase, but the
displacement domain of the damper will drop and there
is no significant change in its ultimate strength. It seems
that the plates with smaller angles have better tolerance
against the cyclic deformation and yielding.

3. 1. 3. The Gap Between the Yielding Plate and
Support Plates  The other effective parameter is the
gap between the fuse plate and the support plates. If the
fuse thickness is 8 mm, the gap between the fuse and the
support should not be less than 0.5 mm for damper easy
construction. On the other hand, selecting large gaps can
affect the damper behavior and degree of energy
absorption. Meanwhile, use of large gaps makes the
device have small free movements to obtain the fuse
stiffness. Therefore, this issue causes a kind of a shock to
the damper in real loading, which is not optimal.
Choosing the minimum size of the gap will enhance the
stiffness of the damper and augment the end moment as
well as rotation of the fuse plate. Table 4 reports the
considered analyses to capture the effect of this
geometrical parameter. Figure 12 shows the hysteresis
loops of these analyses. As shown in this figure, the
displacement domain and amount of energy absorption of
the damper increased due to increasing gap distance, but
the stiffness and ultimate strength of the device decreased
in large displacements. It seems the total shape of the

TABLE 3. Considered analyses to discover the yielding
element angle effects

Analysis to o Distance Gap t t
S2A1 8 60 80 0.5 10 15
S2A2 8 65 80 0.5 10 15
S2A3 8 70 80 0.5 10 15
S2A4 8 75 80 0.5 10 15

Force(kN)

i went {min)

Figure 11. Hysteresis loops of changing yielding element
angle
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TABLE 4. The supports gap sensitivity analyses
Distance Gap t, t

Analysis to a

S3A1 8 65 80 0.5 10 15
S3A2 8 65 80 1.0 10 15
S3A3 8 65 80 2.0 10 15

Force (kKN)

Displacement {mm)
Figure 12. Hysteresis loops of changing fuse and support
gap

hysteresis loops is stable and no significant change has
occurred in the hysteresis shapes by altering the gap
distance; however, the large gap models can dissipate
more cyclic energy.

3. 1. 4. Yielding Plate Thickness The fuse plate
thickness is another effective parameter on damper
behavior; elevation of this value will increase the
shearing rule in the energy absorption process. It will also
boost the ultimate strength and stiffness of the damper.
Table 5 provides the analyses considered for the
sensitivity of this parameter.

As shown in Table 5, four analyses were considered
to discover the damper sensitivity of the fuse thickness
between 5 and 20 mm. According to the results and
hysteresis loops are shown in Figure 13, Increasing the
fuse thickness will cause augmented fuse end moment;
s0, the risk of damper fracture will increase. On the other
hand, a reduction of this value will cause a reduction in
the shearing and bending yielding extension and hence
the energy absorption. In addition, as the fuse thickness

TABLE 5. Analyses considered for yielding plate thickness
Distance Gap t t

Analysis to a

S4A1 5 65 130 0.5 10 15
S4A2 10 65 130 0.5 10 15
S4A3 15 65 130 0.5 10 15
S4A4 20 65 130 0.5 10 15

Figure 13. Hysteresis loops obtained from analyses S4A1 to
S4A4

increases, so do the stiffness and the energy absorption of
the damper, but the ultimate displacement domain of the
damper decreases due to the fuse fixed end fracture risk.

4. TWO-LEVEL DAMPER

To assessment the application of the studied plates, a
two-level performance damper was designed for use in
the building's brace frames. The design of the damper is
in such a way that in small displacements the two taller
plates with smaller stiffness bear the force and absorb
energy but as the displacement increases, the other
(shorter) plates help the taller ones. The outer box
restricts the damper displacement to exceeds a specific
value. Figure 14 shows the damper dimension details and
its placement in the frame. Figure 15 displays the
hysteresis loops obtained from finite element analysis in
terms of force capacity and damper deformation. As
shown in the figure, the resulting diagram has stable
cycles and two-level performance. The damper capacity
for deformation of 60 mm was 870 kN in one direction
and 550 kN in the other. The asymmetry in the diagram
is due to the pyramidal geometry of the inner part, which
though has little effect on the overall performance of the
damper.

@
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=

(a) Damper configuration
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(b) Damper placement in the frame
Figure 14. The location of the new designed damper in the
frame and its details

Foree | Dumper Foree Capacity

Drisplacement / Damper Displacement Capacity
Figure 15. Hysteresis loops obtained from finite element
analyses

In general, as the number of yielding plates increases,
the angle of the pyramidal section decreases and the
asymmetry in the graph diminishes due to the increase in
the length of the pyramidal section. Table 6 also outlines
the parameters of effective stiffness, effective damping,
and confined area calculated in each loading cycle for the
finite element model.

2309

TABLE 6. Calculated parameters for each loading cycle

Displacement

Force

Cycles Ratio Ratio Kert b A

1,2 0.17,0.17 0.16, 0.15 1.40 0.182 154
3,4 0.24,0.24 0.17,0.16 1.04 0.288 346
56 0.38,0.38 0.37,0.26 126 0206 780
7,8 0.52,0.52 0.7, 0.47 171 0.173 1663
9,10 0.74,0.74 0.89, 0.53 1.45 0.228 3800
11,12 1,1 1,0.63 123 0278 7162

In general, as the number of yielding plates increases,
the angle of the pyramidal section decreases and the
asymmetry in the graph diminishes due to the increase in
the length of the pyramidal section. Table 6 also outlines
the parameters of effective stiffness, effective damping,
and confined area calculated in each loading cycle for the

finite element model.

5. TIME HISTORY ANALYSIS

An OpenSees code was developed to comprise the
nonlinear time history analyses responses of a three
storey three span CBF frame. Figure 16 shows the frame
configuration and sections. the frame was designed based
on the AISC 360-10 [26] criteria. Seven far field
earthquakes based on the soil and fault condition selected
from the FEMA P-695 [27] suggested ground motions for
the time history analyses. Table 7 shows the
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Figure 16. Frame configuration

TABLE 7. Ground motions characteristics [27]

1D No. Record Seqg. No. Name Magnitude Site-Source Distance (km) Vs PGA PGV
1 1602 Duzce 7.1 12.4 326 0.82 62
2 169 Imperial Valley 6.5 225 275 0.35 33
3 174 Imperial Valley 6.5 135 196 0.38 42
4 1116 Kobe 6.9 28.5 256 0.24 38
5 1158 Koceaeli 75 15.4 276 0.36 59
6 900 Landers 7.3 23.8 354 0.24 52
7 848 Landers 7.3 20 271 0.42 42
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specifications of the selected ground motions. To prevent
buckling of the brace members, dampers with the
capacity of 90% of brace members capacity designed to
use at any story and the maximum displacement capacity
of dampers are adjusted to the maximum allowable drift
of the building stories. to understand the effect of
dampers on the building seismic behavior the base shear
and roof acceleration responses were studied. Figure 17
and Figure 18 respectively show the base shear and roof
acceleration comparative diagrams.

(a) Duzce (1602) compafative response diagrénﬁ' .

11| P

=

(e) Kocaeli (1158) comparative response diagrém

=3
:

(f) Landers (900) comparative response diagram

diagfam

(9) Landers (848) comparative response
Figure 17. Base shear comparative time history response
diagrams

(d) Kobe (1116) comparat_iQe response diagram

(a) Duzce (1602) comparative response diagram

(b) Imperial Valley (169) co:m:pérative resbonse dia.g'r'arﬁ .
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I

(e) Kocaeli (1158) comparative response diagram

ol Acceleration {om

(9) Landers (848) comparative response diag'r'a'm
Figure 18. Roof acceleration comparative time history
response diagrams

6. CONCLUSION

According to the analyses performed for the damping
device, the conclusions are presented as follows:

1. Trapezoidal plates as a fuse in steel yielding dampers
can give steady reliable hysteresis loops and their shape
will cause better vyielding extension and energy
absorption.

2. Among the sensitivity analyses performed for the
geometrical parameters, the distance of two parallel
plates and fuse plate thickness parameters had the most
substantial effects on the damper analysis result.
Elevation of the distance of two parallel plates will cause
enhanced dissipated energy and damper cyclic moving
domain, but adequate free length should be prepared for
the fuse plate to withstand the shear force and not to exit
the gap.

3. The rise of the fuse thickness might cause permanent
shear deformation on the plate, which makes the fuse
cyclic moving difficult.

4. Although small angles of the fuse plate can give a good
uniform yielding, but the smaller the angle, the lower the
length of the fuse and so the smaller the distance of the
two parallel plates is. On the other hand, the large fixed
side of the fuse plate can have an interaction with the
architectural part of the structure.

5. As shown in the comparative diagrams, using the two-
level performance damper had a significant decreasing
effect on the base shear and roof acceleration response of
the CBF frame under the seven time history far field
ground motion analyses.
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This article reports on the relevance and the necessity of the introduction of various additives in the
composition of grouting mixtures. The analysis of cement compositions with various modifications of
carbon is briefly outlined. A method for obtaining fullerene soot and an analysis of its effect on the
chemical and physical properties of grouting compositions made of alumina cement is presented. The
physical, mechanical and operational properties of the modified grouting mixture are considered. The
optimal content of carbon nanoparticles in the binder is 0.1-0.5% by weight of cement (BWOC). The
introduction of fullerene soot makes it possible to obtain high mechanical properties of cement stone (an
increase in uniaxial compression strength by about 15% and a decrease in porosity by about 20%) in
comparison with cement mix without additives. It has been determined that use of carbon materials is
environmentally friendly. Addition of fullerene soot to cement system does not affect the cement
hydration processes, which provides micro-reinforcement of the cement stone, and prevents the

Fullerene Soot

propagation of cracks in it at nanoscale.

doi: 10.5829/ije.2021.34.10a.12

1. INTRODUCTION?

Nowadays, new approaches of solving the problem of
technologically successful well cementing are being
studied all over the world. During the construction of
wells for various purposes (geological, oil and gas,
hydrogeological, geotechnical, technical, etc.), special
attention is paid to the quality of the walls of the mine
operation. Lack of wellbore cementing leads to migration
of formation fluids and gases through the annulus, that do
not correspond requirements, standards and safety rules
of facilities’ operation.

To meet all the necessary technological requirements,
various additives are introduced into the grouting
mixtures that satisfy the drilling conditions [1-4]. The
introduction of additives into plugging systems allows to
increase the quality of reservoir isolation [5-6], to solve

*Corresponding Author Institutional Email: viada.1995@inbox.ru (V.
S. Kovalchuk)

the problem of cracks [7-10] at various aggressive
temperatures and pressure conditions [11-13], to increase
the reliability and durability of rock separation [14-16].
In recent decades, a large number of scientists have tried
to improve the properties of cement-based materials
using various nanomaterials due to their excellent
chemical, physical and mechanical properties [17-19].
The influence of a sufficiently small amount of 0.5%
BWOC nanosynthetic graphite on grouting slurries was
determined [20]. Another modification of graphite,
graphite nanoplates, was used [21-22] in order to improve
the physicomechanical characteristics and nanoscale
reinforcement of cement stone. As reported by Alkhamis
and Imgam [23], the presence of graphene nanoplates
significantly improved the chemical and physical
properties of the cement composition and the long-term
reliability of oil wells. Al-Awami [24] carried out the

Please cite this article as: E. Y. Tsigelnyuk, V. S. Kovalchuk, V. I. Gerasimov, E. A. Efimova, Analysis on Effect of Fullerene Soot on the Chemical
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effect of carbon nanotube on the rheological and physical
properties of cement slurry under high pressure. Rahman
et al. [25], Khan et al. [26] showed the properties of
cement modified with multi-walled carbon nanotubes
under HPHT conditions, and changed its mechanical and
thixotropic properties. Mendoza et al. [27] studied the
effect of multi-walled carbon nanotubes up to 0.50%
BWOC on the hydration of cement paste at different
temperatures. Smirnyagina et al. [28] presented the
results of thermodynamic modeling in the cement-water-
carbon nanomodifier system. Wang and Song [29]
reported that ash-cement pastes have a higher adsorption
capacity and the degree of adsorption increases with an
increase in the degree of ash substitution. Termkhajornkit
et al. [30] investigated the self-healing ability of ash
cement stone. The influence of different amounts of fly
ash replacing cement on the compressive strength of
cement stone is presented in literature [31-33]. When
replacing 15-50% BWOC with fly ash, the advantages
and disadvantages of the resulting mixture were
determined.

The analysis of the experimentally obtained results of
world research on the introduction of carbon materials
into the grouting mixtures showed the ambiguity of their
influence on the quality of the cement stone. Despite the
lack of research on this topic, it can be assumed that there
is a possibility of the influence of carbon materials on the
quality of grouting mixtures and cement stones for high-
quality well casing.

2. MATERIALS

Fullerene soot (FS) is a product of the first stage in the
production of carbon nanomaterials - fullerenes. In the
process of erosion of graphite electrodes in an electric arc
in an atmosphere of a protective gas, soot is formed with
a large number of fulleroid-type clusters of different
shapes. It should be especially noted that the graphite
used for the production of electrodes has a high spectral
purity with a minimum amount of impurities (<< 200
ppm). The total content of fullerenes in soot is 8+2 wt%,
of which the ratio of the number of C60 to C70 molecules
is 3:1 and less than 2% of higher fullerenes. The main
structural units of FS are graphite-like nanocrystallites in
the form of defective and distorted bundles of hexagonal
carbon networks. FS has a large specific surface (tens and
hundreds of m%g) and a normal particle size distribution
in the range of 10 nm - 150 pm [34-35].

When carrying out experimental studies, alumina
cement (AC) with an additive in the form of FS were used
as a basis for grouting mortars. The characteristics of the
chemical composition of the cement used according to
the manufacturer's passport are presented in Table 1.

TABLE 1. The chemical composition of the used AC
Content of oxides of elements, %

Cement
AlLO3 MgO SIOZ FEZO3 CaO
AC 38,10 7,40 2,10 2,80 23,40
3. METHODS

Experimental studies were carried out in St Petersburg
Mining University. The structural and chemical
parameters of the materials and grouting compositions as
well as the physical and mechanical properties of the
cement stone were studied in accordance with
international standards 1SO 10426-1, ISO 10810, ISO/TR
12389, 1SO 1332, 1SO 29581, BS EN 196, and Standard
Operating Procedures of each device. The optimal
percentages of the reagents with the mixing water volume
and with each others were selected empirically used in
the theory of experiment planning, taking into account
their compatibility and the main parameters of the
resulting grouting mixture and cement stone.

3. 1. Determination of the Phase Composition
Powder X-ray diffractometry was performed on a
Shimadzu XRD-7000 X-ray diffractometer and was used
to determine the phase analysis of carbon materials and
crushed cement stones.

3. 2. Determination of the Change in Mass of a
Sample Dependent on Temperature
Thermogravimetry has been used to measure heat flux
and the change in material weight as a function of
temperature in a controlled atmosphere. Thermal
analyzer SDT Q600, manufactured by TA Instruments,
USA, was used for thermal analysis of cement stones.
The temperature range of the research was from 0 to 1000
°C.

3. 3. Determination of the Strength of Cement
Stone  To determine the strength of the cement stone,
after preparation and measurement of structural and
rheological parameters grouting compounds were poured
into special forms 40x40x40 mm in order to harden for 1,
3, 10 days. Compressive strength was calculated as the
arithmetic mean of the two largest test results on three
specimens. This testing was carried out using a Controls-
Pilot 3 semi-automatic compression and flexural testing
machine.

3. 4. Determination of Cement Stone Porosity
The complex system SkyScan 1173 (X-ray
microtomograph) was used to determine the porosity of
the hardened cement stone.
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4. RESULTS AND DISCUSSION

4. 1. Determination of the Phase Composition
Diffraction curves reflecting the high amorphous phase
are shown in Figure 1. It was determined that the FS
contains crystalline carbon.

Next, a phase analysis of a cement stone made of AC
and water without additives was carried out. The main
phases of alumina cement are Al.0; (28.21%) CaO
(19.49%), TiO2 (10.69%), SiO; (8.44%), Fe;0s (4.74%),
MgO (1.17%), presented in Table 2.

It can be noted that during cement hydration, the
Al,O3 phase decreased by 35%, while the CaO phase
decreased by 20%. The presence of the MgO compound
also sharply decreased (by about 7 times), while Fe,O
and SiO; increased by about 1.7 and 4 times,
respectively.

With the introduction of FS and the process of
hydration, an increase in the content of the Al.O3; and
CaO phases is observed on average by 10-15%, as well
as an insignificant increase in the content of MgO, Fe,0,
SiO, compounds (by about 3-12%).

The main crystalline phases of alumina cement are

CaTiOs, SiO2.xH0 and KAISi;Og. It can be noted that
the introduction of FS did not affect the elementary
composition of the cement stone.
Diffraction curves reflecting the intensity of the peak
(CaTiO3) - the phase composition of the studied cement
powders - are shown in Figures 2 and 3. The low intensity
of the peaks as a result of X-ray amorphous analysis
indicates the amorphous state of the cement stone.
Consequently, there is a large error in determining the
composition of the cement stone.

4. 2. Determination of the Change in Mass of a
Sample Depending on Temperature DTG curves
- the dependences of the change in the mass of grouting
compositions on the temperature of two samples of
cement stone without additives and composition with FS
are shown in Figures 4 and 5.

Figure 1. X-ray diffraction pattern' of fullerene soot, where
the peak is crystalline carbon C (graphite)

TABLE 2. Phase chemical composition of the studied samples
of cement stone without and with the addition of FS

Chemical

phase A|203 CaO TiO, SiO, Fe, 03 MgO
AC 2821 1949 10.69 8.44 4.74 117
AC + FS 3135 2235 511 9.39 4.92 1.28

Figure 2. X-ray diffraction pattern' of AC without additive,
the peaks are CaTiOz phase

Figure 3. X-ray diffraction pattern' of AC with the addition
of FS, the peaks are CaTiOs phase
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Figure 5. Thermograms of cement sample composition with
FS content

Thermal analysis of AC without additives showed
losses of H,O - 5.99% and CO; - 19.03%. With the
introduction of fullerene soot, a slight decrease in the
mass of the cement stone sample is observed with the
following values: H,O - 5.04% and CO- - 19.70%. Thus,
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it can be noted that the water content of the modified
grouting mixture decreased, and the release of CO;
increased.

Thermal analysis showed approximately the same
curves. It was determined that FS does not affect the
hydration process. Thus, there is a partial compaction of
the cement structure and the porosity and permeability of
the cement stone decreases. A gradual decrease in the
mass of the sample is associated with the loss of water (at
a temperature of 85-105 °C), and then hydrates,
hydroxides, and after 750 °C - the decrystallization of the
cement structure.

4. 3. Determination of the Strength of Cement
Stone The obtained results for the modification of
AC with FS in an amount of 0.1-0.5% of the cement mass
showed an increase in uniaxial compressive strength by
about 15-25% compared to a solution without additives.
Moreover, the most rates of strength are in the initial
period of hardening. The most optimal amount of FS was
0.1-0.5% BWOC. With a decrease in the FS content, a
deterioration in the strength characteristics of the
grouting compounds is observed in the first week of
hardening.

According to the results of the uniaxial compression
strength of the cement stone samples, the most durable is
the composition number 3 - AC with the addition of 0.3%
BWOC FS. This sample showed the maximum increase
in uniaxial compressive strength, and it also meets all the
technological conditions for industrial implementation.
The results of the study of strength are presented in Table
3.

4. 4. Determination of Cement Stone Porosity
The next step of examining of hard-set cement was a
computer micro tomography analysis to evaluate the pore
structure and permeability of the pure cement stone (1)
and sample with the addition FS 0.1% (2), 0.3% (3), 0.5%
(4). The introduction of FS decreases total porosity of up
to 30% depending on the amount of modifier. These
results make it possible to believe in the reduced
permeability of the cement stone and durability during
operation.

The results of main obtained porosity indicators are
presented in Table 4, and graphs with an illustration of
the computer models of the pore space (pores - green
frames) of cement stone samples with different FS
contents are presented in Figure 6.

TABLE 3. Results of uniaxial compressive strength of grouting
mixtures specimens based on AC

Compression strength 1 2 3 4

After 1 day, MPa 4.86 5.53 6.01 5.88
After 3 days, MPa 7.45 9.62 11.69 10.97
After 10 days, MPa 18.97 18.05 20.64 20.05

TABLE 4. Results of a study of the porosity of grouting
solutions samples based on AC

Number of sample 1 2 3 4
Additive - 01% 03% 0.5%

Volame of closed pores, 913 9.65 1050 10.82
mm~3

Volume of open pore 8.20 6.95 439 219

space, mm”"3

I;;gé";';’l‘; of pore 1733 1660 1490 13.01
Closed porosity, % 2.65 2.70 2.74 2.73
Open porosity, % 191 1.80 0.92 0.61
Total porosity, % 4.55 4.50 3.66 3.34

As a result of studies of cement stone on a computer
microtomograph, the following data were obtained: with
an increase in the FS content, a sharp decrease in the
number of open pores occurs with a simultaneous
increase in closed pores. In general, the pore volume
decreases. There is also a decrease in porosity with an
increase in the content of FS in the cement slurry.
Moreover, the values of open porosity decrease much
more strongly with a fairly stable and small increase in
closed porosity.

The filtration resistance of cement stone is inversely
proportional to its porosity. Thus, there are no channels
for the penetration of filtrate and damage to the integrity
and durability of the cement stone.

a b
(© (d)
Figure 6. Computer model of the pore space of grouting
compositions a) composition without additives, b)

composition with FS 0.1%, ¢) composition with FS 0.3%, d)
composition with FS 0.5%
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Having analyzed all the test results obtained, it is
possible to determine the boundaries for the preparation
of a grouting slurry from alumina cement, which can be
used for cementing the annulus in particularly difficult
mining and geological conditions.

According to the results of laboratory tests of the
modified grouting slurry, it was determined that the use
of AC with tap water does not meet the set objectives of
industrial implementation. Fast-setting AC has sufficient
strength, but critically high mobility and fluid loss,
especially in the early period of thickening of the cement
slurry. There is an urgent need to use hardening and
plasticizing additives.

5. CONCLUSION

The introduction of carbon materials into the cement
mixtures contributes to an increase in strength, but it is
necessary to regulate their concentration and consider the
joint use of cements with FS. The grouting mixtures
obtained according to the given technological
parameters, containing FS, satisfy the task, each of them
is easy to prepare, contains inexpensive and
environmentally friendly additives.

The results obtained for the modification of AC
with FS in an amount of 0.1-0.5% BWOC showed an
increase in uniaxial compressive strength by about 15-
25% compared to solutions without additives. With an
insufficient content of FS, a deterioration in the strength
characteristics of the cement compositions is observed in
the first week of hardening. The increase in the strength
of cement stone for uniaxial compression is associated
with the mechanism of interaction of cement with FS,
which at the molecular level stick cement particles
together and create a dense structure during the hardening
of cement slurry.

