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Unlike traditional gaming where a game run locally on a user's device, in cloud gaming, an online video
game runs on remote servers and streams directly to a user's device. This caused players to become
independent of having high hardware resources in their local computers. Since video games are a kind
of latency-sensitive application, cloud servers far from users are not suitable. In fog computing, fog
nodes are in the vicinity of users and can reduce the latency. In this paper, a latency reduction method
based on reinforcement learning is proposed to determine which computing fog node can run the video
games with the lowest latency. In the proposed method, a Principal Component Analysis (PCA) based
approach is used to extract the most important features of each video game as the input of the learning
process. The proposed method was implemented using Python. Experimental results show that the
proposed method compared to some existing methods can reduce the frame latency and increase the
frame rate of video games.

doi: 10.5829/ije.2022.35.09¢.01

1. INTRODUCTION

Nowadays, users are capable of executing video games
on different platforms such as smartphones, personal
computers, etc. Execution of these video games is
independent of the computation resources of the users’
local devices. In 2009, cloud gaming was introduced and
its main idea was to run the video game on remote servers
and stream them directly to a user's device [1]. Hence,
video games would be developed for computers in the
cloud rather than for personal computers. Afterward,
game producers rent the cloud’s computer and
bandwidth. User Experience (UX) is an important aspect
of playing video games in which latency is one of the
most important issues in UX for playing video games in
Cloud-Fog Computing (CFC). In 2013, Huang et al. [2]
proposed the first open-source cloud gaming system
called “Gaming anywhere”. Cloud gaming systems such
as Gaikai, OnLive, and Stream My Game, had been
proposed before Gaming anywhere but these cloud
gaming systems suffered from inappropriate response

*Corresponding Author Institutional Email: Jamei@godsiau.ac.ir
(S. M. Jameii)

time. Bonomi et al. [3] proposed the first fog computing
paradigm in 2012. Fog computing has characteristics
such as low latency which can bring services to the edge
of the network. Another advantage of fog computing is
geographical distribution. In a fog computing
environment, many nodes in each region can serve as
sufficiently as possible. We should consider another type
of latency called system latency for playing a video game
on the fog and cloud nodes®. This latency is the delay
between the mouse or keyboard actions and the resulting
pixel changes on the user’s display and should be
considered for calculating the total latency of video
games.

In this paper, a latency reduction method based on
reinforcement learning is proposed to determine which
computing fog node can run the video games with the
lowest latency. At the first of the proposed method, a
Principal Component Analysis (PCA) based approach is
used to extract the most important features of each video
game as the input of the learning process.

Reinforcement learning is dynamically learning by

! https://www.nvidia.com/en-us/geforce/news/reflex-low-latency-
platform
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adjusting actions based on continuous feedback to
maximize a reward [4]. Since the objective of this paper
is dynamically select the best fog node in a distributed
manner to play the video game, we can have a learning
agent for each fog node to interact with the environment.
This kind of learning expresses how states can be mapped
to actions to maximize reward signals. This way the agent
does not tell what actions it should do, but it discovers
which actions have the most reward signal.

Markov  Decision Processes (MDP) is a
mathematical framework to describe an environment in
reinforcement learning. It provides a mathematical
framework for modeling decision-making in situations
where outcomes are partly random and partly under the
control of a decision-maker [5]. Since the problem of this
paper will be solved by reinforcement learning, the
Markov chain is a very useful framework to model this
problem based on by taking a sequence of actions. From
a time perspective, MDPs can be sub-divided into two
categories named Discrete-Time Markov Chain (DTMC)
and Continuous-Time Markov Chain (CTMC) [6]. A
random process can be defined as a chain of random
variables. There is a feature named Markov property that
refers to a memory-less property of random processes. A
random process has Markov property if the future
probability distribution is dependent only on the current
state but not on a sequence of events that preceded it [6].
MDPs, consist of three aspects: sensing, action, and goal.
An agent must sense the state of the environment and
then consider actions that take effect on the state. Each
method that can solve this kind of problem, is known as
the reinforcement learning method.