Carbon materials act as additives to increase the
mobility of the cement slurry, which affects the
successful achievement of the necessary technological
requirements. Analysis of the results of computed
tomography showed that at the molecular level, the bond
between FS and cement improves the permeability
characteristics, reducing the number and volume of pores
in the cement stone. It was determined that FS does not
affect the cement hydration processes. The introduction
of carbon additives leads to a decrease in the porosity and
permeability of the cement stone without losing its
technological properties. The addition of FS provides
micro-reinforcement of the cement stone and prevents the
propagation of cracks in it at the nanoscale.
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ABSTRACT

Seismic vibration of the double deck floating roof of Siraf storage tanks located in southern Iran has been
studied. Condensate of Nar and Kagan gas field in the south of Iran as a very light hydrocarbon, Lavan
as light and Soroosh as heavy crude oil content have been chosen. In addition to fluid-structure

Accepted 23 August 2021 interaction, intermediate stiffeners, foam seal with nonlinear radial compression behavior and contact
friction between the seal and the inner side of the wall are also considered. Under the above conditions,
Keywords: modal and time history analysis have been performed. For time history analysis, Sarpol-e Zahab and
Hydroelasticiy Shonbeh earthquakes in Zagros seismotectonic province of Iran and Sakaria as an earthquake near Iran
Slosh were selected. Dominant natural frequencies, mode shapes of the roof parts and damping ratios of the
Foam Seal first and second natural frequencies in addition to overall and spectral behavior of the roof in each liquid
Fluid-Structure Interaction case were obtained and discussed. Changing condensate to Soroosh oil made about 17% hydroelastic
Earthquake natural frequency decrement and about 10% damping ratio decrease for the first natural frequency. The
results showed that dominant natural frequencies and the relevant damping ratios decrease with moving
from light to heavy liquid. The vibration of the roof fundamentally depends on the frequency content of
earthquakes to such natural frequencies. Also, a floating roof in heavier liquid is more vulnerable to
vibration according to the scaling method and steady-state amplitude.
doi: 10.5829/ije.2021.34.10a.13
NOMENCLATURE
€] Proportional damping matrix uj The steady-state amplitude of the i"" mode (m)
[F] Excitation coefficient matrix {W} Modal displacement of the roof
g Gravity (m/s?) Greek Symbols
i Natural frequency number o) Interpolation function
[M] Modal mass matrix c Damping ratio
(K] Modal stiffness matrix P Density (kg/m?)
[R] Excitation participation matrix o i" natural frequency
[3] Inertial coefficient matrix Subscripts
V] Stiffness coefficient matrix r Roof
Ug Tank base displacement excitation (m) add Added mass or stiffness

1. INTRODUCTION

rises and falls with the liquid level to help reduce
evaporation and prevent the buildup of dangerous gases.

A floating roof is one of the ways to prevent product
evaporation loss from storage tanks and to eliminate the
possibility of a flammable atmosphere. The floating roof

*Corresponding Author Institutional Email:
ahmadihs1354@gmail.com (H. Ahmadi)

There are two geometrical types of floating roof: Single
Deck Floating Roof (SDFR) and Double Deck Floating
Roof (DDFR). SDFR consists of a deck plate and an

Please cite this article as: H. Ahmadi, M. H. Kadivar, Seismic Analysis of Double Deck Floating Roofs of Siraf Storage Tanks with Condensate,
Light and Heavy Crude Oils, International Journal of Engineering, Transactions A: Basics, Vol. 34, No. 10, (2021) 2319-2331
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outer pontoon. DDFR is fundamentally made up of lower
deck, upper deck and stiffening structures between them.
Figure 1 shows the schematic configuration of a DDFR
storage tank. SDFR is normally used for relatively small
and DDFR for larger tank diameter [1]. Due to the wider
application of DDFR, this type has been considered for
analysis. However, general conclusions can be extended
to SDFRs.

Due to the extensive use of floating roofs throughout
the industry to store volatile and flammable products
such as crude oil or condensate, safety-related attention
must be considered seriously. The liquid surface of the
storage tank can undergo long period oscillations during
seismic excitation which is called the sloshing
phenomenon [2]. As sloshing is a liquid-surface
phenomenon, floating roofs are more exposed to such
oscillations. In addition, buoyancy consideration of the
roofs makes them more vulnerable to instability. Hence,
Floating roof oscillations due to slosh may result in
devastating consequences such as the sinking of the roof,
vast destructive fires and/or release of flammable or toxic
products from the tank. For example, during the 2003
Tokachi-oki earthquake in northern Japan, seven storage
tanks experiencing large amplitude slosh suffered severe
damages such as ring fires and sinking of floating roofs.
In one tank with a ring fire, the flame was confined to the
rim of the tank roof. The sinking of the roof in another
tank leads to open-top fire. Some other tanks also
suffered sinking of the floating roof, exposing the
kerosene to the atmosphere [3]. During the 1999 Izmit
earthquake in Kocaeli of Turkey, some tanks in Turpas
refinery have suffered excessive sloshing and their roof
rubbing with the walls and then created instantly sparks
igniting the liquid. The fire then spread to other crude oil
tanks damaging 30 to 45 tanks covered by a floating roof
[4]. Hence, seismic analysis of floating roofs is
important. The several attempts which were made toward
vibration mitigation of floating roof vibration and risk
assessment of petroleum storage tanks indicate the
importance of this field [5-8].

Numerous efforts were made to improve the
structural and analytical model of a floating roof in
seismic analysis. As an early attempt, Amabili [9] studied

Figure 1. Schematic configuration of a DDFR storage tank

(1]

vibrations of circular plates resting on a sloshing liquid
free surface. Golzar et al. [10, 11] idealized floating roofs
as an isotropic elastic plate with uniform stiffness and
thickness. Matsui [12] modeled SDFR as an elastic
curved beam connected to the pontoon. Salarieh et al.
[13] modeled deck plate as a flexural element rather than
a membrane. Yamauchi et al. [14] discussed the
nonlinearity of the SDFR deformation pattern. Sakai et
al. [15, 16] assumed some uniform circumferential web
plates at equal radial distances of the deck to model a
more actual floating roof. Yoshida et al. [17, 18]
introduced an axis-symmetric finite element model for
the roof to obtain natural periods and vibration modes of
the floating roof due to sloshing. Utsumi et al. [19]
investigated internal resonances in the vibration analysis
of the SDFR. Goudarzi [20] considered a contribution of
the second sloshing mode to the seismic behavior of the
SDFR. He considered some detailed geometry of the
floating roof including compartments and inside truss
works in the numerical model [21]. Meera and Reshmi
[22] investigated the dynamic stability of SDFR with and
without deck stiffeners. In the latter study, only modal
analysis was performed.

To prevent product loss and atmospheric
contamination, the gaps between the outer rim of the
floating roof and the tank are closed up by flexible seals.
There are scarce studies considering the outer rim seal in
seismic analysis. Hosseini et al. [23] modeled the seal by
introducing some radial pre-compressed only-
compression springs for calculating the seismic response
of the SDFR. Belostotsky et al. [24] addressed a non-
linear radially located two-node element for the seal.

In our work, in addition to intermediate stiffeners,
foam seal with nonlinear radial compression behavior
and friction between the seal and the inner side of the
wall are also considered.

Coupling of liquid slosh to the floating roof vibration
is established through Fluid-Structure Interaction (FSI)
[25]. Literature review about this phenomenon can help
to find out the fundamental effects of liquid on floating
roof vibration. In this regard, Sakai et al. [15] derived
analytical relations for obtaining added mass and added
stiffness matrix of liquid in the presence of a flexible
floating roof. Shabani and Golzar [26] and also Sivy et
al. [27] introduced the contribution of the fluid to the
excitation value in addition to considering the added
mass and added stiffness of the liquid. Shabani [28]
introduced a complete contribution of the fluid by adding
a damping matrix accounting for viscous liquid-wall
interaction and friction between roof and wall. In the
aforementioned works, each seismic analysis of floating
roof was limited to a specified liquid content, and the
vibration result cannot be demonstrated explicitly in
terms of liquid properties. On the other hand, there are
extensive types of petroleum products throughout oil
industries having different densities and viscosities. In
addition, ambient temperature variation can change these
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properties. In the present study, numerical methods based
on a finite element have been established for evaluating
the effect of liquid variation on floating roof vibration. In
this way, added mass, added stiffness and excitation
effects are involved in the analysis. Rayleigh damping
are also considered for structures and liquid. As a case
study, seismic analysis of a DDFR including condensate,
light and heavy Iranian crude oil has been performed. A
storage tank located in Siraf port of Iran is selected for
analysis, and is excited by significant earthquakes
occurred in and near the country. Statistical analysis of
Yazdani and Kowsari [29] predicted high probability
density of earthquake occurrence for Zagros
seismotectonic province. On the other hand, many of oil
storage tanks of crude oil are situated in this
seismotectonic province. Therefore, two earthquakes of
this province are selected for analysis as domestic ground
motion events.

2. FLOATING ROOF VIBRATION ANALYSIS

Assuming a simplified orthogonality condition, the
hydroelastic behavior of the system is defined as [28]:

(M, ] + [MaaaD{W} + [CH{W} + ([K,.] +
[KaaaDIW?} = —[R]il,

In Equation (1), the contribution of the liquid to
hydroelastic vibration of the roof is represented by added
mass, added stiffness, proportional damping and
excitation participation matrices. The uncoupled added
mass matrix can be defined by:

@)

[Maga]=p[S] )
the added stiffness matrix by:
[Kadg |=p9[V] ®)

and excitation participation matrix by:
[R]=rI[F] @)

Using Equation (1), the equation of motion for the it
mode can be written as:

.. . plF] ..
Wi (8) + 26w (1) + wfw(t) = — 1,14 p05] ity (t) 5

Equation (5) summarizes the contribution of liquid in
the form of natural frequency, light damping and
excitation.

Application of ug as a sinusoidal excitation and
following the procedure represented by Chopra [30], the
roof displacement at resonance varies with time as

plFlug 1
[M,]+plS] 26

w;(t) = (1 —e~$“nt) cos w, t (6)

The seismic vulnerability of the system can be
represented by steady-state vibration amplitude. The
steady-state amplitude can be achieved by harmonic

excitation of the base at natural frequency and
computation of the amplitude after enough simulation
time.

p[F] yg

RO "

Equations (6) and (7) show that the effect of damping on
the vibration response of the aforementioned system is
also substantial.

3. ANALYSIS OF DOUBLE DECK STORAGE TANK

A cylindrical storage tank with DDFR that is under
operation is considered for analysis. The General
configuration of the main structural parts of the tank as
illustrated in Figure 1. Modal and time history analysis
have been performed to obtain the seismic behavior of
the roof. In this regard, a finite element method using
ANSYS Parametric Design Language (APDL) was
employed, and a macro has been provided for
hydroelastic analysis of the tank [31]. Figure 2 outlines
the elemental model of the system. Cutaway views are
used to permit the demonstration of all the essential parts
in the figure.

The tank body and DDFR specifications are selected
according to the Siraf storage tank located in the south of
Iran. Specifications of the storage tank and shell are
summarized in Table 1.

For liquid content, condensate of Nar and Kangan gas
field in the south of Iran was selected as a very light
hydrocarbon. In addition, Lavan was considered as light
and Soroosh as heavy crude oil. Table 2 shows the
density and viscosity of the three liquid types [32]. 8-
node compressible fluid element has been selected for
liqguid analysis to calculate either the propagation
properties of the waves in the environment and also
Fluid-Structure Interaction (FSI). A pressure-based wave
equation was utilized for numerical analysis of the fluid.
In addition, for liquid-roof and liquid-shell interfaces,
displacements DOF were also activated to establish FSI.

Another approach is the displacement-based wave
equation. However, in this method, displacement
Degrees Of Freedom (DOF) within the fluid may lead to
zero pivots and divergence.

Floating roof dimensions are given in Table 3. Lower
and upper decks of the roof are stiffened by bulkheads,
trusses and rafters. In Figure 3, the overall configuration
of the stiffeners has been demonstrated. Details of trusses
and rafters are also shown in Figure 4. Bulkheads are
dividing walls between separate compartments. 4-node
shell elements with 6-DOF at each node were used for
the lower deck, upper deck, bulkheads, and also for the
shell body of the tank. Trusses have been modeled as 2-
node beams to cover both translational and rotational
DOF. 2-node beams were also used for rafter modeling.
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There are various types of seals to fill the gap between
the outer rim of the roof and shell such as pantograph,
foam and tube seals. In this regard, foam seal as in Figure
5 has been selected. Floating roof seals are similar to
gaskets as they fill the space between two mating
surfaces for fluid leakage prevention. Thus, an 8-node
gasket element with 3-DOF at each node has been chosen
for seal modeling. The element is capable of both
through-thickness and transverse shear deformation.
Figure 6 shows a magnified picture in which the situation
of the seal concerning the shell and stiffeners is depicted.
Also, the nonlinear relation between radial stress and
strain of the seal is shown in Figure 7. The governing
stress-strain relationship has been estimated considering
the reasonable stiffness of the foams provided by
manufacturers [33]. This relation was entered into the
macro via data tables. In ANSYS APDL, tabular data of
material properties are activated using the TB command
[31]. Elastic contributions of the seal accessories like seal
envelopes are also considered in the stress-strain curve.
In addition, an estimated value for the elastic behavior of
the weather shield depicted in Figure 5 has been added to
the peripheral constraint. The latter is sometimes referred
to as a secondary seal with respect to the primary seal.

TABLE 1. Storage tank general and shell specifications

Parameter Value
Tank height 14m
Tank diameter 60 m
Rated wall thickness 0.02 m
Liquid height considering sufficient freeboard 12m
Metal density 7850 kg/m3
Metal Young’s modulus (Low carbon steel) 2e11 N/m2
Metal Poisson’s ratio 0.3
Metal damping ratio 0.03

TABLE 2. Specifications of three liquid content cases

Liquid type Density (kg/m®)  Viscosity (107 Pa.s)
Natural gas condensate 648 0.89
Lavan (Light crude oil) 848 6.16
iic:;oosh (Heavy crude 941 698.64

TABLE 3. Floating roof dimension

Parameter Value (m)
Height 0.672
Upper deck thickness 0.00477
Lower deck thickness 0.00637
Height in contact with seal 0.40
Gap between roof rim and shell 0.20

Figure 2. Cutaway views of the overall model (blue: liquid,
brown: upper deck, red: roof stiffeners, green: seal, grey:
shell)
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Figure 3. Eelemental configuration of the intermediate
stiffeners of the roof (red: trusses, blue: rafters, brown:
bulkheads)

Figure 4. Detail of trusses and rafters of the roof
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Figure 5. A typical foam seal
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Figure 6. Magnified picture of shell(grey), seal(green),
bulkheads(brown), rafters(red) and trusses(blue)

= 40
o * Initial compression
‘3' 20 (0.43,17.9)
v
& /
0
-0.1 0.1 0.3 0.5 0.7

Strain (mm/mm)

Figure 7. Stress-strain diagram of foam seal with Initial
Stress and Strain

The roof seal is installed by an initial compression.
The initial compressive stress of 17.9KPa has been
considered for sealing. Having the stress value, the initial
compressive strains can be obtained from Figure 7 as

g9 =0.43mm/mm. (8)

The outer rim of the floating roof is in contact with
the inner side of the shell. Thus, the boundary conditions
of the roof are different from almost most studies
performed in the literature. Seals are fixed to the outer
rim of the floating roof to have vertical movement with it
during liquid level variation. However, the seal and shell
movements are different. Thus, friction forces between
the seal cover and shell are considered in this work.
Contact force transmission will be established only in the
case of closed contact [31]. Several approaches are
available for defining contact interaction between the
inner side of the shell and seal. In this study, node-to-
node contact elements have been chosen. The
distribution of contact elements between the seal and
shell has been shown in Figure 8. This type of element
represents contact and sliding between any two nodes of
the shell and seal. The element has two nodes with three
translational DOF at each node. It is capable of
supporting compression in the normal direction of
contact and Coulomb friction in the tangential direction.
Weak springs with 1e-6N/m stiffness have been taken
into account to prevent open contact and to aid in

e T,
e e,

Figure 8. Distribution of contact elements around the seal

convergence, but sliding is permitted throughout the
analysis. Solution of contact force and displacement is
performed by contact algorithm. Several contact
algorithms are available for the solution of contact
problems such as Lagrange multiplier and penalty
method. By the penalty method, tangential stiffness can
be obtained by multiplication of friction coefficient and
radial stiffness, which is suitable for the current study.
Therefore, the penalty method has been selected.

For damping consideration, light damping has been
adopted for the overall system. For structural parts, the
metal damping ratio as in Table 1 was used. For liquid,
viscous dissipation of the surface waves according to
Table 2 was considered as the primary source of liquid
damping. Damping of the seal was estimated according
to the usual hysteresis loops present in polyurethane (PU)
foams [34]. The equivalent damping ratio due to contact
friction was approximately calculated based on friction
coefficient between nylon and steel (0.6), average radial
stress (from Figure 7), contact area and average critical
damping (computed from the result of modal analysis).
For the equivalent damping ratio calculation method
readers can refer to [35].

The tanks are assumed to be anchored to the rigid
ground such that no sliding or uplift may occur.
Therefore, all base nodes located on the floor are fully
restrained in all directions. As a result of this perfect
anchorage assumption, the tank floor may not be
included in the FE modeling of such containers. Since
only an anchored tank is considered in this study, the tank
floor is not modeled in FE simulation [36].

Gravity acceleration (g) has been applied to the liquid
as body acceleration. Initial hydrostatic stability was
established by ignoring the gravity acceleration of the
roof. Hence, pressure results on the roof-liquid interface
will be dynamic pressure, i.e. pressure due to the roof
oscillation in the fluid.

FSI was applied for both shell-liquid and roof-liquid
interfaces by the selection of liquid and structure nodes
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and elements at the interface. Then, the surface load at
the selected nodes was labeled as FSI. Common nodes
have been used for fluid and structure elements at the
shell. However, for the roof lower deck and liquid
surface, different nodes have been used but with the same
vertical and radial position.

Modal and time history analysis have been performed
considering the aforementioned models. Modal analysis
was implemented by a solution to the eigenvalue
problem. For time history solution with the FSI problem,
simultaneous or partitioned coupling can be employed. In
simultaneous strategy, the whole system is treated as a
monolithic entity, and the components are advanced
simultaneously in time. In partitioned treatment, the field
models are treated computationally as isolated systems
that are separately stepped in time. In this study, the
simultaneous coupling method has been used for time
history analysis [37]. For full transient Analysis, an
optimized strategy has been taken considering time
intervals, element sizes, the total number of elements and
elements with contact algorithm. In this way, 0.03s time
steps have been taken into account regarding 95071
elements and also so many node-to-node contact
elements generated.

The linear solution assumes small deflection so that
the resulting stiffness and mass distribution changes can
be considered insignificant. In contrast, when a structure
experiences large deflections, forces will change
direction, and the elements will undergo large rotations
and displacements. This effect is known as geometric
nonlinearity which may substantially change the final
results of a numerical analysis [21]. For such nonlinear
analysis, Newmark’s integration scheme solution was
conducted in association with Newton-Raphson iterative
algorithm [38]. After each time step, mass and stiffness
matrices were updated to consider the geometric
nonlinearity of the system.

4.RESULTS

Modal analysis was initially performed to obtain
dominant frequencies. As stated before, FSI between
fluid-Wall and Fluid-Roof has been considered. In Figure
2, the elemental configuration of the tank, liquid and roof
was outlined. A total of 95071 elements have been
generated in the system.

4. 1. Natural Frequencies The first dominant
natural frequencies of the tank for different oil contents,
i.e., Iranian condensate, Lavan and Soroosh crude oil are
calculated and are shown in Table 4. The first two
dominant natural frequencies are indexed as fnl and fn2
for simplicity.

As it can be seen, the two fundamental natural
frequencies for heavy crude oil i.e. Soroosh oil are about
17% less than for Iranian condensate, while this value for
Lavan crude oil is about 5% less than for condensate.

4. 2. Mode Shapes The mode shape of the upper
deck for the first two modes is shown in Figures 9 and
11. In addition, a sector of the deck has been selected and
in this sector, the behavior of the upper, lower and
intermediate structures including rafters, bulkheads and
trusses are demonstrated (Figures 10 and 12).

As was shown in Figures 10 and 12, each element of
the intermediate structure has its mode of vibration that
affects and makes the final mode shape of the deck. Due
to the continuity of the deck, in general, upper, lower and
intermediate structures follow the same shape pattern.
The bottom surface of the lower deck is in contact with
the oil and its upper surface is connected to stiffeners. In
addition, the lower deck is about 33% thicker than the
upper deck. Hence, its amplitude is 2%~3% less than the
upper deck. Maximum vibration will occur due to fnl
which is the most dominant natural frequency. Hereafter,
the maximum absolute value of mode shapes will be
referred to as the high spot that is the peak area of the
upper deck as depicted in Figures 9 to 12.

As the main dynamic effect on the floating roof is due
to the fluid sloshing, only vertical deformations (Y global
direction) are shown. Inspection of the roof horizontal
movements concerning the wall inside indicates
relatively less value due to the nature of surface vertical
waves.

As was expected, the modal shapes of the roof in all
the three liquid contents, i.e. condensate, Lavan and
Soroosh crude oils are almost the same as it is shown in
Figures 10 and 12.

Detail of bulkheads, trusses and rafters for fnl mode
shape in and around high spot is depicted in Figure 13.
This figure shows that rafters are more vulnerable to
vibration than other stiffeners. This fact notifies the
revision of the design regarding this structure.

As modal analysis is performed in the absence of
excitation, and excitation is affected by liquid, the modal

TABLE 4. Natural frequencies of three liquid content cases
Liquid type

fnl frequency (Hz)  fn2 frequency (Hz)

condensate 0.1813 0.7100
Lavan 0.1581 0.6236
Soroosh 0.1504 0.5920

Selected sector

Figure 9. fn1 mode shape of the upper deck
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Upper deck

Intermediate \
stiffeners
A

Lower deck

Figure 10. fnl mode shape of the sector selected in Figure
8 including a lower deck, Intermediate structures and upper
deck

Selected sector

"% Intermediate )l ,
. stiffeners s
e W '\m

Figure 12. fn2 mode shape of the sector selected in Figure
10 including a lower deck, intermediate structures and upper
deck

approach cannot represent the complete effects of the
liquid on the vibration behavior of the roof according to
Equation (1). Furthermore, vibration amplitude cannot be

fe===- Y

Figure 13. Mode shape detail of bulkheads, trusses and
rafters for fnl

obtained by a modal approach. On the other hand, the
vibration amplitude of the roof during an earthquake is
the main concern in seismic analysis. One of the methods
for amplitude evaluation of the vibrating systems is
response spectrum modal analysis. This method was used
so far for some structures [39] and open storage tanks
[27]. However, this approach is based on linear theory,
and accurate results cannot be achieved in this analysis.
Hence, a more extensive effect of liquid properties
variation on seismic behavior of the roof will be
investigated in the next sections by performing time
history analysis.

4. 3. Time History Analysis Time history analysis
of the system has been performed during base
acceleration excitation. The system specifications are as
stated before and FSI is adopted as in the modal analysis.
Nonlinear stress/strain relation of the seal and frictional
contact were also used.

The base of the storage tank was excited horizontally
by the 1999 Izmit earthquake in Sakaria of Turkey taken
from SiesmoSignal software accelerograms [40], the
2017 Sarpol-e Zahab earthquake in the east of Iran [41]
and the 2013 Shonbeh earthquake in the south of Iran
[41]. The first two earthquakes have dominant amplitude
at lower frequencies around fnl. Therefore, it has been
employed for fnl vibration evaluation. The two
earthquakes have different properties at fnl as will be
shown in Figures 19 and 22. Excitation of Sarpol-e Zahab
at fnl increases from light to heavy oil. Sakaria acts in
the reverse order; it decreases from light to heavy oil at
fnl. More detail of the figures will be described in
advance. The motivation of the choice is to see how much
difference can affect DDFR response at fnl. Regarding
the aforementioned characteristic, earthquakes such as El
Centro which have critical point near fnl in amplitude vs
frequency function are not suitable for this purpose.

Shonbeh earthquake has dominant vibration at higher
frequencies. Hence, it was used for fn2 excitation.
However, some frequency modulations were applied to
the strong portion of it to be more effective on fn2.

All the prescribed vibration modes were observed in
the time history analysis. ElI Centro earthquake was
employed as a rich frequency content earthquake for
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producing a combination of several modes together. For
instance, Figure 14a shows the simultaneous appearance
of fnl and fn2 modes of the upper deck for Soroosh oil
content at t=8.67s excited by this earthquake. In Figure
14b, a mode shape obtained by Meera and Reshmi [22]
for a DDFR with a fixed boundary has been illustrated.
Comparison of the periphery displacement of the two
mode shapes verifies the involvement of friction around
the roof periphery in the present work.

In Figure 15, the vibration pattern of different parts of
the tank due to the Sakaria earthquake was shown in
cutaway views. In addition, dynamic pressure on the
liquid surface at the same time was demonstrated in
Figure 16. As can be observed, the pressure profile on the
contact area satisfies the displacement profile of the roof,
i.e. maximum liquid dynamic pressure on the roof
coincides with maximum displacement, and minimum
pressure coincides with minimum displacement. This
phenomenon verifies FSI existence at the roof-oil
interface. In each figure, maximum and minimum spots
are denoted by ‘MX’ and “MN’ respectively.

Vibration amplitude has been investigated in time and
frequency domains. In this way, the high spot vibration
of the upper deck has been selected for time wave
demonstration. This spot was indicated in Figure 9 as
MN in red color.

Friction-affected
boundary

Fixed boundary

(b)
Figure 14. (a) Vibration pattern of the upper deck at t=8.67s
for Soroosh crude oil content due to El Centro earthquake,
(b) mode shape obtained by Meera and Reshmi [22]

Figure 15. Vertical vibration pattern of the different parts of
the tank in cutaway views due to Sakaria earthquake at
t=7.29s

Figure 16. Pressure pattern of the oil surface due to Sakaria
earthquake at t=7.29s (Minimum pressure is indicated by
MN and maximum by MX)

In Figure 17, the time history of the Sarpol-e Zahab
earthquakes has been demonstrated. In the current study,
Peak Ground Acceleration (PGA) has been taken 0.3g as
can be observed in the excitation time waves. Figure 18
gives vibration amplitudes of the roof for the three liquid
content cases in the time domain due to this ground
excitation. The earthquake duration was the 30s.
However, time history analysis was extended up to the
40s to have forced and some free vibration. As it can be
seen, DDFR vibration's amplitude increases from
condensate to Soroosh crude oil during the Sarpol-e
Zahab earthquake. Also, as is expected, the heavier oil’s
amplitudes occur later than lighter oil due to its long
period of time.

Figure 19 shows the Power Spectrum (PS) of the
Sarpol-e Zahab earthquake and the roof's highest spot
vibration due to this earthquake. As shown in the figure,
dominant PS frequencies deviate a little from natural
frequencies (solid circles) towards higher excitation. This
phenomenon implies the influence of forcing frequency
on PS in addition to the natural frequency.

In Figure 19, excitation has been increased from
condensate to Soroosh oil for fn1. This manner causes the
roof Root Mean Square (RMS) of vibration to increase
from condensate to Soroosh crude oil.

The same method was used for fn2 vibration
amplitude analysis. In this regard, the Shonbeh
earthquake was found to have high-frequency contents,
and therefore it was used for producing fn2 mode.
However, frequency characteristics of the earthquake
have been modified in each liquid case to have sufficient
excitation values at fn2. In this excitation case, excitation
amplitude and PS, and the resulting vibration magnitude
and PS at fn2 have been increased from condensate to
Soroosh crude oil.

In Figure 18 and also Shonbeh earthquake, vibration
magnitude has been represented as a function of time.
However, the liquid cases must be compared irrespective
of time. Time parameters can be canceled out by
extending simulation duration to infinity. For this
purpose, the Sakaria earthquake was employed. The time
history of this earthquake was shown in Figure 20. Figure
21 shows time domain vibration of the roof's highest spot
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due to the Sakaria earthquake for more than 40s.
Excitation was the 20s. However, an investigation was
extended to the 120s as relative infinite time. Figure 22
gives PS relating to infinite time waves. In this figure,
excitation and vibration amplitude RMS at fn1 have been
decreased from condensate to Soroosh.

As it was seen, excitation at the natural frequency
plays the main role in the amplitude decrement or
increment. Roof vibration increases with excitation rise
and vice versa. Hence, evaluation has been performed so
far according to the frequency content of the excitation.

To have excitation-independent in addition to time-
independent evaluation, the excitation curve in Figure 22
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Figure 17. Time history of Sarpol-e Zahab earthquake
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Figure 18. Time domain vibration of the roof highest spot
for three liquid cases excited by Sarpol-e Zahab earthquake
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Figure 19. Vibration PS of Sarpol-e Zahab earthquake and
the relevant roof highest spot for three liquid cases
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Figure 21. Time domain vibration of the roof highest spot
for three liquid cases excited by Sakaria earthquake
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Figure 22. Vibration PS of Sakaria earthquake and the
relevant roof highest spot for three liquid cases

was scaled up so that it passes through the maximum PS
of the condensate case. As can be seen, the positions of
PS peaks for Lavan and Soroosh are slightly higher than
the scaled excitation curve. This circumstance shows that
a floating roof is more vulnerable to vibration in heavier
liquids i.e. Lavan and Soroosh.

In another point of view, in the time wave
demonstrations, sharp edges of the vibration curves
imply high-frequency existence. Therefore, Figures 18
and 21 indicate that high-frequency vibrations generally
decay faster than low-frequency ones due to more
damping as can be expected. However, the time of
disappearance also depends on the excitation initiation
time. Hence, high-frequency components may have low
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or high contributions to the maximum vibration peak. For
Sarpol-e Zahab earthquake as shown in Figure 18,
maximum absolute displacement has been taken place
after higher frequencies disappeared. On the other hand,
in vibration due to the Sakaria earthquake, a trace of the
second mode (fn2) exists in addition to the first mode
(fn1). The influence of fn2 on the maximum peak can be
recognized by comparing the high spot position of Figure
15 with Figure 9 corresponding to fnl mode shape and
Figure 1lcorresponding to fn2 mode shape. As can be
seen, the high spot has moved slightly to the inside of the
deck. After maximum peak elapses, fn2 will vanish
earlier than fnl so that the final cycles are approximately
coincident with the fnl time wave. This characteristic
will be employed for the computation of the fnl
equivalent damping ratio.

The equivalent damping ratio is another factor that
affects vibration response. In Figures 18 and 21,
vibration decays more slowly in the last periods of free
vibration expressing logarithmic decrement. Also, it was
observed that natural periods obtained in the last periods
of free vibrations conform to the natural periods
determined by modal analysis. Hence, natural periods are
approximately constant during simulation. Therefore,
logarithmic decrement can be used for damping ratio
determination during free vibration. Free vibration
behavior after the Sakaria earthquake was employed for
fnl damping ratio computation. In this regard, the
envelope curves and the relevant exponential
relationships for the computation of fnl equivalent
damping ratios can be observed in Figure 21. For each
liquid case, the exponent of the envelope curves in the
free vibration part is ‘—cw1¢’. Hence damping ratio can be
computed for each case. The same method was employed
for the calculation of the fn2 equivalent damping ratio.
As stated before, the Shonbeh earthquake was used for
producing vibration with fn2 dominant amplitude.
Equivalent damping ratios of fnl and fn2 obtained by this
method have been summarized in Table 5. Tables 4 and
5 indicate that natural frequency values and damping
ratios have been decreased from light to heavy liquid
content. Damping decrement due to liquid variation is
small for fnl. For instance, liquid change from
condensate to Soroosh leads to a 10% decrement of
damping ratio, while this value is 4% for Lavan to
Soroosh. However, for fn2, natural frequencies and
damping ratios are both affected substantially by liquid
change. Hence, the system with heavier liquid has a
smaller damping ratio. This phenomenon is because the
heavier liquid has more participation in the roof
vibration. As liquid has lower damping than that of
structures, this phenomenon causes the damping ratio of
the whole system to be decreased.

Stress evaluation of the floating roof has been
performed by checking the stress of the upper and lower
deck at the time of maximum displacement. This
circumstance arose at 7.29s due to the Sakaria earthquake

TABLE 5. Equivalent damping ratios (c) of the first and second
natural frequencies for three liquid cases

Liquid type ¢ for fnl ¢ for fn2
condensate 0.0483 0.0646
Lavan 0.0453 0.0569
Soroosh 0.0434 0.0538

in the condensate case as can be observed in Figure 23.
The upper deck undergoes more stress. Hence, the stress
distribution of the upper deck in the earthquake direction
was selected for demonstration and was shown in Figure
23. As can be seen, stress values are in the elastic limit of
the roof material which is low carbon steel.

Von Mises stress of the upper and lower deck was
also checked which exhibits safety of the structure
according to maximum distortion energy criteria.

In this analysis, earthquakes were scaled to the peak
ground acceleration of 0.3g to obtain convergent
numerical conditions as possible. This scaling maintains
main structural deformations in almost linear behavior.
However, in hazardous conditions, excitation may
exceed this value, and nonlinear behavior of the structure
material is needed to be defined through data tables as
described for foam seal material. On the other hand, large
permanent deformations of the roof especially in the
periphery may cause liquid splash or spill out which is a
potential for roof instability or sinking. However, this
process cannot be simulated by hydroelastic analysis
which has been presented so far. Therefore, a low value
of scaling is preferred.

——
-_Z31E+09 -.129E+09 -_270E+08
-_1B0E+09 -_T79E+08 _Z40E+08
I—
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Figure 23. Stress distribution of the upper deck in the
excitation direction at 7.29s during the Sakaria earthquake
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The scaling method used in Figure 22 assumes a
linear relationship between excitation and vibration
amplitude. To add nonlinearity, the steady-state method
has been proposed as an alternative. The basic concept of
this procedure has been introduced in Equation (7). In
this approach, the steady-state response of the roof in
light and heavy crude oils is compared by applying equal
harmonic amplitudes at their natural frequencies.
Following this procedure, harmonic displacements at the
first natural frequencies with equal amplitude were
applied to the condensate tank as light and Soroosh as a
heavy crude oil system as:

(m) for condensate
(m) for Soroosh

©)

_ [0.15sin(1.1391t)
9] 0.15sin(0.9450t)

Vibration responses were compared as shown in
Figure 24. Simulation time was extended to steady-state
condition to have time-independent evaluation. Refer to
Equation (6) for more clarity. According to steady-state
amplitude, a floating roof in heavy crude oil is more
vulnerable to vibration than in lighter oil. It can be seen
from Figure 24 that the heavier oil’s steady-state
amplitude occurs later than lighter oil due to its long
period. These two phenomena conform to the results
achieved in the previous analysis.

Figure 24 also shows that baseline of the oscillation
is slightly lower than zero due to buoyancy problems.

5. VALIDATION OF NUMERICAL MODEL

The differences between the current numerical model
with those available in the literature prevent us from
achieving comparable models; Contact friction between
seal and wall and the proposed complicated stiffeners
haven’t been presented so far. Also, the exact time wave
and frequency characteristics of the excitation sources
used in the literature are not accessible. Therefore,
simplification of the proposed model is inevitable
invalidation. In this regard, natural frequencies in the
condition of the unroofed rigid tank were computed using
the analytical technique recommended in European
standard Eurocode 8 [42]. The considered tank was
assumed to have fixed conditions at the base as in the
present work. Characteristics of the model were then
developed toward the current model in steps to
investigate the result deviation. In the second step, the
side shell was revised from rigid to flexible. This
modification led to considerable change in a result that
verifies FSI existence between shell and liquid.
Afterward, a floating roof and seal were added to the
model but without slipping permission for the roof along
with the tank height. In this step, FSI between roof and
liquid can be recognized from natural frequency change.
Also, it can be verified further by investigation of Figures
15 and 16 as stated before. Finally, the model was

completed by introducing a frictional slip between seal
and shell. The contribution of slippage to the roof
vibration has been verified in Figure 25. In this figure,
the vibration time waveform of the same node at the roof
periphery due to the Sakaria earthquake was compared
for the two cases of no-slip and frictional slip. As can be
seen, the maximum amplitude has been increased in
frictional slipping cases. In addition, in Figures 14a and
14b, the frictional slipping boundary was compared with
the fixed boundary. However, dominant natural
frequencies have not been changed considerably by
frictional slip addition in the actual range of friction
coefficients. The result of the aforementioned gradual
development of the model has been summarized in Table
6. The table also shows the substantial effect of the roof
on fn2 frequency. Therefore, fn2 frequency is more
structure-dependent than fn1.

So far, verification has been performed assuming zero
dampings for the system. For further verification, the
damping ratios provided in Table 5 were compared with
Eurocode 8 recommendations that show acceptable
agreement [42].

= Condensate vibration

Condensate steady state amplitude
= == Soroosh vibration

-=-==5oroosh steady state amplitude
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Figure 24. Vibration increment and steady-state amplitude
of the roof for condensate and Soroosh crude oil in response
to equal harmonic excitations
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Figure 25. Maximum roof periphery vibration in no-slip and
frictional slip cases of the seal-shell contact area
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TABLE 6. The first and second natural frequencies for
condensate liquid case with the gradual development of the
model

Model type fnl fn2
Eurocode 8 for unroofed rigid tank 0.0978  0.2072
Current numerical model for unroofed rigid 00983 02081
tank

Curl_’ent numerical model for unroofed 01345 02243
flexible tank

Current numerical model for a roofed 01813 07100

flexible tank with seal and contact friction

6. CONCLUSION

The behavior of Siraf double deck floating roof, in the
south of I.R.lran, with foam seal and fluid-structure
interaction were studied for condensate, light and heavy
crude oils. It was seen that the upper, lower and
intermediate structures have the same dominant mode
shapes and it is important to keep this integrity in the
design phase. The mode shape was almost independent
of the oil's type. The natural frequency and damping ratio
decrease as the oil becomes heavier. The first
hydroelastic natural frequency of the roof in Soroosh oil,
heavy oil, is about 17% less than for Iranian condensate,
light oil while damping ratio decrease is about 10%.

The vibration of the roof mainly depends on the
frequency content of the earthquake to the roof's
hydroelastic natural frequencies. For Sarpol-e Zahab and
Shonbeh earthquakes, the heavier oil had dominant
amplitude while for the Sakari earthquake the lighter oil
had dominant amplitude.

Floating roof in heavy crude oil is more vulnerable to
vibration than in light oil according to scaling method
and steady-state amplitude.
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ABSTRACT

There are a lot of major parameters in the mechanothermal approach such as milling time, ball-to-powder
weight ratio (BPR), and cup speed which play a key role in the quality and quantity of the carbon
nanotubes (CNTS). In this study, these essential factors in the mechanothermal method were optimized
to maximize the efficiency of the process, and also the growth mechanism of CNTs was investigated.
For these purposes, the milling of graphite was performed in a high alloy steel vial (Standard No. 1.2550
key-to-steel) for 330 h at the vial speed of 300 rpm in a planetary ball mill. The morphology and crystal
structures of the graphite powder during the mechanical activation were studied by x-ray diffraction
(XRD), Zeta-Sizer, and scanning electron microscope/energy-dispersive x-ray spectroscopy
(SEM/EDX). After the heat treatment of amorphous carbon at 1400 °C, the CNTs were synthesized and
their quality and quantity were analyzed by transmission electron microscopy (TEM), atomic force
microscopy (AFM), XRD, Raman spectroscopy, and differential thermal analysis/thermogravimetric
analysis (DTA/TGA). A special type of tip-growth mechanism based on the motion of the catalyst
particles was proposed regarding the TEM images. According to this mechanism, the diameter, length,
and shape of the CNT are completely dependent on a random motion of the catalyst particle at the tip of
the nanotube. As a consequence, the growth mechanism in the mechanothermal process does not follow
a certain pattern and this is the main reason for the spring-like and curved shape of the nanotubes.
Furthermore, results of the differential thermal analysis revealed that the yield of fabricated multi-walled
carbon nanotubes (MWCNTS) is more than 97% of the precursor.

doi: 10.5829/ije.2021.34.10a.14

1. INTRODUCTION

shape of MWCNTSs with several millimeters in length [8,
9]. In the mechanothermal technique, graphite powder is

The main methods for the production of carbon
nanotubes are arc discharge [1], laser ablation [2],
chemical vapor deposition (CVD) [3], electrolysis [4],
and mechanothermal [5]. In the CVD and flame
approaches, a high weight percentage of metal impurities
is usually produced which required complex purification
steps. Laser ablation, electrolysis, and arc discharge are
suitable methods for the synthesis of high-quality CNTSs,
although they are not suitable for mass production and
they need special equipment.

Mechanothermal is a simple and economic method
for the large-scale generating of carbon nanotubes
without producing a lot of metal impurities [6, 7]. Most
of the generated CNTSs in this way are bamboo and spring

*Corresponding Author Institutional Email: oveis@eng.uk.ac.ir (S. O.
Mirabootalebi)

milled and changed to amorphous carbon, and then in the
annealing step, the carbon nanotubes are formed [10].
Indeed, the ball-milling and heat-treatment act as the
nucleation and growth step, respectively [11]. The first
mechanothermal method for synthesizing CNT was
reported in 1999 by Chen et al. [12]. Then, Manafi et al.
[9, 13] performed precise analyses to show the high
capacity of this procedure for the fabrication of high-
quality CNTs. Next, Guler et al. [14] generated carbon
nanotubes in the shortest possible time and they
developed the method.

Major parameters in the ball milling such as the time
of milling by making the suitable precursor play an
important role in the mechanothermal process for the

Please cite this article as: S. 0. Mirabootalebi, G. H. Akbari, R. M. Babaheydari, Mass Production and Growth Mechanism of Carbon Nanotubes
in Optimized Mechanothermal Method, International Journal of Engineering, Transactions A: Basics Vol. 34, No. 10, (2021), 2332-2340
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production of carbon nanotube [15]. On the one hand,
structural defects and metal particles, which enter the
powder during the milling, act as the catalysts for the
formation of carbon nanotubes. Consequently, milling in
an agate vial has a much lower efficiency for the
production of CNTSs than steel vial [16]. So, an increase
in the volume of metal catalysts is equal to an increase in
the yield of the process. On the other hand, the
purification of the CNTSs, in this case, becomes more
difficult. In addition, high vial speed and milling time can
lead to producing crumples of graphite sheets that are
very stable and rarely converted to the tubular structure
of CNT after the annealing step. Moreover, the
temperature of the heat treatment is the other effective
variable that should be in a certain range (1000-1800°C)
at the annealing step [10, 16]. This temperature is about
half of the melting temperature of pure graphite, which
leads to the formation of a tubular hollow structure of
carbon .

In this research, all the mentioned effective factors
from previous researches were adjusted to promote the
efficiency of the process. First, the milling time, which is
usually about 180 hours in the mechanothermal methods,
was increased to 330 hours. As mentioned earlier, the
metallic compounds of the vial that enter the powder
during mechanical alloying are high potential regions for
nucleation and growth of CNTs. Hence, a long milling
time (330 h) and a high-alloy steel cup (Standard No
1.2550 key-to-steel) are selected for the mechanical
activation step in this work. Most of the previous studies
had utilized only one size of the balls [7, 15, 17], but
using different dimensions of balls leads to a more
random movement of balls and also more energy is
transferred to the particles. Plus, the thickness of the
powders layer on the surface of the balls and
heterogeneity of the powders will be minimized [18]. So,
we employed various sizes of balls to optimize the
grinding process. As well as, what is not yet clear is the
growth mechanism of CNTs in the mechanothermal
method. In this paper, we also argue about the growth
conditions of the nanotubes during the process.

Accordingly, the main purpose of the present work
are the large-scale production of high-quality CNTs by
applying the optimized factors and studying the growth
mechanism of the carbon nanotubes.

2. MATERIALS AND METHODS

High purity graphite powder (15 um size of flakes) was
chosen as the precursor. The ball milling was carried out
in a high-alloy steel vial (Standard No 1.2550 key-to-
steel) at atmospheric pressure with 5 and 32 steel balls of
15 and 10 mm, respectively. The milling time was 330 h
and BPR was kept at 20:1. The milling procedure was
induced in a high-energy planetary ball mill under Argon
at the cup speed of 300 rpm. In the next step, the ball-

milled powders were placed in a furnace tube at 1400 °C
for three hours in Argon to generate the CNTSs. Finally,
the obtained samples were placed in the furnace under the
air atmosphere at the temperature of 330 °C for 132 min.

The structures of samples were studied by an X-ray
diffractometer (Philips X'Pert, Cu-Ka, A=0.1542 nm).
Rietveld/MAUD refinement was used to measure the
crystallite characteristics of the samples. The size
distribution of the ball-milled graphite was measured by
a zeta-seizer (ZEN3600). The morphologies of milled
graphite particles were characterized by a scanning
electron microscope (Cam Scan mv2300). The structure
and size of the CNTs were analyzed by atomic force
microscope (Autoprobe Cp, contact mode, 1 Hz rate of
scan) and transmission electron microscope (LEO912-
AB operated at 100 kV). The Raman spectroscopy
(Takram P50COR10, at 532 nm of laser wavelength) for
analyzing the carbon nanotubes was carried out and
DTA/TGA analyses (PC Luxx-NETZSCH) was taken in
the air atmosphere to examine the mass loss profile and
the thermal properties of the products.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of graphite particles
during the ball milling process. There is a sharp and a
broad peak at 26°-27° and 43°-46°, respectively. These
peaks are disappeared completely after the mechanical
activation. The stable hexagonal phase is transformed
gradually to the disordered and metastable amorphous
phase and a noticeable reduction in crystallite size has
occurred.

By increasing the activating times, both of the main
peaks become broader because of the growing surface
area of graphite particles, increasing and developing
dislocations, creating sub-grain boundaries, and forming
smaller grains. If the graphite grain size is reduced to
about 3 nm, the crystal structure of graphite will transfer
to the amorphous phase and this is related to the
destruction of the graphite crystalline structure [12].
Based on the XRD profiles in Figure 1, the percentage of
the produced amorphous phase, crystallite size, d002, the
micro-strains were estimated by MAUD/Rietveld
refinement, and then, these crystallographic data were
put in Table 1.