Since each video game has many features (more than
26 features) and analyzing these features incurs high
overhead, we have used PCA to reduce the number of
features. So essential features which are a lot informative
will be selected and less informative features will not be
considered. PCA combines essential features with a
substituted feature which leads to smaller sets of features.
Since the feature reduction is done before starting the
game and it is done on the machines of the users (not on
fog nodes), it does not incur significant overhead.

The contributions of this paper are as follows:

1) A PCA-based approach is used to extract the most
important features of each video game to be
considered as the input of the learning process.

2) A distributed reinforcement learning process is
proposed that can compute the score of each fog nod
and select the best fog node to play each video game
based on its characteristics and consuming
resources.

3) The proposed method can significantly reduce the
frame latency and increase the frame rate of video
games.

The rest of our paper is organized as follows: In section
2, we overview the related works. In section 3, we present

the proposed algorithm. Section 4 is the simulation and
experimental results. Finally, we conclude the paper in
section 5.

2. RELATED WORKS

In this section, some of the works that used reinforcement
learning for decision-making in cloud-fog environments
were reviewed. Talaat et al. [7] used reinforcement
learning for resource allocation and process migration.
For resource allocation, the reinforcement algorithm
selects the best fog server based on the fast response time.
For process migration, the reinforcement algorithm
selects the process for migration based on the process
weight to designate priority for selecting the suitable
process for migration. Zhang et al. [8] proposed a
framework named EdgeGame to adjust video bit rate
adaptively to match the network dynamics. Also, in the
paradigm of cloud gaming to compensate for the dynamic
nature of networks; they used deep reinforcement
learning to adjust the traffic from the edge nodes to the
users and to accommodate the varying bandwidth in the
dynamic network. In the paradigm of Mobile Edge
Computing (MEC), Zhang and Zheng [9] proposed a
technique for task migration based on the Deep-Q
network. In their work, the agent can learn optimal task
migration policy from previous experiences without the
need for a user’s mobility pattern in the future. Chen et
al. [10] proposed an adaptive real-time video game
streaming policy in the dynamic network based on deep
reinforcement learning to control bit rate adaptively. In
2018, Chenetal. [11] proposed a computation of floading
algorithm based on deep g-network named Darling to
learn the optimal policy without knowing prior
knowledge of network dynamics. This algorithm was
proposed for the MEC in which mobile devices are not
fully capable of computing intensive tasks locally. Thus
there should be a policy to determine whether to compute
the tasks locally or offload them to the MEC server,
considering the dynamic nature of the network. Dutreilh
et al. [12] proposed an automatic decision-making
approach for resource allocation without previous
knowledge of the application performance model. In their
work, the agent learns to add, maintain or reduce the
number of VMs allocated to the application. In 2018,
Wang et al. [13] tried to make a tradeoff between energy
consumption and service delay in vehicular networks.
They proposed a novel model to depict the users’
willingness of contributing their resources to the public.
In 2018, Dinh et al. [14] proposed a model-free
reinforcement learning offloading mechanism in which
mobile users can learn their long-term offloading strategy
to maximize their long-term utilization. This mechanism
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was proposed to prevent a scenario in which many mobile
users offload their tasks to the same edge node at the
same time. In 2019, Huang et al. [15] proposed an online
offloading framework that utilizes deep reinforcement
learning that learns the offloading decisions from the
experience. This offloading policy was done in the MEC
network which could decide to compute tasks locally or
offload them to the MEC server. Because the channel
state conditions are time-varying in wireless networks,
the offloading decisions and resource allocations should
adapt themselves to these dynamic conditions.

3. THE PROPOSED METHOD

In this section, a latency reduction method based on
reinforcement learning is proposed to determine which
computing fog node can run the video games with the
lowest latency. At first in subsection 3.1, a Principal
Component Analysis (PCA) based approach is used to
extract the most important features of each video game as
the input of subsection 3.2.

3. 1. Feature Selection using PCA PCAisa
feature reduction method in which the original data
transfers to a smaller space which leads to the reduction
of the features. On the other hand, PCA combines
essential features with a substituted feature which leads
to a smaller set of features. In this section, by utilizing the
PCA method, we try to apply PCA to reduce the 26
features of video games to 2 primary components and
then extract the most important features from them. The
steps of applying PCA to reduce the features are as
follows:

1. Assume Xi, Xa, ... ,Xz are feature set and each X;
represents as Nx1 vectors. (Z is the total number of
features and is assumed equal to 26 and N is the
number of rows in the dataset. At the first step, each
feature is normalized between 0 to 1).