The stable hexagonal close-packed (hcp) structure of
carbon was still the dominant phase within the first 50 h
of activation time. After 100 h of the ball-milling, the rate
of destruction of the crystalline structure significantly
decreased. Previous studies [13, 19] pointed out that no
changes in the XRD pattern and the crystallite size have
been observed after 170-1000 h of activation time. This
is due to the creation of a balance between dislocation
motion and recovery and recrystallization; thus cross slip
does not cause the decrease in the grain size [18].
Actually, graphite sheets bent and converted to new
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Figure 1. XRD patterns of graphite particles at different
milling times

TABLE 1. The crystallographic data of graphite particles at
different activation times

Milling  Amorphous  Crystallite doo2 Micro
Time (h)  Phase (%) Size (nm) (nm) Strain (ue)
0 0 390 0.332 0.00613
10 19 210.3 0.341 0.012
50 22 96 0.337 0.0175
100 69 58 0.337 0.0219
180 72 50.92 0.3376 0.0223
250 91 13 0.339 0.02507
330 93 13 0.339 0.02507

carbon-based nanostructures instead of a reduction in the
crystallite size, owing to the high tenacity and flexibility
of graphene plates and very strong ¢ bonds. These
structures including carbon micro-tubes and carbon
nanotubes [20, 21], ribbon nanostructures [22], and
spherical and crustal structures of graphite [21].
Crumpled graphene sheets, hardly converted to
nanotubes in the heat treatment stage due to high
thermodynamic stability, toughness, and flexibility of the
layers.

A key aspect of mechanical activation is the
production of the amorphous phase as the precursor
instead of these crumpled morphologies that are created
at high milling speeds. In this study, instead of applying
a high rotational speed, the normal speed (300 rpm) with
high milling time was chosen to increase the percentage
of the produced amorphous phase. As a result, we
achieved to smallest crystallite size compared to similar
works [6, 7, 23]. By increasing the milling time which
leads to a long time of the process in the laboratory scale.
This time can be reduced and the amount of initial
graphite injected into the ball mill can be increased in

order to achieve greater profitability by using industrial
mills.

Generally, oxygen is slowing down the destructive
process due to creating the saturated compounds with Ha,
COy, and Oy, [24, 25]. In other words, Argon accelerates
the reduction of the carbon grain size than Hydrogen and
Oxygen under the same condition owing to its neutral
nature [20].

The size distribution of the activated graphite for 330
h in a zeta-sizer analysis is depicted in Figure 2. The
particle size distribution is in the range of 90-170 nm and
the average particle is about 122 nm. The long-time of
ball-milling transfers a high amount of energy to graphite
particles which activation in all regions leads to the very
fine and a none-wide distribution of the particles. This
size distribution can facilitate the formation of the CNTs
at the annealing step, since the uniform and very small
particles by increasing the concentration gradient, have a
positive impact on the formation of nanotubes.

Figure 3 illustrates the images of the scanning
electron microscope of the initial graphite and the ball-
milled graphite. The appearance of the spherical and the
smaller graphite particles at 330 h of milling indicates
structural changes and increasing the surface area of
graphite particles due to high impact forces and severe
plastic deformation. These ultra-activated turbostratic
and amorphous particles with a high degree of
agglomeration and free energy are the precursor
materials and can be very effective on the quality and
quantity of the CNTs which will be produced at the
annealing step.

100

50
0+ - - - - -
0.1 1 10 100 1000 10000
Size (d.nm)

Figure 2. Size distribution of the milled graphite for 330 h
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Figure 3. SEM images (a) initial graphite, (b) milled for 150
h, and (c)after 330 h of milling

EDX spectrum in Figure 4 reveals the different
elements in the activated graphite for 330 h. These
compositions such as iron contaminants play an
important role in generating of CNTs, except the
elements of Mg, Al, K, Ca, and Ti which come directly
from the grid of SEM.

Figure 4. EDX of milled graphite for 330 h

TEM and AFM images of the fabricated CNTSs after
the thermal purification are demonstrated in Figure 5.
The presence of a multitude number of carbon nanotubes
in low magnification is a sign of the large-scale synthesis
of the CNTSs. The heat treatment and milling process are
two major factors that determine the dimensions of the
nanotubes. The distribution of 10-100 nm in diameter of
carbon nanotubes and appropriate length (0.5-3 um)
indicate an approximately uniform size and dispersion of
the metal catalyst particle which contaminates the
powder during the ball milling process.

Nucleation and growth of CNTSs are performing on
catalyst particles according to the nucleation and the
growth mechanism for the production of nanotubes in the
presence of catalyst [26, 27]. By reducing the solubility
and deposition of carbon atoms in the solution of carbon
atoms and metal catalysts, carbon atoms by SP2 bonds
are connected and finally, CNTs are formed. If carbon
nanotubes grow upwards of the catalyst particles, the
mechanism is labeled base-growth and if particles move
at the head of the growing nanotubes, it is called tip-
growth. Arrows in Figure 5 (c, d) illustrate catalyst
particles that their possible endofullerenes and
precipitates at the tips of the CNTs are obvious in the
hypothetical tip-growth mechanism .

It seems during the mechanothermal process, first of
all, amorphous carbons are attached to the catalyst
particles and the nucleation stage is started. Next, the
continuous longitudinal growth of nanotubes is taken by
interfacial capillary forces and the diffusion of carbon
atoms. Finally, the growth process continues as long as
surface diffusion is supported by the concentration
gradient and heat treatment. This finding corroborates the
ideas of Chen et al. [16, 21] and Chadderton et al. [28]
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Figure 5. TEM (a, b, c, d, e) and AFM (d) images of
synthesized carbon nanotubes by the heat treatment of ball-
milled graphite after thermal purification (arrows show the
catalyst particles)

who suggested that the growth of CNTs by the solid
phase transformation is happened by surface diffusion.
The growth of nanotubes entirely depends on the
movement of the catalyst particle at the tip of the CNTSs.
Surface tensional forces, type, shape, and dimension of
particle, heat and concentration gradient, and Van der
Waals force between nanotubes are the most important
factors which determine the direction of motion of the
particle.

During the growth process, a competition between
carbon atoms is created to form hexagons, heptagonal,
and pentagons in the path of the particle. Hence, the
length and width of the nanotubes are unpredictable and
they are spring-like and bamboo-shaped with specific
tubular hollow structures. The defects (heptagonal and
pentagons) are preferred places for hydrogen storage [29-
31]. As a result, synthesized curved nanotubes have a
better performance for hydrogen storage compared to the
straight nanotubes produced by other methods such as
laser ablation or CVD. In addition, these manufactured
nanotubes are probably more flexible than straight
nanotubes and so they can be used for the production of
high-strength  nanocomposites by increasing the
toughness of the matrix. Figure 6 provides information
about the schematic diagram of the nucleation and
growth of CNTSs in the mechanothermal method .

The particles are larger than tubes and so it can
therefore be assumed that the size of catalysts has a direct
relationship with the diameter of the nanotubes, as
previous reports [15, 32] confirmed an important impact
of the milling time on the diameter of the CNTs. As a
result, the long length and the relatively short diameter of
the produced CNTs depict the usefulness of the long
milling time and other applied factors in this study. Plus,
furnace tube supplies the driving force for growing the
nanotubes which this simple type of oven is economically
more cost-effective than other methods such as laser
ablation.

The X-ray diffraction pattern of the fabricated carbon
nanotubes is shown in Figure 7. There are two main
peaks. A sharp peak at 26° and a broad peak in the range
of 41°-43°. According to Bragg's law [33], d002 was
0.342 nm, similar to d002 in multi-walled carbon
nanotubes which is usually 0.34 nm [34].
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Figure 6. Schematic illustration of the proposed mechanism
for the mechanothermal approach
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Figure 7. XRD diffraction pattern of the produced carbon
nanotubes
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In general, the d002 peak in CNTSs is broadened,
weakened, and shifted to the left side of the XRD profile
by about half a degree (from 26.5° to 26"), compared to
pure graphite. This fact is related to the differences in the
number of layers, changes in interlayer space, network
distortion, and orientation of the carbon nanotubes
against X-rays [35]. On the one hand, the diameter of the
inner wall of multi-walled carbon nanotubes is more than
2 nm [36] and the obtained d002 is 0.342 nm. On the
other, the number of walls usually has a one-to-one
relationship with diameter according to Chiodarelli et al.
[34]. As a result, it can be estimated that there are 20 to
50 walls in the synthesized CNT shown in Figure 5 with
20 nm in diameter. Overall, it is possible to hypothesize
that a vast majority of the fabricated CNTs in this
investigation have 10-40 walls, with attention to
Chiodarelli's relation [34]. The strength of nanotubes is
enhanced by increasing the number of walls whereas
some of the other common methods such as laser ablation
are unsuitable for the production of MWCNTS. Hence,
the high number of walls of the prepared CNTs can
makes them an ideal choice for the production of
nanoalloys and nanocomposites.

Raman spectroscopy was performed for a more
precise analysis of the quality and graphitization degree
of the CNTs. The Raman spectra in Figure 8 indicate
three main peaks. They are at 1349, 1566, and 2650 cm-
! which are assigned to D, G, and G’ bands respectively.
As well as, ID/IG and ID/IG’ were calculated 0.79 and
1.21, respectively.

The G-single-band (without Splitting) in Figure 8 is a
strong sign of multi-walled carbon nanotubes. This fact
is related to the non-split between G+ and G- bands due
to the differences in the batches and diameters of
MWCNTSs [37]. The absence peak in radial breathing
mode (100-200 cm™) is attributed to a large number of
the walls (more than 20) and the inner diameter of CNTs
(more than 2 nm), which make peaks immensely
invisible and weak. The lack of any sharp peaks in this
region shows a very small amount of generated single-
walled carbon nanotubes (SWCNTs). D-band is
concerned with asymmetry and disorders in the structure
of graphite sheets including defects, impurities, and
porosities that exist in carbon structures with sp2
hybridization [37-39]. The G'-band corresponds to the
two-phonon process which its intensity depends on the
purity of the sample and represents the long-range order
of the CNTs [36, 40]. Thereby, ID/IG’ is a sensitive
measure and less important than ID/IG for
characterization of the quality and detecting the
impurities of CNTs [41]. The obtained ID/IG and ID/IG’
ratios confirm ordered sp2 bonds and suitable quality of
produced carbon nanotubes. It is also worth noting that
the fabricated carbon nanotubes did not undergo any acid
purification.

Figure 9 demonstrates the DTA/TGA analyses of the
produced carbon nanotubes. The type of CNTSs, quality,
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Figure 8. Raman spectrum of synthesized carbon nanotubes
after thermal purification

Figure 9. DTA/TG analyses of the fabricated CNTs

and purity of products can be determined regarding the
initial temperature, oxidation temperature, residual mass,
and weight loss in DTA/TGA. The oxidation temperature
of amorphous carbon, SWCNTs, and MWCNTSs are in
the range of 200-300 °C, 350-500 °C, and 400-650 °C,
respectively [36]. By comparing the weight percentage
(vertical axis) and the temperatures (horizontal axis) with
the mentioned oxidation temperature, the type and
percentage of the produced nanotubes can be specified.
As a consequence, one weight percentage of amorphous
carbon, one weight percentage of single-walled carbon
nanotubes, and more than 97 weight percentage of the
initial amorphous carbon is converted to multi-walled
carbon nanotubes .

The positive gradient in the DTA graph (450-700 °C)
indicates the main exothermic reaction of MWCNTSs with
air. In some mechanothermal approaches, metal catalytic
particles such as aluminum and yttrium, have been added
to amorphous carbon to facilitate the fabrication of CNTs
[42-44]. However, the obtained results show that the
selected parameters without any additive catalyst are the
optimal condition in the process .
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On the one hand, common steel vials usually induce
a lot of milling contaminants into the sample and the
ceramic vials despite non-producing impurities,
generates a small number of carbon nanotubes after heat
treatment (due to non-metal catalyst) [43]. On the other
hand, most of the elements in the chemical composition
of the cup in this research including Fe, Si, S, Mn, Cr,
and W were employed as the catalyst for the production
of CNTs [17, 45-47]. Moreover, acid purification is a
common step after the production of CNTs because it
eliminates metal catalysts and increases the quality of
nanotubes. Since no acid treatment was used in this study,
a reasonable amount of iron contaminations is another
sign of the appropriateness of the applied factors of
milling. Especially when these results compare with
other methods such as CVD which usually produce a very
large percentage of metal impurities [3, 48].
Consequently, using this type of high-alloy steel in the
vial, increasing the milling time, and selecting the
different sizes of balls for complete amorphization of
graphite, is proposed as a desirable way for the
synthesizing of carbon nanotubes by the mechanothermal
method.

4. CONCLUSION

In this study, by changing some effective variables in the
mechanothermal approach, an attempt was made to
optimize the efficiency of this method. First, the graphite
powder was ball-milled for 330 h to maximize the
amorphization. Subsequently, CNTs were produced by
the annealing of amorphous carbon under the Ar
atmosphere. A new tip-growth mechanism was
recommend based on the random movement of the
catalyst particles and it was shown that the direction of
the growth does not follow a general movement
according to the TEM images. The results of DTA/TG
represent that by adjusting the effective variables, such as
increasing milling time, select the appropriate
temperature, using different sizes of the balls and special
vial, mass production of carbon nanotubes (over 97%) is
achieved by the mechanothermal way. This optimized
method despite a long time of the process is very cost-
effective and by applying the mentioned parameters, the
quality and quantity of MWCNTs are increased
simultaneously. The authors believe that this work has
considerably developed the mechanothermal method and
can be a starting point for future studies.
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ABSTRACT

In the present paper, the heat transfer and fluid velocity between two horizontal plates is examined in
existence of magnetic parameter. The parameters such as magnetic fluid flow, viscosity, Brownian
motion, and thermo-phoretic have been investigated according to this analysis. The innovation of this
paper is using two analytical methods to solve differential equations and compare the obtained results.
In this paper, the effects of magnetic field on fluid flow for industrial use were investigated. The effects
of magnetic field on fluid flow are surveyed by using Variation lteration Method (VIM), Adomian
Decomposition Method (ADM) and compare these methods with numerical Runge-Kutta method.
According to results, increasing the values of magnetic parameter, the fluid velocity decreased and the
fluid viscosity increased. Also, Brownian motion and thermo-phoretic parameters were directly related
to the coefficient of friction. The Brownian motion of nanoparticles resulted in thermophoresis
phenomenon and increasing both Brownian motion and thermophoresis causes an increase in

temperature.
doi: 10.5829/ije.2021.34.10a.15

NOMENCLATURE
H distance the plates (m) Nt Thermo-phoretic parameter
C Nano fluid concentration Nb Brownian motion
K Dimensionless temperature T, temperature of the cold wall (K)
X,y coordinates (m) AT temperature difference
uv velocity components (m/s) Greek Symbols
0 Dimensionless temperature P Density (kg/m®)
9 Kinematic viscosity (m?/s) u dynamic viscosity (kg/m. s)
Cp Specific heat at constant pressure (J/kg.K) B thermal expansion (1/K)
k Thermal conductivity (W/m.K) o thermal diffusivity (m?/s)
p* Modified fluid pressure v Kinematic viscosity (m?/s)
gy gravitational acceleration (m/s?) (0] Dimensionless concentration
Pr Prandtl number (v/a)

1. INTRODUCTION

Nanofluids are fluids containing Nano particle-sized fine
particulate matter. Since these fluids have great heat
transfer potential, special attention has been paid to this
group of fluids as heat transfer environments.

*Corresponding Author Institutional Email: ddg_davood@yahoo.com
(D. D. Ganji)

Nanofluids have two parts. The first part is called the
base fluid such as water and ethylene glycol, which is
added to the mix. The second part of the Nanofluid is
composed of Nanoparticles such as copper oxide and
aluminum oxide. The major effects of Nanofluid and heat
transfer through the Nanofluid can be attributed to the
increase in energy efficiency, operating cost,
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environmental clean up, or applications in the industry.
The use of TiOz-water nanofluids in the closed domain
increases the Nusselt number by 23% and the friction
factor by 42%. Grashof number is inversely related to
increasing Nusselt number. mixed convection heat
transfer from Al,Os-water nanofluid in W-shaped, copper
tube cause the rate of heat transfer coefficient improved
with Reynolds number for average wall temperatures of
50 and 60°C. Magneto hydrodynamic nanofluid flow
between two parallel analyzed and results showed
concentration of nanofluid diminishes when Brownian
movement increments whereas it increases with expands
of thermophoretic parameter [1-20]. Gupta et al. [21]
examined magneto convection in a nanofluid. Peiravi et
al. [22] investigated the effect of variable Lorentz forces
on nanofluid flow in movable parallel plates utilizing the
analytical method. The results showed that increasing the
Brownian motion parameter increased the temperature
profile while increasing Brownian motion decreased the
concentration profile. In the mentioned research, the
influence of several factors, including skin friction
coefficient, radiation parameter, and Weissenberg
number was analyzed. An analytical investigation on
mass and heat transfer of an MHD unsteady GO-water-
squeezing nanofluid flow was carried out by Peiravi and
Alinejad [23] between two infinite parallel moving
plates. The novelty of this paper is the simultaneous
simulation of two separate multi-phase nanofluids in two
3D enclosures under a heat flux boundary condition.
Elsewhere, Pourmehran et al. [24] conducted an
analytical study on squeezing unsteady nanofluid flow
surrounded by parallel plates to which water (H,0), as
the base fluid mixed with several nanoparticles. Azimi
and Mirzaei [25] performed an analytical study on the
flow of Graphene oxide water nanofluid squeezed
between parallel plates via RVIM. The results showed
that the type of nanofluid is an important factor in the
transfer of cooling and heating. As shown by Domairry
Ganji et al. [26] the heat transfer rate increases in
retention pools of nuclear waste. In another study by
Hatami et al. [27] the differential quadrature method
(DQM) was used to investigate the motion of a spherical
particle in a fluid forced vortex. In this paper, the
equations of particle motion in a forced vortex of fluid
are calculated using the differential conversion method
with Padé approximation. The velocity lines (angular and
radial) and the path of a particle in a fluid vortex were
examined in the present work. Rashidi et al. [28]
investigated the flow point of the micropolar nanoscale.
In this research, aluminum and copper oxides were used
to prepare a mixture of water with basic liquids of FesO.
[29] nano cidal analysis in a porous environment under
MHD. Modeling fluid and temperature fields were used
the lattice Boltzmann approach based on the D2Q9
scheme. Jalilpour et al. [30] studied heat production at the
MHD recession point of nanofluids to the porous tensile

sheet. Hashemi Kachapi and Domairry Ganji [31]
analyzed the nonlinear equations in fluids, progress in
nonlinear science. In this work, they investigated various
nonlinear equations by maple software. Aminoroayaie
Yamini et al. [32] Mousavimehr et al. [33] Kostikov and
Romanenkov [34] have examined the following issues.
The first issue was the CFD model to investigate the
hydraulic performance of the hole in the dam. In this
research, the greatest speed for 100% opening of the door
and Howell Bunger valve is almost 18 m/s within the area
underneath the door, and the most extreme speed for 40%
opening of the entryway is rise to 23.1 m/s. The second
issue of article was the Performance Assessment of
Shockwaves of Chute Spillways in Large Dams. In this
article, the test arrangement of the shockwaves and their
behavior along the chute and their lessening measures
were displayed. The third subject of article was
approximation of the multidimensional optimal control
problem for the heat equation. The adomian
decomposition method and variation iteration method are
some of the most accurate tools for solving mathematical
equations. These methods may be used to solve the
ordinary differential equation and partial differential
equation. In this paper, the nonlinear equations of
velocity and temperature parameters were solved by
using the adomian decomposition method (ADM) and
Variation Iteration method. Also, it is tried to calculate
the impacts of Brownian motion, viscosity factor,
magnetic parameter, and thermophoretic factor on
velocity and temperature. The innovations of this paper
is the simulation of the results of Parameters the magnetic
fluid flow, viscosity, Brownian motion, and thermo-
phoretic using two numerical methods and compare these
methods with the numerical method.

1. 1. Problem Definition Non-uniform flow is a
flow that passes through two parallel plates and is
affected by magnetic flux. Both the plate and the fluid
stream rotate around y- axis. According to Figure 1, the
plate is positioned at y=0 by two forces that are pulled to
the opposite side of the plate. The direction of the
magnetic flow is also along with the flow around the y-
axis:

out  av*

ax oy @)
PO ety | _apt ottty
pf(u ax+V ay)_ ax+#(ax2+ay2) 2)
oB?qut
OV adVT ot ot g
pf(u 8x+V ay)_ 6y+'u(6x2+6y2) (3)
yort V+£ _ (0T | 9Tt (pCp)p
(u 6x++ . 6y)+ a+(6x2 +ay2)++ (p(:,;,)f+ (4)
act art act oty L Dry OTH, (0T,
[B(ax'ax+6y'6y)+(Tg)((ax) +(6y)]
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Equation of
remperaree

Usingths
HUM

Figure 1. Flowchart of the problem

L9C* | gact _ o (8ict | 92c*\ | (D) (9T
u 6x+V 6y_DB(6x2+6y2)+(T0+)(6x2+
62T+) (5)

ay?

U* And V *are the velocities along the x-axis and y-axis,
respectively. u Denotes viscosity, P*is modified fluid
pressure, p, is density,C* is the specific heat of the
nanofluid, K is the thermal conductivity, Dg is the
diffusion coefficient of the diffusing species, and T*is
the temperature. The boundary conditions of these
equations are as follows:

y=0out=ax, Tt =TVt =0,C*t =C} (6)

y=hout=0,T =TVt =0,C*=Cf @)
Non-dimensional variable in the above sentences is
expressed as:

n=2 ut=axf'(), V*=-ahf(), ()=
T* -1} @(Il) _ ct—cjt (8)

T c§=cf

Now, we can write a genuine equation:

f(4) _ R(f!f!l _ ffll) _ Mf” =0 (9)

6" + PrRf6' + Nb@'6' + Nt6” =0 (10)
" ’ Nt

@' +R.Scf@' +1-0" =0 11)

The new boundary conditions are:
n=0-f=0,f'=1,0=10=1) (12)

n=1-f=1,(f=0,6=00=0) (13)

Dimensionless quantities: Nt is the thermo phoretic
gauge, M is the magnetic gauge, Pr is a Prandtl number,
R is the viscosity coefficient, Nb is the Brownian motion
gauge and Sc is the Schmidt number.

R= py =GB b B oo K Np—

9’ pd pra’ psD’
(pC)pDr (T (PC) paT , Nb = (pC)pDp(C)/ (14
(pCO)a

Nusselt number is defined as:
Nu=—6' (15)

3. SIMULATION METHODOLOGY

3. 1. A. Adomian Decomposition Method (ADM)
A general nonlinear equation is considered in the form of
[31]:

i L s | |
C_ s )
Tn.Ca El_ : ” l. . N — | j

Figure 2. Schematic of magnetic effects between horizontal
plates on Brownian motion
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(b) Concentration profile
Figure 3. Comparison of a) the temperature and b) the
concentration profile between ADM and VIM and Runge-
Kutta methods at M=1, R=1, Sc=0.1, Nt=0.1, Nb=0.1, Pr=2.

L(u)+Ru+Nu=g(r) (16)

Applying the inverse operator L to both sides of (16)
and using the given conditions [31]:

U=f(x)-L-1(Ru)-L-1(Nu) 17)

For nonlinear differential equations, the nonlinear
operator Nu=F(u) is observed in the Adomian
decomposition method [5]:

F(w) = Xm=04m (18)
The Adomian method defines the solution U(x) by the
series [31]:

U= Y5—0Unm (19)

F(u) = F(up) + F'(uo) (u —up) +

F”(uo) (u;"'o) + Fm(uo) (u;?o) + (20)

By equating terms, the first few Adomian polynomials
Ao, Al, Az,...[S]:
Ao=F(uo)

(1)

A1=u1F'(uo) AZZUZFI(UO)'F% u;u;F (ug)

3. 2. Application of ADM Based on ADM, the
linear parts of the equation were divided and set it to 0.
The differential equation with boundary conditions were
solved.

L h@ =0 22)

=00 = 0 (23)

o Bo() = 0 @4
fo) =n*=2n*+ne 6, =n+1
Do) =1 + 1 ’ (25)

Then, the non-linear differential equations are separated
for Equation (9):

Ay = —R(3n% —4n + 1)(6n—4) (26)
By = R(n* — 2n% + n)(6n — 4) (27)
Co = —M(61— 4) 28)

Ay = (=R(6n - 4)* = 6R(3n — 41 + 1)f; (1) (29)

= (R(3n%—4n+1)(6n—4) + 6R(n° —

30
2% +m)f; () 0
¢, = —6Mf, (1) (31)
For Equation (10):
Dy =—PrR(m®-2n%+1) (32)
D, = —PrR(3n? — 4n + 1)6; (1) (33)
For Equation (11):
Eo=—-RSc(® — 202 +1) 34
E; = —R Sc(3n% — 4n + 1)@, (1) (35)

According to the ADM method, the following statements
of the parameters of the equations were written:

3 1 11 1
Fa(n) = R (507 — 50 + gns nt) -

274 761 1.5
R(ZSOII 105r1 +180r1 30rl )+M(20r1 (36)
1 4)
PRl

1 1 1 1
6:(n) = —PrR (%qs—gr]4+gr13)+ENbr12+ @7
INty?
2

1 1 1
0,(n) = =R Sc (3zn° —2n* +3n°) (38)

Next, adding two sentences from each equation at M=1,
Pr=2, R=1, Sc=0.1, Nt=0.1 and Nb=0.1 give:
F(rl) = fo(rl) +f1(11) —>f(r1) = r1 -2’ +n+

5
Erl ——r1 r1 _‘11 _z_sorl

(39)

(M) =6p(m) +0:(n) »6() =-n+1 —1—10115 4 )
n* =30 +0.1002

o) = Po(m) + :(m) » 6() = —n+ 1 —0.005n° +
0.016n* — 0.01613 + 0.000021n? — 0.000125n8 +
0.00029n” — 0.00028n°
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3. 3. Variation Iteration Method (VIM) Where

Q is the frequency angle oscillator. The general formula
for obtaining other sentences of u is defined by a
coefficient A as follows [31]:

u +0%=F(u)
(41)
F(u) = N%u — f(u)
Given the boundary equations:
u' =0,
(42)
u(0)=A
And the first functions:
Uy (t) = AcosQ (43)
Jy cosQt[02u, — f(ug)]dt = 0 (44)

The A coefficient is obtained by dividing the Laplace
from the linear part of the equation. By different n
definitions, the number of sentences is considered to
obtain a better answer:

U1 (6) = un (0) + fy 2

d?u,
dn?

+0%u,() — Fy}dn  (45)

where A is the Lagrange coefficient and F, is considered
various restricted:

% +02() =0 (46)
AE) =0, @7)
-2 (48)

dat

The coefficient A is calculated from the following
formula:

A= =sin0(r —t) (49)

Then the formula is rewritten:

d?u,
dn?

U (8) = u, (B) + fot%sin.(l(r - t){ + Fn} dr  (50)

3. 4. Application of VIM Based on the VIM
method, the linear parts of the coupling equations are
written as follows:

Lfm =0 (51)
dZ

ORI (52)
00 = 0 (53)

Then, the boundary conditions for the linear parts are
expressed in the following:

Fo(0) =0, f5(0) =1, 6,(0) =1, B,(0) =1 (54)

fo(1) =0, 65(1) =0, Po(1) =0, f3(1)=0 (55)
The first sentences are given in terms of fand 8 and @ :

fo) =n®=2n2+n,6,(n) =n+1,8,(n) =
rf+_1 0 0 (56)

Then, by computing the linear parts of the equations,
A1, A5, and A5 are calculated as follows:

A=z(r-n)’ (57)
Ay =7—n (58)
Az3=1—1q (59)

fiD) =n0° =202 + 0+ (- R(Gn? — 4n +
1(6n—4)— (- 202 +n)(6n—4)) —

=M(6n — 4)n* — =n*(—R((3n? — 4n + (60)
D(en -4 — (® —2n* +n)(6n - 4)) -

M(6n —4)

61(n) = —n+1 -3 (=Pr R(® — 202 + 1) + 61)
Nb + Nt)n?

B:(m) = —n+1+RSc (n® — 2n% + mn? (62)

Finally, by summing up the sentences at M=1, Pr=10,
R=1, Sc=0.1, Nt=0.1, and Nb=0.1:

f) = A0 = f) =n>—2n2 +n+ 2y -

63)
256 4 _1a_log (
12rl +-3q 3r1 4“

9(1) = (1 + 0.8104) x (1 — 0.9203) X (1] — (64)

1.4650) X (n? — 0.4253) X (1 + 0.9153)

o(m) = 0;(n) - O(n) = 0.5(n + 1.9029) x (n —

1) X (1 — 2.4168) x (n? — 0.4860) X (1 + 4.3490) &)

3. 5. Runge-Kutta Methods Runge-Kutta
methods are a family of iterative methods used to match
solutions to ordinary differential equations (OED). These
methods use discretization in computing solutions in
small steps. The next step Approximation is derived from
the previous step by adding s terms. A problem of initial
value should be specified as follows:

ki = h f (X, Yn) (66)
ky = hfQon +5h Y +5 k1) (67)
ks = hfQan + 3R,y +5 k) (68)
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ks =hfQxn +h,yn +ks) (69)

Yns1 = Yn +ghs +3ko +3ka + 2hy + O(hS) (70)

k4 is the slope at the start of the space using y. k, is the
gradient in the middle of the range using y and k;. k5 is
again the mid-course gradient but using y and k,. k, is
the slope at the end of the range utilizing y and k5.

3. 6. Validation for Analytical Methods Figure
2 indicates the convergence graph of temperature and
concentration profile in the range 0 to 1. Here, by
applying two analytical solution methods and comparing
the results with the numerical solution, the concentration
and temperature parameters are evaluated. As shown in
Figure 2, the ADM and numeric solutions converged on
a line, but the VIM method initially had some numerical
error, but began to converge on a line and converged with
them. The third form converged without any
computational error of all methods.

In this section for validation in accordance to Table 1,
the present study compared to Derakhshan et al. [5]. The
amount of computational error in our work is very low
compared to others.

4. RESULTS AND DISCUSSION

In this research, the Nanofluids flow between two
parallel plates is investigated using the ADM and VIM
approach. Several diagrams according to Brownian
motion, viscosity, thermophoresis factor, and magnetic
influence relative to n were used to investigate fluid flow
and heat transfer. A comparison was also made between
the obtained results and the numerical method findings.
The effect of the magnetic force having viscous impacts
on Nanofluidic flow is presented in Figs. 4, 5, and 6. The
comparative of results of ADM and NUM and VIM
methods for investigating the effect of MHD and
Viscosity on the temperature and velocity profiles. As

TABLE 1. Numerical comparison of non-dimensional
temperature profile between present work with Derakhshan et
al work [5]

n Opresent Operakhshan

0 1 1

0.1 0.9006990000 0.899450520215274
0.2 0.8018346666 0.798446158109890
0.5 0.5010416666 0.499408530656464
0.8 0.1970986666 0.203135052008296
0.9 0.09765100000e-1 0.102480354104553
1 0 0

can be seen in Figure 3, increasing the distance from the
plate to the top, leads to a reduction in heat transfer and
concentration. Based on Figure 4, by increasing the
magnetic effects viscosity and velocity reduced and
temperature is increased. Figure 5 shows the velocity
changes of the fluid relative to viscosity changes.
According to this graph, when the viscosity parameter
increased, the fluid velocity decreased. Figure 6 shows
the temperature changes of the fluid relative to viscosity
changes. Based on this picture, the temperature profile
reduces as a result of increasing the viscosity factor.
Figure 7 shows the temperature changes of the fluid
relative to thermophoretic parameter changes. The
effects of the thermo-phoretic parameter and Brownian
motion on the temperature are also presented in Figs. 7
and 8. The increase in thermo-phoretic parameters and
Brownian motion has been found to increase
temperature. The Brownian motion of nanoparticles
results in the thermophoresis phenomenon, and
increasing both Brownian motion and thermophoresis
causes an increase in temperature. Figure 8 shows an
increased concentration profile by increasing the
viscosity factor. The heat transfer from fluid flow to
surface increased by increasing concentration coefficient.
Thermophoresis has caused by the Brownian motion of
nanoparticles in fluids with a continuous temperature
differential that is maintained externally. Because of the
temperature disparity in the suspensions flow zone, tiny
particles scatter faster in the hotter domain and slower in
the colder domain. The cumulative impact of
nanoparticle dispersion is migration from a hotter to a
colder location of the fluid domain. According to Figure
9, by increasing the amount of viscosity the concentration
parameter increased. This result is the same for both
methods.

Figure 10 demonstrates the influences of the Schmidt
number on the concentration profile (@), and according

0.1 -
0051 /
of-

-0.05 -

L Ly L O T A T T
Q 0.2 0.4 0.6 0.8
n
Figure 4. Effect of MHD on profile velocity by ADM at

Pr=2, Sc=0.1, Nt=0.1, Nb=0.1
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Figure 5. Effect of Viscosity on profile velocity by VIM at
Pr=2, Sc=0.1, Nt=0.1, Nb=0.1
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Figure 6. Effect of viscosity on profile temperature by ADM
at Pr=2, M=1, Sc=0.1, Nt=0.1, Nb=0.1
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Figure 7. Effect of thermo-phoretic parameter on
temperature by ADM method at Pr=2, M=1, Sc=0.1,Nb=0.1
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Figure 8. Influence of Brownian parameter on Temperature
by ADM method at Pr=2, M=1, Sc=0.1, Nb=0.1

to the figure, by increasing the Schmidt number of fluid
flow, the concentration parameter decreased.

Tables 2 and 3 summarized a numerical comparison
of non-dimensional temperature and concentration
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Figure 9. Effect of viscosity on profile concentration by a)
ADM and b) VIM at Pr=2, M=1, Sc=0.1, NT=0.1, Nb=0.1
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Figure 10. Influence of Schmidt number on concentration
by a) ADM and b) VIM method at Pr=2, M=1, Nt=0.1,
Nb=0.1

TABLE 2. Numerical comparison of non-dimensional
temperature between ADM, VIM and Runge-Kutta method

TABLE 3. Numerical comparison of non-dimensional
Concentration profile between ADM, VIM and Runge-Kutta
method

n Dapm Bvim Dnumeric
0 1 1 1

0.1 0.8906990000 0.909450520215  0.909450
0.2 0.7918346666 0.808446158109  0.808446
0.5 0.4910416666 0.509408530656  0.499408
0.8 0.1970986666 0.203135052008  0.193135
0.9 0.0956510000 0.102480354104  0.972480

1 0 0 0

TABLE 4. comparison of CPU time between ADM and VIM
ADM VIM

2.77(s) 7.50(s)

Numerical method

CPU time

n 04pm Ovin Onumeric
0 1 1 1

0.1 0.9006990000 0.899450520215  0.899450
0.2 0.8018346666 0.798446158109  0.798446
0.5 0.5010416666 0.499408530656  0.499408
0.8 0.1970986666 0.203135052008  0.203135
0.9 0.0976510000 0.102480354104  0.102480

1 0 0 0

profile between ADM, VIM, and Runge-Kutta methods.
In this section, all calculations are calculated with the
least error.

According to Table 4, the specifications of the system
used to solve the equations are as follows.

Computer RAM =8, CPU=core i7. According to
Table 3, the ADM method was obtained faster than VIM
method.

5. CONCLUSION

In this paper, the heat transfer and fluid velocity between
two horizontal plates is examined in existence of
magnetic parameter. The parameters such as magnetic
fluid flow, viscosity, Brownian motion, and thermo-
phoretic have been investigated according to this
analysis. The innovation of this paper is the using of two
analytical methods for calculate differential equations
and comparison these results with together. The results
showed Temperature rise is accompanied by increases in
the magnetic factor and reduction in concentration
profile. Also, when Brownian motion increased, the
viscosity parameter decreases. Brownian motion and
thermo-phoretic parameters were directly related to the
coefficient of friction.

e The velocity of the fluid between 2 plates with
increasing the influence of the magnetic force from
M=0.4 to M=1 is generally reduced.

e Influence of thermo-phoretic parameter on
Temperature by ADM and VIM methods show that
by increasing Nt=0.01 to Nt=0.6, The temperature
increases from 6=0 to 6=0.28.

e By increasing the Schmidt number of fluid flow, the
concentration parameter decreased.

e  Thermophoresis is caused by the Brownian motion
of nanoparticles in fluids with a continuous
temperature  differential that is maintained
externally.
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Global warming is one of the severe environmental effects, which are faced by the current generation.
Studies show that Carbon dioxide (CO,) is the major cause of global warming and is mainly due to the
huge production of Ordinary Portland Cement (OPC). Supplementary cementitious materials can reduce
this effect by reducing the required materials instead of OPC for construction purposes. Geopolymer
Concrete (GPC) is a new generation concrete, which does not require OPC. In this study, Fly Ash (FA)
was used to produce GPC. Various parameters were considered and the design of the experiment was
made using Taguchi’s method and developed an empirical relation to predicting the compressive strength
of GPC based on the different parameters. Thirty-six mixes were cast to determine the effect of curing
temperature, curing time, rest period, the ratio of Alkaline Activator solutions (AAs), ratio of activators
to FA, the molarity of NaOH and replacement level of FA with OPC on the compressive strength. The
contribution of each parameter was estimated by ANOVA. Results show that the addition of OPC had a
significant effect on the compressive strength of GPC. The mix with 20% OPC, 14M NaOH, curing
temperature of 60°C, curing time of 36h, a rest period of 48h, AAs to FA ratio 0.3 and ratio of alkaline
solutions 2.5 was found to have the maximum compressive strength. A regression equation is developed

to determine the compressive strength of GPC concerning the parameters considered.

doi: 10.5829/ije.2021.34.10a.16

1. INTRODUCTION

Global warming is one of the major environmental
problems, which affects all living creatures. The
liberation of greenhouse gases such as CO; has a major
role in global warming [1]. The permitted level of CO.in
the atmosphere is 0.04% [2]. When the level of CO;
increases beyond the permissible limit, global warming
happens. OPC is one of the major binding materials that
liberates CO, around 5-7% [3]. There are several research
works undertaken to develop sustainable concrete by
replacing OPC with other supplementary cementitious
materials like industrial by-products. The production of
cement releases greenhouse gas. The heating of
limestone releases CO;directly, while the burning of
fossil fuels to heat the kiln indirectly results in
CO; emissions. The environmental issues associated with

*Corresponding Author Institutional Email: nanand@karunya.edu (N.
Anand)

greenhouse gases, in addition to the depletion of natural
resources, play a leading role in the sustainable
development of the cement and concrete industry during
this century. Due to scarcity of natural resources or
growing concern over greenhouse gases or both, a time
will come when the production of cement will have to be
curtailed or cannot be increased to maintain the
ecological balance [4]. Therefore, it is necessary to look
for sustainable materials for the production of concrete.
About 13-22% of CO; emission from OPC production
can be reduced by using sustainable binding materials
blended with OPC [3]. The Indian coal is of low grade
having a high ash content of the order of 30 - 45%
producing a large quantity of FA at coal/lignite based
thermal power stations. The management of FA has been
troublesome because of its disposal due to its potential of
causing pollution of air and water. In the past decade,
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there has been a tremendous increase in the generation of
FA; coal-based thermal power plants meet more than
70% of country’s demand for electricity. At present,
India produces approximately 180 million-tons of FA
every year. Some of the problems associated with FA are
large area of land required for disposal and toxicity
associated with heavy metals leached to groundwater. FA
was treated as a waste material and a source of air and
water pollution until the last decade. However, at present
itis considered as a resource material to produce different
useful binding products. By increasing the utilization of
FA, the emission of CO can be reduced.

In the year 1987, Davidovits developed a new
generation binding material, which is produced through
the polymerization process of alumina-silicate source
materials like FA, bottom ash, GGBS, etc., with the aid
of AAs, and it is termed as GPC [2]. The production of
GPC will reduce the emission of CO2 by 80%. Two major
environmental pollutions CO, emission and open landfill
of FA are reduced by the production of FA-based GPC.
The main constituents of GPC are silicon and aluminum
that are provided by thermally activated natural materials
(e.g. kaolinite or rice husk ash) or industrial by-products
(e.g. FA or slag) and an alkaline activating solution,
which polymerizes these materials into molecular chains
and networks to create a hardened binder. It is termed
alkali-activated concrete or inorganic polymer concrete
[5-7]. Ambient cured GPC was made by using different
alumino-silicate source materials such as slag, fly ash,
etc. at CBRI, Roorkee. Also, they introduced lightweight
GP sheets, solid bricks, hollow blocks, foamed bricks and
solid blocks made of GPC. The production of GPC at
ambient conditions by using different aluminosilicate
source materials such as slag, FA, etc. resulted in the
production of readymade lightweight GP sheets, solid
bricks, hollow blocks, foamed bricks and solid blocks
[8]. Dr. Genichi Taguchi observed that the ratio of time
and money spending for engineering experiments and
testing is higher than the efforts taken for making
products. He felt that the process of inspection, screening
and salvaging could not improve poor quality. This
moved Taguchi to develop a new optimization method of
the processes of engineering experimentation. He said
that “Cost is more important than quality but the quality
is the best way to reduce cost”. He developed a statistical
technique known as the Taguchi method [9]. Taguchi
method is now used for different disciplines such as
optimization of concrete mix, finding the optimum values
for the ingredients in a mixture, etc [10,11]. Only a
limited number of works are done by the Taguchi method
to optimize the parameters according to different
properties of Geopolymer concrete [11-13]. ANOVA
was used to find the percentage of effect of each
parameter. Partial replacement of FA was found to give
good mechanical properties when compared with other
proportions [14]. By the addition of cement in GPC,
hardened properties increase whereas fresh properties

decrease. Also, the concrete becomes more dense and
compact. The optimum replacement level for OPC was
found to be 10% [15, 16]. OPC provides excellent early
and final compressive strength in the GPC mix in the
absence of heat curing, but beyond 10% OPC addition
reduced strength from 82.5% to 24.4% [17-19]. The
combination of NaOH+Na,SiOz was found to have high
compressive strength and is suitable for structural
applications. GPC mix having AAs to FA ratio of 0.35 to
0.45 and 12M & 16M NaOH solution, the ratio of AAs
as 2.5 at a curing temperature of 90°C for 12h provided
more than 60MPa strength with the curing period of 24 h
at 60°C. Beyond 16h of curing time and more than 120°C
temperature of curing time had no significant
improvement on the strength of GPC [20]. A rest time of
30 minutes for the activator solution and increases in
curing time provides good mechanical properties than the
resting time of 24 h. Porosity and water absorption were
found to decrease [15]. 14M NaOH solution provides a
strength of 25-30 MPa. 90% of the compressive strength
was achieved at a temperature of 70°C to 90°C and at a
curing time of 18 to 24 h. According to [21] strength of
the concrete reduces beyond 150°C due to overheating.
The optimum value for activators to FA ratio was found
0.40 and beyond 16M NaOH solution does not provide
strength to the concrete due to the improper
polymerization [22].

The mechanical properties of FA-based GPC were
investigated by the Taguchi method. Considered
parameters include calcium aluminate cement (CAC)
replacement (5, 10 and 20%), the concentration of NaOH
(10, 12 and 14M) and activator to binder ratio (35, 40 and
45%). It was found that mix with 10M NaOH solution,
5% CAC replacement and 45% of activator to binder
ratio exhibited good workability. In addition, 14M NaOH
solution, 10% CAC replacement and 35% of activator to
binder ratio exhibited maximum compressive strength of
56.8 MPa at 28 days of ambient curing. It was concluded
that the CAC replacement ratio had a significant
influence on the strength, whereas the workability of the
concrete mix was influenced by the activator to binder
ratio [23]. The mechanical properties of GPC with GGBS
were examined at ambient curing conditions by Taguchi
method and the considered parameters include binder
content (400, 450 and 500 kg/m?), AA to Binder content
(Al/Bi) ratio (0.35, 0.45 and 0.55), sodium silicate to
sodium hydroxide ratio (1.5, 2.0 and 2.5) and
concentration of NaOH solution (10, 12 and 14M).
Maximum compressive strength (60.4 MPa) was
obtained after 7 days at ambient curing condition and the
optimum value for each of the considered parameters are
binder content of 450 kg/m3, Al/Bi ratio of 0.35, sodium
silicate to sodium hydroxide ratio of 2.5 and 14M NaOH
solution. The addition of GGBS in the FA-based GPC has
the advantage that heat curing can be avoided [12]. An
investigation was carried out on the compressive strength
of GPC by using the Taguchi method. It was found that
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30% of GGBS, 50% of M-sand and activators to binder
ratio of 0.40 showed maximum compressive strength
[11]. Compressive strength and water absorption
properties of FA-based GPC were investigated by
Taguchi method carried out considering various
parameters like OPC as FA replacement, NaOH
concentration and curing temperature. It was found that
maximum compressive strength of 64.39 MPa at 7 days
of curing was obtained for the mix with 20% OPC, 15M
NaOH solution and 70°C for 24 h. Similarly, minimum
water absorption was obtained for the mix with 20%
OPC, 10M NaOH solution and 80°C for 24h. Mechanical
and durability properties of GPC were found to depend
on the concentration of NaOH, amount of AAs, AAs to
FA ratio, curing period and curing temperature [13]. In
earlier studies, researchers have replaced FA with a
maximum cement content of 15%. In this study, 20% FA
was replaced. Parameters are not considered together in
the earlier research works. In this research, seven
parameters are considered together. Normally when
considering more number of parameters together more
experiments are needed for testing. But to reduce the
number of experiments, Taguchi’s method can be used.
In the Taguchi method, the minimum number of
experiments can be found which will provide the effects
of all the parameters accurately at a low cost. This
method was adopted for various engineering analysis to
optimize various influencing parameters [6]. Taguchi
experimental design reduces the cost, improves the
quality and provides robust design solutions. The
advantages of the Taguchi method over the other
methods are that numerous factors can be simultaneously
optimized and more quantitative information can be
extracted from fewer experimental trials. From the
critical analysis of the literature, it is evident that
different parameters will influence the compressive
strength of FA-based GPC. An attempt has been made to
carry out a parametric study on the factors influencing the
compressive strength of GPC.