2. The average vector is calculated as follows:

X=-%E.X, @
3. Foreach vector, subtract the average vector of itand
produce the matrix A=[®,, &,....D,] (NxZ
matrix) as follows:
CDi = Xi - X (2)

4. Covariance matrix is calculated as follows:
1
Cov = EZL'Z=1 cDi CDiT (3)

where ®;7 is the transformation matrix of &,
5. From the covariance matrix, we can compute

eigenvalues and eigenvectors and sort the

eigenvectors ascendingly. The highest value of
eigenvalue means the highest significance of the
corresponding features. Top 2 eigenvectors with the
highest eigenvalue form the principal components
of the data set.

The impact of the important features on the 2 primary
components categorized by video games are depicted in
Figure 1.

In Table 1, the selected features for each video game
that have more impact on the primary components are
demonstrated.

3. 2. Fog Node Score Calculation Algorithm1
calculates the score for each fog node. The less difference
between video game consumed resource and fog node
remainder resource is, the more score the related fog node
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will receive. To be more clear, for example, two fog
nodes have been compared to see which of them is a
better fog node in terms of remainder resources.

In this paper, only 3 fog nodes have been considered,
thus scores are designated between 0 to 2. Only features
that have been selected by PCA are considered for
selecting the fog node. In the next subsection, the
produced scores for fog nodes are used as input for the
reinforcement algorithm for selecting the best fog node.

3. 3. Calculating the Fog Node Selection Priorities
using Reinforcement Learning In this
subsection, an algorithm based on reinforcement learning
is proposed for selecting the best fog node. After
calculating the scores of the fog nodes by Algorithm 1,
the Q matrix will be initialized. Each element of this
matrix has two parts which are called the actions 0 and 1.
With these actions, we can say whether the agent selects
the current fog node or selects another fog node with a
higher score. Each action has its related g-value. The
action with a higher g-value will be selected. The agent
periodically monitors the environment that consists of
fog nodes. The agent learns which fog nodes could
receive more scores. The problem is modeled as a
Markov Decision Process (MDP) in Figure 2. The MDP
that models our approach to select the best fog node is
defined as Equation (4):

M=<B,A,T,P,y> ()

in which,

B={(n, p)|1<n<nmax A 1<p<pma} isthe state of the
MDP where n is the fog node index and p is the score
which is calculated for fog node.

e A={a|0<ac<1} isthe action set. When the agent
compares two fog nodes’ scores, if the first fog node
has higher a score than the second fog node, the
action 0 will be selected which means the selection
of the first fog node with the probability of Ps;s; or
Ps2s,. But if the second fog node has a higher score
than the first fog node, action 1 will be selected
which means the selection of the second fog node
with the probability of PsS; or Ps;S;.

P is the probability distribution p (r| s, a) of observing
reward r when the agent is in state s and action a is taken.

Ps;s; Psas,

Psis;

PSgS]

Figure 2. MDP for solving the stated problem

e v, 0< vy <l is defined as a discount factor that
determines how important a future reward is. When
it has a value near 0, the agent tends more to the
current state and when it has a value near 1, the
agent tends more to the future state.

e T is the probability distribution P (s’| s, a) of
transition to state s” when the agent is in state s and
action a is taken.

According to Dutreilh et al. [12], T and P are difficult
to estimate because they require heavy experimentation
and measurement. Due to this fact and to overcome these
limitations, reinforcement learning has been proposed to
learn these two parameters by interaction with the
environment. In the proposed method, Q-learning has
been used as one of the reinforcement learning
approaches. After calculating each score of fog nodes by
Algorithm 1, the Q-matrix will be created with
mentioned characteristics. In this step, the agent interacts
with the environment and then updates the current state
and g-value in Q-matrix. Then the action with a higher g-
value will be selected. Eventually, the g-values in Q-table
will be updated. The agent updates Q-values by Q-
learning formula which is as Equation (5):