2. DETAILS OF THE EXPERIMENT

2. 1. Materials

2.1.1. Fly Ash FA used in this research was
obtained from the Mettur Thermal power plant, which is
located in Salem, India. The obtained FA was found to
contain 59.93% SiO;, 19.66% Al.03, 2.82% Fe,0s,
3.33% Ca0, 1.12% MgO, 0.22% K0, and 0.34% Na,O
through X-ray Diffraction (XRD) analysis. Following its
chemical composition obtained, FA contains low
Calcium content. Therefore, the obtained FA is termed as
low calcium FA or Class-F FA. The specific gravity of
Mettur FA was determined as 2.31 and the specific
surface area of FA particle was found to be 320m?/kg.

2. 1. 2. Ordinary Portland Cement (OPC) OPC
53 grade obtained from a local source was used for this
research as an external calcium source for the setting
GPC. The chemical properties of FA and OPC are given
in Table 1.

2.1. 3. Aggregates Manufactured Sand (M-Sand)
was obtained from local supplies. Density, water
absorption and specific gravity of M-Sand were found to
be 1670 kg/m3, 1.35% and 2.7, respectively. Coarse
Aggregate (CA) was also obtained from the local source.
Crushed stone aggregates of nominal diameter between
10mm and 20mm with density, water absorption and
Specific gravity of CA were found to be 1760 kg/m?,
0.5% and 2.9, respectively.

2. 1. 4. Alkaline Activator Solution Activator
solution was made by combining the commercially
available Sodium hydroxide (NaOH) pellets and Sodium
Silicate (NazSiOs3) solution. NaOH solution was prepared
by mixing the required quantity of 97-98% pure NaOH
pellets with distilled water to get the desired molarity and
kept for 24h to expel the heat produced during the mixing
process. NaySiOs solution obtained from the local source
was used in this research. Na,SiO3 has a pH value of 10-
13, a specific gravity of 1.45-1.55g/cm? and a density of
1450-1550 kg/m?3. The total solid content present in the
available sodium silicate solution is 45-55% by mass.

2.2.TestParameters The number of parameters
considered and the levels for those factors were selected
based on the literature review. In this research, seven
different parameters were considered which can
influence the compressive strength of GPC. The
parameters considered are curing temperature, curing
time, rest period, a ratio of AA solutions, a ratio of
activators to FA, the molarity of NaOH and replacement
level of FA with OPC. The details of considered
parameters and the levels of each parameter are given in
Table 2.

TABLE 1. The chemical composition of OPC and FA

Constituent OPC (%) FA (%)
Silica Oxide(SiOy) 21.28 59.93
Aluminum Oxide(Al,O3) 4.33 19.66
Iron Oxide(Fe,03) 1.85 2.82
Calcium Oxide(CaO) 64.30 3.33
Magnesium Oxide(MgO) 181 112
Sodium Oxide(Na;O) 0.17 0.34
Potassium Oxide(K,0) 0.71 0.22
Loss of ignition(LOI) 1.50 1.56
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TABLE 2. Parameters and levels for compressive strength

Parameters Level1l Level2 Level3
OPC content (%) 0 10 20
Molarity of NaOH (M) 10 12 14
Curing temperature (°C) 60 80 100
Curing time (h) 12 24 36
Rest period (h) 24 48 -
AAs to FA ratio 0.30 0.35 0.40
The ratio of alkaline solutions 2 25 3

2. 3. Design of Experiment Taguchi method was
used to develop the Design of Experiments (DOE) and to
determine the minimum number of experiments to be
carried out to completely understand the influence of
these seven parameters [13, 24-27]. A robust design of
the Lss orthogonal array was developed for compressive
strength experimentation. Table 3 shows the different
parametric combinations obtained by the Taguchi
method to carry out the experiments. Thirty-six sets of
experiments with different levels of factors were
designed as per the Taguchi method and the developed
L3s matrix is given in Table 3.

TABLE 3. Lss Matrix designed as per Taguchi method

Trial Rest Period Curing Curing Ratio of Alkaline Molarity of Ratio of Percentage of
mixture (h) Temperature (°C) Time (h) Solution NaOH (M) Activators to FA Cement (%)
T: 24 60 12 2 10 0.3 0
T, 24 80 24 25 12 0.35 10
Ts 24 100 36 14 0.4 20
N 24 60 12 10 0.35 10
Ts 24 80 24 25 12 0.4 20
Te 24 100 36 3 14 0.3 0
Tz 24 60 12 25 14 0.3 10
Ts 24 80 24 3 10 0.35 20
Ty 24 100 36 2 12 0.4 0
Tiwo 24 60 12 3 12 0.3 20
Tu 24 80 24 2 14 0.35 0
T 24 100 36 25 10 0.4 10
Tis 24 60 24 3 10 0.4 10
Tu 24 80 36 12 0.3 20
Tis 24 100 12 25 14 0.35

Tie 24 60 24 12 0.3

Ty 24 80 36 14 0.35 10
Tis 24 100 12 25 10 0.4 20
T 48 60 24 2 14 0.4 20
T 48 80 36 25 10 0.3 0
Tu 48 100 12 3 12 0.35 10
T2 48 60 24 25 14 0.4 0
Tos 48 80 36 10 0.3 10
To 48 100 12 12 0.35 20
Tas 48 60 36 25 10 0.35 20
T 48 80 12 12 0.4 0
Tar 48 100 24 2 14 0.3 10
T 48 60 36 25 12 0.35 0
Ta 48 80 12 3 14 0.4 10
T3 48 100 24 2 10 0.3 20
Ta 48 60 36 3 14 0.35 20
Ta 48 80 12 2 10 0.4 0
T3 48 100 24 25 12 0.3 10
Ta 48 60 36 2 12 0.4 10
Tss 48 80 12 25 14 0.3 20
T3 48 100 24 3 10 0.35 0
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2. 4. Preparation of Test Specimens For
the desired concentration of NaOH solution for each trial
mix, NaOH pellets were dissolved in distilled water.
Prepared NaOH solution was added with NazSiOs
solution and mixed thoroughly. Thirty minutes after the
preparation of AAs solution, dry materials such as
aggregates and binders were mixed in a mechanical
mixer for about 2 minutes. After dry mixing of materials,
AA solution was poured slowly into the dry mix along
with the required water and mixed continuously. The
materials were mixed for about 2 minutes until the
concrete appears to be homogeneous. After the mixing,
the GPC mixture was poured into the compressive
strength cube mold of size 150mm x 150mm. The
preparation of specimens and the slump details are shown
in Figures 1 and 2, respectively. The specimens were cast
and kept at room temperature for the corresponding rest
period given in Table 3. After the completion of the rest
period, the specimens were de-molded and kept in an
electric furnace as per the specification given in Table 3.
The inner dimensions of the furnace are 500mm x
500mm x 500mm. The sides and top of the furnace were
lined with electrical heating coils embedded in refractory
bricks. The specimens were heated uniformly on three
sides [28]. Heat curing of specimens is shown in Figure
1A. Once the curing of specimens is completed, the
specimens were allowed to cool naturally and the
specimens were kept at ambient temperature until testing.

2. 5. Testing Method For determining the
compressive strength, cubical GPC specimens were
tested in a Compressive strength Testing Machine (CTM)
of capacity 2000kN at the age of 28 days specimens is
shown in Figure 1B. The load was applied to the
specimen gradually and continuously at a rate of
14/N/mm?/minute [29]. Three specimens were tested for
each trial mix and the results were given as their average.

3. RESULT AND DISCUSSION

3. 1. Analysis of the Results During the present
investigation, 108 cube specimens were tested.
Workability for OPC blended GPC mix was tested
following IS- 10262-2019 and slump of the mixes were
maintained in the range of 100mm to 150mm [30]. The
hardened properties of the OPC blended GPC specimens
were tested following 1S-516 [29]. From table 3, it can be
seen that almost all the mixtures have 28 days

©) ' (b)
Figure 1. (a) Heat curing of test specimens (b) Compression
test on GPC cube

compressive strength values above 30 MPa. The
specimens correspond to 20% OPC as FA replacement,
10M concentration of NaOH solution, curing
temperature of 60°C for 36 h, rest period of 48 h, AA ratio
of 2.5 and activator solution to FA ratio of 0.35.
Minimum compressive strength was observed for the Tis
specimen with an average strength value of 22.89 MPa.
These specimens correspond to 14M concentration of
NaOH solution, curing temperature of 100°C for 12 h,
rest period of 24h, alkaline solution ratio of 2.5 and
activator solution to FA ratio of 0.35, cement content was
zero for this mix. From the experimental results, it can be
seen that the compressive strength of GPC increases with
the increasing percentage of OPC.

According to Table 3, specimens having a rest period
of 48h give better strength than the specimens having 24h
rest period. This shows that the polymerization process
continuous up to 48h. It is found that the specimens cured
at 60°C and 80°C for 36h had higher than those of the
specimens cured under other conditions. But specimens
cured at 100°C for 12h also show good compressive
strength. This is following the findings of [20, 29]. They
reported that the higher strength was observed at 90°C for
a curing period of 12 to 18h. From Figure 2, it can be seen
that maximum strength was obtained for the specimens
having 20% OPC replacement. It is reported that a 20%
OPC replacement level was optimum [5]. Increasing the
OPC level beyond this resulted in a decrease in the
strength of the GPC due to extra calcium in the mix [30].
From Figure 2, it can also be seen that the variation in the
concentration of NaOH between 10M and 14M was
found to have a small effect on the compressive strength
of GPC and 12M solution resulted in higher strength than
the other molar solutions. This is following the findings
of [20]. They observed that 122M NaOH solutions yielded
maximum strength. Maximum strength was found when
the ratio of AAs was 2.5 and the ratio of activators to FA
was 0.35. This is following the finding of [20]. They
reported that maximum strength was observed when the
ratio of AAs was 2.5 and the activator to FA ratio was
0.35.

Compressive Strength (MPa)

Trial Mix
Figure 2. Comparison of the estimated and experimental
compressive strength of GPC
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Figures 3 (A, C, D, E and G) indicate the increase in
the rest period, curing time, AA ratio, the concentration
of NaOH, and addition of Additives (OPC) increase the
compressive strength of GPC, whereas Figures 4B and
4F show that increase in curing temperature and AA-FA
ratio declines the compressive strength of GPC decreases
[15].

3. 2. Mathematical Model Based on the results,
compressive strength for each parameter were described
in Table 4. The main objective of this analysis is to find
out the impact of considered key parameters and their
contribution, i.e. OPC addition, molarity of NaOH,
curing temperature, curing time, rest period, AA-FA ratio
and ratio of activators solution on the compressive

Wk of Moo, conpemnai i gt rise
P

[rev—— s s an s

Figure 3. software stimulation of compressive strength of
GPC Vs. Rest period, curing temperature, curing time, AA
ratio, the concentration of NaOH, activator-FA ratio, the
addition of additives

strength of GPC. From the ANOVA results for
compressive strength of GPC, it is observed that addition
of OPC as FA replacement is the most significant
parameter with the highest contribution of 77.44%,
whereas other parameters such as rest period, curing
temperature, curing time, a ratio of alkaline solutions, the
molarity of NaOH and ratio of activators to FA have the
contributions of 2.12%, 0.21%, 2.38%, 1.82%, 1.37%
and 0.96%, respectively. The compressive strength of
GPC can be increased by the addition of OPC. Calcium
oxide is a major compound in OPC which provides
strength to the concrete. Calcium tends to react with the
alkalis which result in additional hydration products and
heat [31]. The produced heat also helps to improve the
compressive strength of GPC by enhancing the curing
temperature of the system. Beyond the 20% replacement
level, the compressive strength of GPC decreases due to
the utilization of available water for the hydration of
OPC. The maximum increase in the compressive strength
of OPC blended GPC was found to be 57.78% more than
that of the GPC containing 0% OPC. An expression for
the compressive strength of GPC was developed using a
regression equation based on the obtained experimental
results. The compressive strength (denoted by S), rest
period (denoted by R), curing temperature (denoted by
T), curing time (denoted by C), a ratio of alkaline
solutions (denoted by A), the molarity of NaOH (denoted
by M), a ratio of activators to FA (denoted by F) and
addition of OPC as FA replacement ( denoted by P) and
the expression is given below.

S =15.7+0.1319R — 0.0268T + 0.1630C — o)
0.41A+ 0.761M — 25.0F + 1.133P

The result of the mathematical model was compared with
the experimental results and the details are shown in
Figure 2. From the figure, it can be seen that the
developed mathematical model can predict the
compressive strength of GPC accurately. The percentage
errors in predicting the compression strength of GPC
concerning the various parameters are shown in Figure 3.
From Equation (1) it can be seen that the regression
model can be used to predict the strength of GPC
accurately. The percentage error is found to be less than
10.

TABLE 4. ANOVA for compressive strength

Source Sum of squares Degree of freedom Mean square F-value Contribution (%)
Rest Period(h) 90.22 1 90.22 3.39 2.12
Curing temperature(°C) 8.77 2 4.39 0.16 0.21
Curing time(h) 101.62 2 50.81 191 2.38
Ratio of Alkaline solutions 77.48 2 38.74 1.46 1.82
Molarity of NaOH(M) 58.41 2 29.20 1.10 1.37
Ratio of Activators to FA 41.03 2 20.51 0.77 0.96
OPC (%) 3302.92 2 1651.46 62.11 77.44
Error 584.96 22 26.59 13.71

Total 4265.41 35

100.00




2357 S.R.Raj etal. / IJE TRANSACTIONS A: Basics Vol. 34, No. 10, (October 2021) 2351-2359

% Error

Figure 4. Percentage error for the estimated and
experimental compressive strength of GPC

3. 3. Signal-to-noise Ratio (SN Ratio)
Optimum combination for the levels of the considered
factors determined by using signal to noise ratio was
calculated by using the following equations:

S 52

2= —1010g (%) @)
S__ 1gy.2

5 =—10log-Yy 3)
S 1 1

y = ~10log % (4)

The highest ratio of signal to noise ratio was considered
as better for the optimum parametric combination [16].
SN ratio was calculated using Equation (4) and the best
optimum combination were shown in Figure 5. It was
observed that compressive strength of the mixture
increases with the addition of OPC until 20%
replacement, increases with a rest period of 48 h and
molarity of NaOH of 14M. Maximum strength was
achieved with the ratio of alkaline solutions of 2,
activators to FA ratio of 0.3 and curing temperature of
60°C for 36h.

When a higher concentration of NaOH solution is
added with FA, it liberates a higher amount of silica and
alumina. These two compounds influence the strength of

Main Effects Plot for SN ratios
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Figure 5. S-N ratio graph for compressive strength

the whole system. Also by the addition of OPC, induces
the additional hydration products accompanied with a
geo-polymeric binder to form the concrete [31]. From the
SN ratio graph, the optimum parametric combination for
higher strength of GPC was observed to be 20% OPC,
14M NaOH, curing temperature 60°C, curing time 36h,
rest period 48h, AA to FA ratio 0.3 and ratio of alkaline
solutions 2.

4.CONCLUSIONS

Seven parameters that were expected to influence the
compressive strength of GPC were considered for the
parametric study. Taguchi method was used to design the
experiment and a mathematical model was developed by
using experimental results. The replacement of FA with
OPC significantly improves the compressive strength of
GPC. The optimum replacement level FA with OPC for
GPC is 20%. The strength of the GPC mix was found to
increase by 57.78% when OPC content was increased
from 0 to 20%. From ANOVA, the addition of OPC was
found to be the most significant factor for activating the
required strength. From the research, the strength
contributions of considered parameters are OPC
(77.44%), curing time (2.38%), rest period (2.12%), the
ratio of alkaline solutions (1.82%), molarity of NaOH
(1.37%), a ratio of activators to FA (0.96%) and curing
temperature (0.21%). The regression equations arrived
with a high degree of accuracy can be utilized for the
determination of the compressive strength of GPC with
the considered parameters. The mix with 20% OPC, 14M
NaOH, curing temperature 60°C, curing time 36h, rest
period 48h, AAs to FA ratio 0.3 and ratio of alkaline
solutions 2 was found to have the maximum compressive
strength.
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Kinodynamic path planning is an open challenge in unmanned autonomous vehicles and is considered
an NP-Hard problem. Planning a feasible path for vertical take-off and landing quadrotor (VTOL-Q)
from an initial state to a target state in 3D space by considering the environmental constraints such as
moving obstacles avoidance and non-holonomic constraints such as hard bounds of VTOL-Q is the key
motivation of this study. To this end, let us propose the any-time randomized kinodynamic (ATRK) path-
planning algorithm applicable in the VTOL-Q. ATRK path-planning algorithm is based on the Rapidly-
exploring random trees (RRT) and consists of three main components: high-level, mid-level, and low-
level controller. The high-level controller utilizes a randomized sampling-based approach to generate
offspring vertices for rapid exploring and expanding in the configuration space. The mid-level controller
uses the any-time method to avoid collision with moving obstacles. The low-level controller with a six-
DOF dynamic model accounts for the kinodynamic constraints of VTOL-Q in the randomized offspring
vertices to plan a feasible path. Simulation results on three different test-scenario demonstrate the
kinodynamic constraints of the VTOL-Q are integrated into the randomized offspring vertices. Also, in
presence of moving obstacles, the ATRK re-plans the path in the local area as through an any-time
approach.
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NOMENCLATURE

n=[nn,) Quadrotor position and orientation in the E-frame. M s System inertia matrix.

V= [V1 Vz] Quadrotor linear and angular velocity in the B-frame. Cs Coriolis-centripetal matrix.
J:R* > R%® Coordinate transformation matrix relating the two frames. A= [f B TB]T Quadrotor force and torque.

1. INTRODUCTION

In the last decade, a dramatic interest has appeared in
vertical take-off and landing quadrotors. In fact, these
vehicles are already becoming a portion of everyday
reality, especially in modern societies. Several huge
potential domains for stakeholders such as surveillance
and inspection, search and rescue, military and defence,
civil, agriculture, payload delivery, environmental
protection, etc. require these vehicles to perform special
missions in unpredictable and time-variable situations [1-
6]. Current status and future perspectives on the
development of quadrotors were studied in literature [7,

*Corresponding Author Institutional Email: taheri.ehsan@mut-es.ac.ir
(E. Taheri)

8]. One of the standing problems in the field of quadrotor
autonomy is the achievement of real-time guidance,
navigation, and control (GNC) system. To meet the need
for autonomy in the quadrotor, many public and private
attempts are made with regard to the path planning issues
in these vehicles. Path planning is defined as a vital
requirement in autonomous robotics which is described
by algorithms that transform high-level demand
(mission) into low-level demand (movement) [9, 10].
Thanks to robotic science, the path planning problem has
important applications in areas such as drug design,
animation design, assist surgeons, graphics, games
theory, virtual and augmented reality, very-large-scale

Please cite this article as: E. Taheri, Any-time Randomized Kinodynamic Path Planning Algorithm in Dynamic Environments with Application
to Quadrotor, International Journal of Engineering, Transactions A: Basics Vol. 34, No. 10, (2021), 2360-2370
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integration (VLSI) design, etc. In this context, various
studies conducted and number of methods have been
proposed. Detailed articles survey were accomplished to
define the current state of the art of path planning
problem in literature [11-13]. For motion planning and
autonomy subjects, numerous researches exist in
different manuscripts and number of methods are being
presented. The intelligent path planning method based on
the artificial neural network for the quadrotor is proposed
by Khosravian and Maghsoudi [14]. The position and
attitude control with considering the under actuated
constraints through the recurrent neural network based on
non-linear PID is the main evolution of this study. Also,
the path planning module is proposed in this paper as a
high-level controller. The decentralized fuzzy adaptive
sliding mode algorithm for the multi-quadrotor is
proposed by Manouchehri et al. [15]. In this approach,
affine nonlinear agents with nonlinear control gain are
considered. The proposed method is used to plan the
formation between a groups of quadrotors. Performance
of this method is evaluated through the numerical
simulation. Parameters of a target tracker robot are
identified through the particle swarm optimization (PSO)
algorithm by Sangdani and Tavakolpour-Saleh [16].
Motion equations of robot are described with considering
flexible joints. For this purpose a non-linear spring and
damper system are defined. Parameters of this system is
identified and evaluated though the experimental results.
A variable-step  RRT* path planning algorithm is
proposed for a quadrotor to increase the convergence rate
and efficiency in a below-canopy environment [17]. A
cost function is used in the variable-step RRT* to
optimize the offspring vertices connection and the Bezier
curve is utilized to smooth the path. Allen and Pavone
[18] proposed a real-time path planning algorithm that is
applied on a physical quadrotor operating in an indoor
area. The proposed algorithm utilizes an offline-online
computation procedure, a machine-learning approach, an
optimal cost distance metric function, and trajectory
smoothing to plan a path. A chaos-based logistic map is
integrated with the particle swarm optimization
algorithm to improve the path optimality for an
autonomous unmanned aerial vehicle (UAV) [19]. The
optimal controller is proposed by Mashadi et al. [20] for
tracking the predefined path with application to the
integrated driver/vehicle system. Controller parameters
are designed through the LQR and GA algorithm. Hence,
controller performance is appropriated in the various
driving styles, road conditions and initial errors of
vehicle position and orientation. The integrated
driver/DYC control system is presented to overcome the
vehicle path tracking problems with considering the
vehicle active safety [21]. In this controller, the heading
error and the lateral deviation between the real and
desired path are received as inputs and then the steering
angle and a direct yaw moment are designed as outputs.
PID coefficients are optimized through the heuristic

approach. Hence, the performance of the driver/DYC
controller is acceptable on lane-change maneuvers,
double-lane changes, J-turn and other desired tracks.
Finally, Monte-Carlo simulation is utilized to assess the
performance of this method. Gao et al. [22] introduced
the path planning problem which is divided into front-
end path searching and back-end path filtration.

The path is planned by the sampling-based informed
method and the planned path is optimized through the
penalty functions. This approach is implemented in a
lightweight quadrotor platform and is evaluated in
unknown cluttered indoor and outdoor workspaces. In,
The optimal path planning algorithm was proposed by
Heidari and Saska [23] for a quadrotor by considering
various objective functions, such as energy efficiency.
The necessary conditions of optimality are formulated
here as a normal form of a two-point boundary-value
problem using Pontryagin’s minimum principle. The
control forces were added into the artificial potential field
(APF) to plan an optimal path for a quadrotor [24]. The
slack variables in this paper are used to change the
constrained optimization problem to an unconstrained
problem. However, there are many various criteria to
classify the path planning algorithms such as 1) complete
algorithms, 2) probabilistic-complete algorithms, 3)
deterministic algorithms, 4) randomized algorithms, 5)
optimal algorithms, 6) suboptimal or asymptotically
optimal algorithms, 7) global algorithms (map-based), 8)
local algorithms (sensor-based), 9) real-time algorithms,
10) kinodynamic algorithms, etc. [25-30]. These path
planning algorithms are developed through the three
main groups of classical, heuristic, andmeta-heuristic
[31]. Figure 1 illustrates classical algorithms including
family of bug-based (Bug 1 & 2, I-Bug, K-bug, and
Tangent-bug), roadmap-based, graph-based,
cell decomposition-based, sampling-based,
potentialfield-based, etc. Most of the classical algorithms
are complete and deterministic. Hence, these are
sensitive to parameter tuning and computational-
complexity of them increase in the order O (n?) by

Pali planning meihods
] ] 1
[ Ctssical mothoas | T | ([ vtn-teisti meods ]
E'_‘ Combination uf the previous
. wethods 1o overeoms 103
such as greedy randoms
R et {enetic algorithi st scareh, mnl ool
Y and  differentinl evolwion.
Sampling-based o _ bacterial potential fichd, ..
to{ Potential feld-hused J#sndns o{ At colony ]
Cell & gt - }"[ Particle swarm aptimizlion ]
Lk Otter | Hitirablospiced - mcthiods
Ot methads snchias such as Girew wolf, Cuchoo, Flower

Silkuuetle, Subgral pollination, Whale optimization, ...

Mathematical,  Fast
Marching, -..

Orlier msethods sueh
s Tabu, wavelate, ..

Figure 1. Classification of path planning methods
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increasing the density of obstacles, workspace
dimensions, numbers of kinodynamic constraints, etc.
While this can be proved the most heuristic and meta-
heuristic algorithms are probabilistic-complete.

Remark 1. Probabilistic-complete means that a
probability of designing a path goes to one if one path
exists and time goes to infinity.

Among the most path planning algorithms mentioned
above, the external (kinematic) constraints are
considered in the path planning procedure but the internal
(differential) constraints are seldom considered. Thus
they usually cannot be able to plan a feasible path. This
challenge becomes harder when unknown or moving
obstacles have appeared in the kinodynamic path
planning problem. Also, computational and time
complexity of the kinodynamic path planning problem
increase in the order O (n?) by increasing numbers of
moving obstacles, kinodynamic constraints, degrees of
freedoms, and C-space dimension. These challenges of
real-time kinodynamic planning can be formulated into
two questions that serve as the key motivation of this
study.

Motivating Question 1. Can we propose an any-time
path planning algorithm that takes into account both
kinematics (moving obstacles avoidance) and dynamics
(velocity and acceleration) constraints for VTOL-Q in a
simultaneous manner?

Motivating Question 2. Given such a generalized
method to kinodynamic path planning, can we utilize a
randomized sampling-based approach to reduce the
computational and time complexity of the problem?

In response to such motivating questions, this article
proposes the any-time randomized kinodynamic (ATRK)
path-planning algorithm here as the state-of-the-art in
this field applicable in the VTOL-Q. In a nutshell, the
main contributions of this article can be summarized as
follows:

1) In the proposed ATRK path planning algorithm the
reachability of each offspring vertex which is planned
through the rapidly-exploring random trees (RRT)
method is assessed to assure the quadrotor kinodynamic
(kinematic and dynamic) constraints are considered in
the planned path. Hence, both dynamic and kinematic
(kinodynamic) constraints are integrated into the
designed path and it’s followed through the quadrotor
properly.

2) In the proposed ATRK the randomized sampling-
based approach is utilized to reduce the computational
and time complexity of the problem. The search tree is
expanded in the configuration space in a random manner
here. In this way, the total number of vertices is reduced
in the search tree compare to the conventional methods.
It is worth to be mentioned that the computational and
time complexity in the complete path planning algorithm
increase in the order O (n?) by increasing numbers of
moving obstacles, kinodynamic constraints, degrees of
freedoms, and C-space dimension.

3) The any-time reactive event-based method re-plans
the path in the local areas to avoid collision with moving
obstacles and prevents trapping the path in the local
minima problem.

The rest of this manuscript is organized as follows: a
brief background of the quadrotor dynamic model and
sampling-based path planning algorithm is presented in
section 2. The any-time randomized kinodynamic
(ATRK) path-planning algorithm consists of three main
components that are presented in section 3. These
components are: high-level, mid-level, and low-level
controller. Performance and effectiveness of the
proposed path planning algorithm in presence of moving
and unknown obstacles are assessed through the two
different scenarios in section 4, and finally, the
conclusion is given in section 5.

2. OVERVIEW OF QUADROTOR DYNAMIC AND
SAMPLING-BASED ALGORITHM

2. 1. Quadrotor Kinematic and Dynamic
Typically, the structure of a quadrotor is rigid and
symmetric, in which four rotors are attached at the ends
of arms in a plus or cross-configurations. The desired
forces and moments are generated on the quadrotor
through the counter-clockwise rotating in front and back
propellers (numbers 1 and 3 in Figure 2) and clockwise
rotating in right and left propellers (numbers 2 and 4 in
Figure 2). The Euler-Lagrange and Newton-Euler are
conventional methods that are utilized to explain
dynamics behaviours for a quadrotor [32-35]. Before
explaining the dynamic model of a quadrotor, it is
necessary to explain the reference frames and kinematic
equations. Two reference frames are used to derive the

N

PWM4

Z,Wwlz. y. 0
Figure 2. Quadrotor structure and reference frames
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dynamic model (Figure 2): The fixed (Earth) frame (E-
frame), the mobile (Body) frame (B-frame).

Six DOF are required in 3D-space to explain the
quadrotor translation and rotation movement. The
quadrotor position and orientation (7 € R®) in the E-

frame is presented by:

n=[nn,]=(xy.z,

¢e[—ﬂ,7r],<9€[—7r/2,ﬂ/2],1//e[—ﬂ,fr])eR6 @)

and the quadrotor linear and angular velocity (v e R®) in
the B-frame is presented through the following vector:

V:[Vl VZ]Z(U,V,W, p,q,l’)eRe (2)

Quadrotor kinematic motion equations by considering
the geometric aspects of motion are defined in the

following form where J is R® — R®® :

. M [317)  Ose |[wa
== |:77j - |: O3z J z(ﬂz)}{vj @

where, 5, &n,<Rr® presents the position and orientation,
and vectors ,,&,,<R® presents the linear and angular

velocities in the body coordinate system. Relation
between the position and linear velocities is explained

through the J,(17,) = C.(»).C,(0).C.(#) € SO(3):

Juln,) =

[cy —sy 0][co 0 sO]f1 0 O

sw cw 0|l 0 1 00 cpg —-s¢g|=

|0 0 1] -sf 0 cd|0 sg c¢ (4
[cwchd —swch+cysOsg  swsp+cysocy

sycld CcyCP+Sysdsg —Cy s+ Sysdcy

—-s0 cOsp cdcy

and the correlation between the orientation and angular
velocities is defined through the j,(;,):

1 sgtd  cgto

Jon))=|0  cp  —sp ®)
0 spglcd cplcod

Consequently, the quadrotor kinematic motion is defined
as below:

X = w[s¢psyp + cpcysO] — v[cpsy — cpspsO] +
u[cycl] y = v[cpcy + spsys] — wlcypsp —
cpsyso] + ul[cOsy] z = wlcpcl] — u[sG] + (6)
v[cOsp] ¢ =p + r[cdtd] + q[sptb] 0 = q[cp] —
rls¢li =124 g2
Using the Newton-Euler equation, and by making the
following assumptions: 1- The quadrotor frame is
supposed to be rigid and symmetrical, 2- The centre of
mass and the body-fixed frame origin are assumed to

coincide, 3- The propellers are supposedly rigid, 4-
Thrust and drag are proportional to the square of the
propellers speed, 5- The dynamics of the rotors and
propellers are negligible. 6- The inertia matrix (1) is
diagonal, in other words, the axes of the B-frame
coincide with the body principal axes of inertia, the
dynamic model is written in the following form.

Newton's law and Euler's law are stated to explain the
total forces and the total torques that are applied to the
quadrotor:

Newton'slaw = m(v, v, +vy) = T

—[f fyf I eR?®
X'y z (7)

Euler'slaw = Ly, +v, " (l.v,) = 73
T
=[Txfyrz] eR?

where m=2.1kg is the quadrotor mass,” is the cross
product,

I =[1x=0.00612kgm?1, = 0.00612kgm?,

1, =0.0137kgm?"

is the inertia matrix, f . is the quadrotor force, and 7 is

the quadrotor torque. These equations are defined in the
state-space in the following form:

{mhxs ONHWZ}L VZX(mV1) :{fs} ®
Oss | JLv2) [vEx()| Lee

The dynamic model is described in a matrix form:

M B\'I+CB(V)V:A:[f B TBT

M :{mlsxs 03@}(: :|:03><3 _mS(VlB):| ©)
’ 0ss | | ? 0ss  S(Iv3)

where \; is the diagonal and constant system inertia
matrix, c;is the Coriolis-centripetal matrix which is

tabulated in Table 1. S () is the skew-symmetric operator
which is defined as below:

0 ks ko
Sk)=-s"(K)=| ks 0 —k; (10)
—k2 kl 0

Inertia and Coriolis-centripetal matrix are defined as
bellow:

TABLE 1. Quadrotor Parameters of dynamic model
b =3.21x10kg m*

m = 2.1kg
la= 1y =0.00612kgm* d =6.45x10"kgm’
l,,=0.0137kgm? 1=0.2m

7, =1.23x10 kgm’ g=9.81 Ms~’
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210 0 0 0 0
0200 0 0 0
Joo2t 0 0 0
“*lo 0 0 ooz 0 0
000 0 0 00612 0
000 0 0 0 o0
L ) (11)
000 0 2w 2y
000 2w 0 2
Jooo 2w 2w 0
““looo 0 003w 000612
000 -00137 0 000612p
00 0 0006125 —000612p 0

Az[f B TBT in the quadrotor (Equation (9)) consists
of three components:
A=Gy(n) +0s(V)Q+ EoQ’
left

QOveraII — _Qlfmm + Qgight _anck +QA
Q=[0,09,03,04]'

(12)

where Q(rads—1) is the propellers speed, Gg is the

gravitational force that is generated due to the
gravitational acceleration,

Gs(n) = [mgsb?,—mgcé’sqﬁ,—mgcb?s¢,0,0,0]T (13)

O IS the gyroscopic torque that is produced due to the

propeller rotation (overall rotors speed is an imbalance or
the quadrotor has the roll or pitch),

0 0 0 O

0 0 0 O

OB(V) =Jw 0 0 0 0
9 -9 g -q (14)

-P P -p P

0 0 0 O

J+[Nms?] — total inertia of rotors

and Eg is the main forces and torques that the I[(m) is
the distance between the centre of the quadrotor mass and
the centre of any propeller, the d(kgm?) is drag factor,

and theb(kgm?) is thrust factor.

0 0 0 O

0 0 0 O
/b b b b L5
Ee=l o o 0 bl (15)

bl 0 bl O

|-d d -d d]
From Equations (9) and (12) it is possible to write:

V=M3z(-Cs(V)V+Gs(£) +0s(V)Q+ EsQ’) (16)

The quadrotor dynamic in the body frame is defined as
follows:

U= (vr—wq)+gsé
V = (wp—ur)—gcosg

W= (uq—vp)— gc@s¢+$
m

p:lyyilzzqr—th‘F&

I I x I (17)
qzlzz_lmpr+hpg+$

Iyy Iyy Iyy
r._zlxxflyypq_'»u

IZZ IZZ

The control signal U = [Ul,U 2U3U 4]T eR* isdefined
as below:

U:=b(Qi+03+05+03)
U.=Ib(-Q3+Ql)
Us=Ib(-Qf + Q)
U.=d(-Qi+Q5-Q5+Q))

(18)

By Equations (17) and (4) the dynamic model in hybrid-
frame (linear equations in the E-frame and angular
equations in the B-frame) is possible to write:

X =(swsg+ cw50c¢)%

o U,

¥ =(-Cwsg+ sw@wﬁ)m

I=-g+ (c9c¢)$
m

_ (19)
.pzlyy Izzqr—th-%&

| xx XX XX
q:IZZ_IXXpI'-FﬁpQ-F%

IW v vy
[ = |xx_|yyqp+$

IZZ IZZ

Remark 2. If the rotation movement in the quadrotor is
achieved with the small angles, the dynamic model
(Equation (19)) can be more simplified. That is to say,
the dot product between the angular velocities and the
inertia of each rotor are negligible.

2. 2. Sampling-based Path Planning Algorithms
Sampling-based path planning algorithms have been
proposed since late 90s for NP-hard problems in the high-
dimensional workspace and for high-degree-of-freedom
robots that are out of reach for deterministic, complete
methods [36-38]. The Rapidly-exploring random trees
(RRT) is one of the most famous and most studied
algorithms for sampling-based path planning issue. The
RRT is able to apply the robot's dynamics in the path
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planning procedure. Also, due to the randomized nature
of RRT, the computational and time complexity of the
problem are reduced. In a nutshell, RRT is a simple and
fast method which is appropriate for real-time and
kinodynamic applications.

Remark 3. Here, the kinodynamic term means that
both  kinematics and dynamics (velocity and
acceleration) constraints are taken into account during
the path planning procedure in a simultaneous manner.
Hence, the planned path through this method is feasible
(flyable) for the VTOL-Q. Also, the any-time term means
that the quality of initial path improves during the
planning time remains. Hence, the VTOL-Q can be avoid
collision by unknown or moving obstacles in the local
area.

Algorithm 1: The pseudo-code of the standard RRT
1: (X,X ) <= Configuration/Free space

2.V« {qini’ qgoal}

3. E « {0}

4: R(V,E) « Search Tree

5: (N, B) « Max. number of iteration and threshold of goal
vertex.

6: Re <= L*NOrM (04011 G )
7: whilei < Nand R.> fdo

8: 0,20¢ < The random sampling is generated through
the function number 1 ( X free )-

9: V near <— The best candidate parent vertices are
determined through the function # 3.

10: | O parem < The parent vertex is determined through

the function number 2. = byEq. (20).
11: [q new? 3] <— The edge and new vertex are generated

through the function # 4.
12: if (0, 3) located in x e then o byFun. #5
13: V«{vUq,,}
14: E<{EUu3J}
15: R <Update(R)
16: endif
17: | R, < Update (R.)
18: endwhile

Standard RRT framework consists of five main
components: 1) Sampling function, 2) Metric function, 3)
Branch function, 4) Neighbors function and 5) Collision
detection function which are introduced briefly as
follows [31]:

1- Sampling function: Random offspring vertices
(Q,.,q) are generated by this function to expanding the

search tree R(V,E) in the configuration space. Where,
(R) is the search tree in free space C see = C / Cobstacte »
(E) is the set of tree edges, and (V) is the set of tree

vertices. The random offspring vertices can be guided
toward the goal state by adding bias, bridge test, M-Line
axis, boundary layer, or other techniques.

2- Metric function: The performance of this function
can have a significant influence on the path planning
ability. The various strategies are defined: Manhattan,
Chesshoard, Weighted Euclidean, Adaptive, Diagonal,
etc. The metric function (y) is defined as follows:

7(q rand) = g (q int’ q parem) + h(q parent’ q rand) (20)

3- Neighbors function: This function receives the
(9,ang) @Nd #(Q,,,4) @S inputs and determines a subset of

the best candidate vertices (VnearcV) among the all
available vertices of the search tree (V).
4- Branch function: This function receives the (q,,.)

and (4 purere) - then plans an edge (3) as an output. If the

random offspring vertex is out of reach for the search
tree, the new vertex is generated.

5- Collision detection function: The output of the
sampling (q,,,) and branch functions (q,,,3) are
assessed through this function for located in the free
configuration space (Cree). The pseudo-code of the
standard RRT is presented in Algorithm 1 and also the
concept of this is illustrated in Figure 3 [9].
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Figure 3. Conceptual representation of RRT path planning
algorithm
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3. PROPOSED ANY-TIME RANDOMIZED
KINODYNAMIC (ATRK) PATH-PLANNING

Here, the ATRK path planning algorithm is proposed to
increase the autonomy level in the considered VTOL-Q.
The ATRK utilizes the randomized sampling-based
method to reduce the time complexity of the path
planning problem. By reducing the time complexity, the
ATRK is able to rapid re-plan the path in the local areas
to avoid collision with moving obstacles. Furthermore,
the ATRK integrates both kinematic and dynamic
constraints of VTOL-Q in the generated vertices. So, the
planned path is feasible for the VTOL-Q. ATRK consists
of three main components: high-level, mid-level, and
low-level controller which are introduced as follows.

3. 1. High-level Controller The high-level
controller utilizes the RRT approach to generate
offspring vertices for rapid exploring and expanding in
the configuration space. For this purpose, in each
iteration, the high-level controller receives several initial
parameters such as the configuration space, mission
requirements, terminate condition and etc. and then
generated a set of vertex and edge in a random manner.
In this way, the search tree is expanded in the
configuration space until the VTOL-Q reaches the target
state threshold. The feasibility of each vertex and edge in
the search tree for the VTOL-Q is assessed through the
low-level controller as follows, (lines 8-11 Algorithm 2).

3. 2. Low-level Controller The Low-level
controller with a six-DOF dynamic model integrates the
kinodynamic constraints of VTOL-Q in the randomized
offspring vertices to plan a feasible path. The offspring
vertices in the low-level controller are converted to the
desired references and the control signal is computed to
apply to the rotors, (lines 15-16 Algorithm 2). A
discrepancy between the output of the high-level

3
controller [q new ] and the output of the low-level

controller[qF'yab'e Fvable Jis appeared due to either
motion constraints or insufficient time.

3.3. Mid-level Controller  The mid-level controller
uses the any-time reactive method to avoid collision with
moving obstacles. For this purpose, first, the collision
point (CP) and local goal (LG) are determined, then the
local search tree is expanded from the current location of
VTOL-Q to the LG. The local search tree in comparison
to the initial search tree has high priority.

4. TEST-CASES

Performance and effectiveness of the proposed path
planning algorithm are evaluated through the three
different scenarios as follows:

Scenario 1: It is assumed that the configuration space
in the first test-case is a narrow passage in, Figure 4(a)
and is a maze-shaped space in, Figure 4(b).

Algorithm 2: Proposed ATRK

1: (X,X ) <— Configuration/Free space

2 V <« {qini’qgoal}

3. E « {¢}

4: R(V,E) « Search Tree

5: (N, B) « Max. number of iteration and threshold of goal
vertex.

6: R, < L2norm (0l goat» )

7: whilei < Nand R.> fdo

8: J,and < The random sampling is generated
through the function number 1 (X free )-

9: V near <— The best candidate parent vertices are
determined through the function number 3.

10: O parent < The parent vertex is determined through
the function number 2. = byEq. (20).

11 [q new! S] < The edge and new vertex are
generated through the function # 4.

12: if (0,3 ) located in x/X e then

13: gotoline 8
14: | else

15: | |[UsU2UsU.]  Low-level controller (), 0y 3 )

16: | |[ deyaper Srane | < 6DOF model [U1,U U 5,U 4]
o> byEq.(19)

17: endif

18: | if (deiyapier SFiyanie) located in X g then

19: Vo« {V UqFIyable}

20: | | E«{EUSnyae}

21: R «<Update(R)

22:  endif

23:  R¢ < Update (R)

24: endwhile

Scenario 2: It is assumed that the configuration space
in the second test-case is a cluttered space with two
unknown static obstacles.

Scenario 3: It is assumed that the configuration space
in the third test-case is a cluttered space with four
unknown moving obstacles.

Remark 4. The results are performed on MATLAB
software, which is fitted with an ASUS laptop
comprising a Core i7 CPU with 16 GB of RAM and a
256 GB SSD.

The following results are summarized from Figures 4-
6: In the first scenario position of all obstacles are known
for VTOL-Q. However, two different test-case with
different complexity (narrow passage and a maze-shaped
space) are considered to path planning.
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Path planning in the narrow passage
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Figure 4. VTOL-Q path planning through the ATRK
algorithm in the narrow passage and a maze-shaped space. It
is assumed that the all obstacles position are known in the
scenario #1

The ATRK path planning algorithm plans a path in
the both configuration space by considering kinodynamic
constraints of VTOL-Q, (lines 15-16 Algorithm 2).

Hence the planned path is feasible and VTOL-Q
tracks the path. In the second scenario, the VTOL-Q
detects pre-unknown obstacles during the planned path.
In order to avoid collision with them, the collision point
(CP) and local goal (LG) are determined. Then the local
search tree is expanded from the current location of
VTOL-Q to the LG. The VTOL-Q re-plans the path to
avoid collision by the first unknown obstacle in the local
area. Nevertheless, in the presence of the second
unknown obstacle, the VTOL-Q could not reach the first
local goal; hence the second local goal is planned. In the
third scenario, four moving obstacles are considered
which are depicted by a-d in Figure 6. The VTOL-Q
predicts collision point by the moving obstacle #b, (lines
12-13 Algorithm 2). Hence re-plans the path in the local
area. In a nutshell, path planning through the proposed
any-time randomized kinodynamic (ATRK) path
planning algorithm in the two types of static known
environment with different complexities: 1-narrow
passage, and 2-maze-like space is considered in the first
scenario and their results are shown in Figure 4 a & b.

Goa

Figure 5. VTOL-Q path planning through the ATRK
algorithm in presence pre-unknown static obstacles,
(scenario #2)

In both configuration space, the initially planned path is
illustrated through the blue line and the optimized path
with the triangular inequality is illustrated through the
red line. The number of the vertices (waypoints) in the
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final path (red path) with the triangular inequality is
reduced in comparison with the initial path (blue path).
Due to the randomized nature of the proposed ATRK the
optimized path is sub-optimal. Path planning through the
proposed ATRK in the unknown static configuration
space is considered in the second scenario. Its related
results are shown in Figure 5. The local search tree with
green edges is shown in this scenario to avoid collision
by the unknown static obstacles. In the third scenario,
four unknown moving obstacles are considered in the
simulations. Moving obstacles #b has collided with the
initially planned path. Hence, the initial path is re-planed
in the local area that is shown by the blue edges in Figure
6. Furthermore, the features of proposed ATRK are
compared with the standard RRT in Table 2.

Goall

Goal

Figure 6. VTOL-Q path planning through the ATRK
algorithm in presence pre-unknown moving obstacles,
(scenario #3)

TABLE 2. Comparison of the proposed ATRK with the
standard RRT

Features

Standard RRT Proposed ATRK

Execution time and

Memory consumption High Low

Path optimality Non-optimal Sub-optimal
Type of Constraints Kinematic Kinodynamic
Training and query phases Offline-Offline  Offline- Online

Type of Obstacles Known- Static  Unknown-Moving

Total number of vertices in

the search tree High Low

5. CONCLUSION

This paper focuses on the study of an any-time
kinodynamic path planning framework to plan a feasible
path for a VTOL-Q by considering both kinematic and
dynamic constraints in the presence of pre-unknown
moving obstacles. To this end, let us propose the any-
time randomized kinodynamic (ATRK) path-planning
algorithm applicable in the VTOL-Q, (Algorithm #2).
ATRK path-planning algorithm is based on the RRT and
consists of three main components: high-level, mid-level,
and low-level controller. The high-level controller
utilizes a randomized sampling-based approach to
generate offspring vertices for rapid exploring and
expanding in the configuration space, (lines 8-11
Algorithm #2). The mid-level controller uses the any-
time method to avoid collision with moving obstacles.
Low-level controller with a six-DOF dynamic model
accounts for the kinodynamic constraints of VTOL-Q in
the randomized offspring vertices to plan a feasible path,
(lines 15-16 Algorithm #2). In some cases, a discrepancy
between the output of the high-level controller and the
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output of the low-level controller is appeared due to
either motion constraints or insufficient time. Simulation
results on three different scenarios demonstrate the
kinodynamic constraints of the VTOL-Q are integrated
into the randomized offspring vertices, hence the
proposed ATRK path-planning algorithm is able to plan
a feasible path, and the VTOL-Q tracks the planned path
appropriately. Also, in presence of moving obstacles, the
ATRK re-plans the path in the local areas through the
any-time approach. The local search tree in comparison
to the initial search tree has a high priority to execute. In
a nutshell, the ATRK in all three scenarios is able to
integrate the kinodynamic constraints of VTOL-Q in the
randomized offspring vertices. Furthermore, the local
search trees are expanded in the local areas through the
any-time method to avoid collision by moving obstacles.
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Thermoplastic elastomer (TPE) based on polyamid 6 (PA6)/ acrylonitrile-butadiene rubber (NBR)
containing 5 wt % nanoclay (Closite 30B) have been prepared via friction stir process (FSP). In this
study, the essential work of fracture (EWF) approach was employed to investigate the fracture behavior
of PA6/NBR nanocompsites. Also, the modulus strength of specimens was modeled by response surface
methodology (RSM), considering three input variables including rotational speed (), traverse speed (S),
and shoulder temperature (T). Thus, a quadratic mathematical model between input variables (o, S and
T) and response (modulus strength) of PA6/NBR/clay nanocomposites was achieved. Moreover, the
morphology of the PA6/NBR blends containing 5 wt % was investigated by x-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The results show
that a sample of PA6/NBR thermoplastic elastomer (TPE) containing 5 wt % nanoclay at maximum
tensile strength exhibited the maximum specific essential work of fracture (w.) and specific non-essential
work of fracture (wp). Also, the results of RSM method demonstrate that the optimum condition of the
process including rotational speed (®), traverse speed (S), and shoulder temperature (T) were 1200 rpm,
25mm/min, and 146°C, respectively. Thus, under optimum condition, maximum modulus strength of 658

MPa was obtained.

doi: 10.5829/ije.2021.34.10a.18

1. INTRODUCTION

Thermoplastic elastomers (TPEs) are defined as a
collection of copolymers (such as plastic and rubber) that
consist of materials with both elastic (related to rubber
phase) and strength (related to plastic phase) properties
[1, 2]. They have a wide application in industry due to
their ability to stretch, to moderate elongation and return
to their near original shape, excellent thermal,
mechanical, and chemical resistances [3, 4]. In recent
years, a lot of articles reported on mechanical properties
and fracture mechanisms of TPE blends [5-7]. The
fracture toughness of PAG6/NBR/Hallosite nanotube
(HNTSs) nanocomposite was investigated by Paran et al.
[8]. Their results showed that the work of inner fracture
zone (w,) decreased with addition of HNTSs into the
PAG/NBR blend and, at the same time, the non-essential
work of fracture (w;,) increased. Mahallati et al. [9] have
investigated the effect of the NBR content and nanoclay

*Corresponding Author Institutional Email: m_nakhaei@sbu.ac.ir (M.
R. Nakhaei)

loading on the microstructure and thermal behavior of
PAG6/NBR nanocomposites. They found that the storage
modulus and oil resistance increased with the loading of
the nanoclay. Paran et al. [10] have studied the effect of
HNT on the mechanical and morphology properties of
PA6/NBR blend. They concluded that the storage
modulus, Young’s modulus, and yield stress increased
with increasing HNT content. The friction stir process is
a new method for produce polymer nanocomposite [11].
The high rotational speed of the tool in this process leads
to great shear stress in the process zone. The high shear
stress leads to better nanofiller dispersion in the
polymeric systems and improvement in the mechanical
properties such as tensile, modulus strength, and fracture
behavior. In this study, the effect of input variables such
as shoulder temperature, rotational speed, and traverse
speed on the total work of fracture and modulus strength
of PA6/NBR/Clay are investigated by EWF and RSM
approach, respectively. Also, the morphology of

Please cite this article as: A. Ghorbankhan M. R. Nakhaei, Microstructure and Mechanical Properties of Polyamid 6/Acrylonitrile-butadiene
Rubber Nanocomposites Fabricated by Friction Stir Process, IJE TRANSACTIONS A: Basics Vol. 34, No. 10, (October 2021) 2371-2378



mailto:m_nakhaei@sbu.ac.ir

A. Ghorbankhan and M. R. Nakhaei/ IJE TRANSACTIONS A: Basics Vol. 34, No. 10, (October 2021) 2371-2378 2372

PAG6/NBR/Clay nanocomposites is studied by x-ray
diffraction (XRD), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM).

2. Experimental design and procedure

2. 1. Materials To fabricate the specimens,
polyamide 6 (PAG), nitrile butadiene rubber (NBR), and
nanoclay (Cloisite 30B) were supplied from Kolon
plastic co., Korea, Kumbo polymer Co., Korea, and
Southern clay Co., USA, respectively. Chemical and
physical characterizations of these materials are
summarized in Table 1.

2. 2. TPE Nanocomposite Preparation The
thermoplastic elastomer (TPE) nanocomposites based on
PAG/NBR containing PA6 (70%) and NBR (30%) were
prepared using a Brabender internal mixer at a process
temperature of 230 °C with a screw speed of 80 rpm for 6
minutes. The workpiece sheets with 200x160x3.2 mm
dimensions were achieved using a Mini Test Press
operating at 130MPa.

2.3.FSP Tool Johns describes many models to
manufacture an FSP tool for polymers [11, 12].
Therefore, john’s tool design is the model for the current
tooling used at BYU. The FSP tool consists of two main
functions: localized heating and material flow [13, 14].
Figure 1 shows the schematic of the FSP tools was used
in this study. The FSP tool used in the study consist of a
cylindrical threaded pin, a ball bearing, a heater, and a
Teflon-coated shoulder (Figure 1).

To fabricate PA6/NBR/clay nanocomposite, a Deckel
milling machine (M.S.T Co, Iran) was employed. The
primary components were fixed on a milling machine,
and a grove of 2.25 mm depth was machined in the
middle of the workpiece. The nanoclay particles were
placed in the groove, and they compressed. To obtain the
height of the improvised nanoclay particle (hn) in

TABLE 1. Raw material properties used in hanocomposites

Material Characteristics Value Units
Density 1.14 glem?®
PAG Melting point 220 °C
Melt flow index (MFI) 314 9/10 min
Mooney viscosity 41 M
ML(1+4)125°C
NBR Bound Acrylonitrile 34 %
Density 0.98 g/cm®
Modifier Concentration 90 Meq/100g
Cloisite 30B Density 1.98 g/cm®

d-Spacing 18.4 A

Rotating
Tool

Groove for
nanoclay

Heater

Base material

Figure 1. Schematics of friction stir process tool

the groove, Equation (1) can be used:

A
hn = T, 53, @

where A, and T, are the cross-sectional area of groove
and groove width, respectively. Also, D, is the density
ratio achieved by diving nanoparticles density by TPE
composite density. Finally, the rotating tool along the
groove moved to distribute nanoclay particles on the
PAG6/NBR blend.

In this study, the statistical and probabilistic methods
of RSM with Box-Behnken three-level design is used to
analyze the effect of input variables on mechanical
properties. The ranges of input variables at three levels
are shown in Table 2. Based on this design, fifteen
experiments were carried to obtain the mathematical
models, as shown in Table 3.

2.5. EWF Method One of the successful methods
to investigate fracture behavior of nanocomposites is to
use the essential work of fracture (EWF) method. This
method is suitable for soft materials with low strength,
such as polymers [15, 16]. In calculating fracture
toughness of polymer nanocomposites, the EWF test, due
to simple preparation of specimens and easy calculations
has attracted considerable interest in academia and
industries. In this method, to characterize the resistance
to damage process occurring during tensile tests in outer
fracture process zone (OPZ) and resistance to crack
propagation in inner fracture process zone (IPZ), tensile
test of double-edge notched tension (DENT) specimens
with various values of ligament length (13, 15, 17 and 19
mm) were carried, based on 1SO 293 protocol. Figure 2
demonstrates the schematic of the DENT specimens,
FPZ, and OPZ [16, 17]. Using obtained load vs.
displacement curves from tensile tests, EWF parameters
can be achieved. The total work of fracture (W), which
is calculated by the integral of F-D curves, consists of the
applied work in a direction perpendicular to the ligament
length (W,) and plastic work in upper and lower areas of
ligament length (WW,). The form of the formulation used
for this parts is:

Wy = W+ W, 2
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TABLE 2.The selected input variables and their limits

Limits
Parameters Unit  Notations
-1 0 +1
Rotational speed rpm ® 800 100 1200
Traverse speed mm/min S 20 30 40
Shoulder temperature  °C T 125 150 175

TABLE 3. Design matrix and the measured response

Run S Modulus

Order © (rpm) (mm/min) T(C) Strength (MPa)
1 1200 20 150 645
2 1000 40 175 513
3 800 40 150 556
4 1200 30 175 613
5 1000 40 125 535
6 1000 20 125 543
7 800 30 125 533
8 800 20 150 549
9 1000 30 150 593
10 1200 30 125 626
11 1200 40 150 584
12 800 30 175 583
13 1000 30 150 595
14 1000 20 175 581
15 1000 30 150 597

Since the fracture toughness of polymer materials does
not depend on the dimensions of specimens, Equation (2)
can be rewritten by specific terms, as follows:

Wr = w,.Lt + BL*t.w, (3)

w
Wy = Tf: W+ BL.w, 4)

where wg, w,, and w,, are specific work of fracture,
specific essential work of fracture, and specific non-
essential work of fracture, respectively. Also, S is the
shape factor, and t is specimen thickness.

In other definition, the energy required to break,
which is absorbed or consumed, can be defined by
applied work in yielding (W) and necking + tearing
(W,) regions as follow:

We=W,+W, ®)
By introducing Equation (3) into Equation (5), specific
measurements of EWF parameters is written as follow:

Wf = (We,y+ ﬁL- Wp,y) + (We,n+ ﬁL- Wp,n) (6)

where w,,, and w,, are the specific yielding-related
essential work of fracture and specific necking and

tearing-related essential work of fracture, respectively.
Also, w,, ,,, and wy, ,, are specific plastic work of fracture
in yielding and necking+ tearing zones, respectively [15,
17].

2. 6. Characterization The microstructures and
phase morphology of the produced specimens were
characterized using a Philips XL30 scanning electron
microscope (Joel co., USA). For increasing the
nanocomposite surface conductivity. Experimental
measurements of nanoparticles distance were calculated
by x-ray diffraction test. The aim of this test is to
illustrate and compare the penetration of polyme chain
between nanoclay layers in different samples of
nanocomposites. For this work, using Philips X’Pert
diffractometer with ko radiation of wavelength
A=1.540598 A°, the XRD curves of nanocomposites
specimens were achieved. The dispersion of clay in the
PAG/NBR blends was investigated using a transmission
electron microscope (TEM) by a Philips EM208S at 100
kV. TEM samples were prepared by microtoming 80 nm
thick using a diamond knife in an Ultracut Uct microtome
(Leica Company, Austria). In order to investigate tensile
properties of nanocomposites samples, tensile tests were
performed using a Zuker tensile testing machine (Zwick
Co., Germany). These experiments were performed at
room temperature with crosshead speed of 1mm/min.
Furthermore, the dimensions of specimens were
determined based on the ASTM D256 standard [16].
Table 4 shows the average of three measurements of
tensile tests for each run.

3. RESULTS

3. 1. Analysis of Variance (ANOVA) Depending
on acceptable experimental data, analysis of variance
(ANOVA) is a good technique for input variables
screening which has the most effect on the output
variables. In this method, the input variables with more
F-value and less P-value (less 5% with 95% confidence
level) have the most effect on the output variables.
Therefore, they can be selected as the main variables with
regard to their roles in the experimental data [2, 18]. The
ANOVA table for the input and output variable are
shown in Table 4. According to both columns F-value
and P-value in Table 4, terms of shoulder temperature
(T), rotational speed (w), and traverse speed (S) as the
linear effects are significant. Also, terms of quadratic and
interaction effects of input variables such as w?, S2, T?
and ®xS, ®xT, SXT, can be regarded in the mathematical
model. Due to the above results, the mathematical models
for modulus strength are illustrated in Equations (7) and
(8).
(@) Interms of coded factors:

Modulus strength (MPa) = 595 + 30.87xw®w -

16.25XS + 6.63XT — 17XwXS — 15.75XoXxT — )]

15XSXT + 17.13%x w? — 28.62x S? —23.38%x T?
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(b) In term of actual factors:

Modulus strength (MPa) = -1218.85 + 0.025x® +
33.05xS + 1643xT - 0.0085x0XS — ®)
0.0035 xXT — 0.06XSXT + 0.00042%X w?-0.28%
S2-0.037x T2

3. 1. 1. Validation Equations (7) and (8) present
the mathematical models of modulus strength with regard
to 15 experimental tests. The accuracy and predictive
capabilities of mathematical models can be assessed by
comparing them with experimental results for various
conditions [1, 11]. Therefore, the validation of
mathematical models is investigated using three
confirming experiments. The actual measurements,
predicted values, and the percentage of error for three
experiments with the new conditions are given in Table
5.

TABLE 4. ANOVA analysis for the modulus strength model

Source si;uligr(;i df sﬁﬁi?e vame  P-value
Model 19449.8 9 2161.0 87.3 < 0.0001
Ep‘?:éi"”a' 76251 1 76261 3061 <0.0001
Traverse speed 21125 1 21125 85.3 0.0002

Shoulder 351.1 1 351.3 141 0.0131

®xS 1156.0 1 1156.0 46.7 0.0010

oxT 992.2 1 992.2 40.1 0.0014

SxT 90.0 1 900.0 36.3 0.0018

w? 1082.8 1 1082.8 43.7 0.0012

S2 3025.4 1 3025.4 122.2 0.0001

T? 2017.4 1 2017.4 815 0.0003

Residual 123.7 5 247

Lack of Fit 115.7 3 38.5 9.65 0.0954

Pure Error 8.0 2 4.0

Cor Total 19573.6 14

TABLE.5. Validation of test results.

Process parameters Modulus Strength

Run

Actual: 550
Predict: 559
Error (%): 1.1

1 1000 40 150

Actual: 581
Predict: 562
Error (%): 3.2

2 800 30 150

Actual: 630
Predict: 661
Error (%): 4.9

3 1200 20 175

According to the RSM method, the maximum and
minimum modulus strength of PAG6/NBR blends
containing 5% wt nanoclay by different input variables
values are given in Table 6. According to values of
modulus strength in Table 6, the maximum modulus
strength, which occurs at 1200 rpm (related to rotational
speed), 25 mm/min (related to traversing speed), and
146°C (related to shoulder temperature), is 658 MPa
(TPO5-1 sample). Moreover, the minimum modulus
strength of PA6/NBR/Clay nanocomposite is 521 MPa,
which occurs at 800 rpm, 20 mm/min, and 130°C,
respectively (TPO5-2 sample). Comparing mechanical
properties of the TPO5-1 sample fabricated by FSP in this
study with PA6/NBR/Clay produced by an internal mixer
[9] shows that addition of nanoclay in the PA6/NBR
blend increased the modulus strength of the
nanocomposite from 378 to 658 and 630 MPa,
respectively. Also, with addition of nanoclay to the
PAG6/NBR blend, the tensile strength of nanocomposites
produce by the internal mixer decreased, whereas the
tensile strength of FSP samples increased.

3. 2. Morphological Studies

3. 2. 1. XRD Analysis The corves of the XRD
diffraction patterns for clay platelets and two samples of
TPO5-1 and TPO5-2, as shown in Figure 2. Using
calculating d-space from Bragg’s law can be illustrated
the rate of distribution of nanoclay in the matrix.

d= ni (9)

" 2sind

where d, A, and 6 are the intergallery distance of clay, the
x-ray wavelength, and angle related to the maximum
point of the first peak, respectively. Also, n is the
diffraction sequence [11]. As shown in Figure 2, the
diffraction peak of neat clay appears at 26= 2.5°,
corresponding to dyy, basal spacing of 35.29 A° by
Equation 11. In the XRD pattern of the TPO5-1 sample,
the characteristic peak did not appear. This illustrates that
the clay platelets in the matrix were exfoliated excellently
in this sample. According to the researches, the size of
clay particles on PP/EPDM thermoplastic elastomer
reduced due to the higher rotational speed [1, 2]. On the
other hand, the TPO5-2 sample exhibited an apparent
peak at 26=2.3° (d= 38.36 A°). Thus, the observation
above shows that the input variables (T, o, and S) will
determine the distribution quality of clay particles on
PA6/NBR blends. According to the XRD results,

TABLE 6. Mechanical properties of TPO5-1 and TPO5-2 sample

Process Tensile  Modulus  Impact
Run arameters Strength  Strength  Strength
P (MPa)  (MPa) (i/m)
[0) S T
TPO5-1 1200 25 146 329 658 69
TPO5-2 800 20 130 27.4 521 62
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comparing X-ray diffraction patterns of the samples
fabricated by FSP in this study and internal mixer [3, 9]
shows that the correct choice of friction stir process
parameters can have a great effect on nanoparticle
dispersion on the polymer matrix.

3.2.2.SEM Figures 3 show the SEM micrographs
of samples of TPO5-1 and TPO5-2. It was shown that the
size of the NBR particles of the TPO5-1 sample is less
than the TPO5-2 sample. Moreover, the amount of
decrease in the size of NBR particles depends on the
rotational speed values. Thus, as shown in Figure 3 that
as rotating speed increases, shear stress increases, and the
sizes of elastomer phases decreased [8, 10]. The size of
the elastomeric phase in TPO5-2, observed as dark zones
by scanning electron microscopy, was reduced with
increasing rotational speed. Therefore, the decrease of
NBR particles was well correlated with increasing the w
observed by SEM micrographs.

3.2.3. TEM The TEM micrographs of samples
of TPO5-1 and TPO5-2 are illustrated in Figure 4. As
shown in Figure 4, the PA6 and NBR phases are
illustrated by gray and light areas, respectively. Also, the
clay platelets on PA6/NBR blends are shown by dark
lines. As shown in Figures 4a and 4b, the exfoliated rate
of the TPO5-2 sample (Figure 4a) is better than the
TPO5-1 sample (Figure 8b) on the PA6/NBR blend.

Intensity (a.u)

Degeree (20)

Figure 2. XRD Spectra of Closite 30B and PA6/NBR/Clay
nanocomposites

Figure 3. SEM micrograph of PA6/NBR nanocomposite (a)
TPO5-2 and (b). TPO5-1

100 nm 1 100 nm

Figure 4. TEM microgrp.ﬁ of PA6/NBR nanocomposite (a)
TPO5-2 and (b). TPO5-1

Following this reasoning, the potential energy for bond
formation in interfaces of elastomeric and thermoplastic
phases is great in TPO5-2 specimen compared to TPO5-
1 specimen. On the other hand, an increase in modulus
strength and fracture toughness of nanocomposites is
dependent on the extent of exfoliation of nanoparticles in
the matrix [11]. Thus, this result is in agreement with the
fracture behavior and modulus strength of the specimens
and could be an indication of comparatively stronger
interactions between the clay nanoparticles and the
PAG/NBR matrix in TPO5-2 sample.

3.2.4.EWF Test Due to the EWF test and DENT
specimens with different ligament lengths (L), the load-
displacement curves of PAG6/NBR thermoplastic
elastomers (TPEs) and TPO5-1 and TPO5-2 samples
were illustrated in Figure 5. Figure 5a shows the load-
displacement curve of the PA6/NBR blend containing
0% wt of nanoclay. Also, Figures 5b and 5c¢ show the
load-displacement curves of TPO5-1 and TPO5-2
samples, respectively. As indicated in Figure 5, the
yielding parts in all samples have the same shapes,
although this is not the same for all necking + tearing
sections. Moreover, the integral of load-displacement
curves for each sample increases with increasing
ligament length. The maximum stress values (0,qy)
curves of PAG6/NBR blend, TPO5-1, and TPO5-2
nanocomposites with different ligament lengths are
illustrated in Figure 6. According to the ESIS stress
criterion and Hills plasticity criterion, the maximum
stress (0,q,) Values for each specimen should be in the
range of 0.9-1.1 of the average of maximum stress. These
criteria show that the fracture process of hanocomposite
samples in the plane stress condition occurred. Therefore,
Figure 4 shows that the application of the EWF theory in
PAB/NBR/Clay nanocomposites is validated [2, 16].
EWF measurement for the yielding and necking +
tearing sections are listed in Table 7. The results show
that a sample of TPO5-2 exhibited the maximum specific
essential work of fracture and specific non-essential work
of fracture. This topic is clear thanks to good load transfer
between matrix and nanoparticles due to better
distribution of nanoparticles in the matrix, and less
agglomeration compare with other samples [16].
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Figure 6. Maximum stress versus ligament length of (a)
PAG/NBR (b) TPO5-2 and (c). TPO5-1

TABLE 7. The results of essential and non-essential work of
fracture PA6/NBR, TPO5-1, and TPO5-2

BWr Wey Bwyy  Wen  BWpa
PAG6/NBR 27.35 735 105 1 16.85 6.35
TPO5-1 12.8 8.1 6.2 2.1 6.6 6

TPO5-2 41.5 8.75 137 2.4 27.45 6.35

Sample w,

4. CONCLUSION

PAG6/NBR nanocomposites containing 5% wt nanoclay
Closite 30B were provided by friction stir process. The
essential work of fracture (EWF) approach was used to
investigate the fracture behavior of PAG6/NBR/clay
nanocomposites. Also, for modeling purposes and find
the relationship between input variables and response
(modulus strength), the RSM method was employed
successfully. Moreover, using x-ray diffraction (XRD),
transmission electron microscopy (TEM) scanning
electron microscopy (SEM) were investigated the
morphology of PA6/NBR blends containing 5 wt%
nanoclay. The obtained result leads to the following
conclusions.

1. Response surface methodology (RSM) is well
applicable for modeling modulus strength of
PAG6/NBR/clay nanocomposite by mathematical
models.

2. The modulus strength can be improved by increasing
rotational speed in all encoded rang of the Box-
Behnken design. Thus, the rotational speed has a the
most effective on the modulus strength.

3. The results of the RSM method demonstrate that the
optimum condition of the process was found to be at
including rotational speed (), traverse speed (S), and
shoulder temperature (T) of 1200 rpm, 25mm/min,
and 146 °C, respectively.

4. The total work of fracture increased with the presence
of nanoclay. The sample of PAG6/NBR TPE
containing 5% wt nanoclay at maximum tensile
strength exhibited the maximum specific essential
work of fracture and the specific non-essential work
of fracture.
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5. The XRD results showed that the better distribution

of nanoclay layers on PA6/NBR blend obtained for
TPO5-2 sample.

SEM micrographs confirmed that amount of decrease
in size of NBR particles depend on the rotational
speed values, as well as, the higher rotational speed in
FSP lead to higher shear stress and decreases size of
NBR particles. Also, TEM images showed that an
exfoliated and intercalated morphologies were
obtained for the TPO5-2 sample.
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