Q(CurrentState, Action) = (1- LearningRate) *
Current, + LearningRate * )

(reward + Discount * MaxFuture, )

Now the Q-table has been formed and we can use its
policies for selecting the fog nodes. Algorithm 2 for
calculating the Q-table is as follows:

Algorithm 2

e Input: Calculated scores by Algorithm 1 for each video
game.

e Output: Q-table policies for selecting the best fog node

For each score calculated score by Algorithm 1
Create fog node objects and assign the related scores
Initialize the Q-table

Agent updates the current state and actions by
interaction with the environment

Observing possible actions from Q-table, then the
agent selects the action with higher g-value
Updating g-values in g-table

If learning process reward == pre-designated
reward:
Move to the next episode
Else:
Continue steps from the beginning
The end of the episodes
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4. PERFORMANCE EVALUATION

4. 1. Experimental Setup The proposed method
was implemented using Python 3.6. At first, we ran 5
video games distinctly to capture resource consumption
by MSI Afterburner. The obtained data frame in CSV
format had 26 columns of features. Thus we had to
extract the most important features which had the most
variance among others. By using the PCA approach
mentioned in the previous section, the first 3 features
have been extracted. Then by using Python and utilizing
object-oriented programming, fog nodes have been
created as objects. A total of 3 fog nodes have been
considered. For each fog node and each episode of the
learning process, resources have been initialized using
calculated scores by Algorithm 1. By assigning fog node
scores, the learning process starts. Totally 5000 episodes
have been considered. For each episode, 200 steps have
been considered.

4. 2. Experimental Results Our data has been
captured from playing 15 minutes of 5 video games
named Battlefield 4, Warthunder, Counter Strike Global
Offensive (CS:GO), Forza horizon 4, Apex legends. Each
tuple of the data contains 26 attributes. Each tuple
indicates one second. All of the features have been
normalized, transferred into the same scale between zero
and one.

The results of the reinforcement learning for
determining each fog node priority are stated in Table 2
categorized by each video game. For instance, to play
apex Legends video game, fog node number O has the
highest priority.

To evaluate the suggested fog nodes priorities, the
frame rate per second and frame latency have been
measured for three fog nodes and all of the five video
games during 15 minutes. Each game was run for 15
minutes and the average of the results is demonstrated in
Table 3. The fog node with a higher frame rate has a
lower frame latency. As can be seen in Table 3, for the
Apex legends game, fog node 0 has the lowest latency
compared to the other fog nodes. For Battlefield 4 game,
fog node 2 has the lowest latency and for CS: GO game,
fog node O has the lowest latency. Fog node 1 has the
lowest latency for the Forza Horizon 4 game and the
Warthunder game, fog node 0 has the lowest latency.

TABLE 2. Fog node priority for each video game

Priority #1 Priority #2 Priority #3
Apex Legends Fognode#0  Fognode #1  Fog node #2
Battlefield 4 Fognode#2  Fognode#0  Fog node #1
CS: GO Fognode#0  Fognode#1  Fog node #2

Forza horizon4  Fog node #1
Fog node #0

Fog node #2  Fog node #0

Warthunder Fog node #2  Fog node #1

TABLE 3. The average of FPS and frame latency of fog nodes
for video games

Video Games Fog nodes A\I/:elggge AI\;;?]%? f(:;lg;e
Fog node # 0 143 6.26
Apex legends  Fog node # 1 139 6.31
Fog node # 2 135 6.37
Fog node # 0 195 461
Battlefield 4 Fog node # 1 166 5.36
Fog node # 2 268 3.19
Fog node # 0 123 7.3
CS: GO Fog node # 1 55 23.8
Fog node # 2 22 455
Fog node # 0 120 7.1
Eg:ﬁ‘m . Fog node # 1 240 39
Fog node # 2 184 5
Fog node # 0 290 2.8
Warthunder Fog node # 1 42 29.3
Fog node # 2 129 6.7

Based on Table 3, the best fog nodes are selected for
each video game and the corresponding results (FPS and
latency) are compared to the approaches proposed by
Zhang et al. [8] and Chen et al. [11]. Table 4 and Figure
3 demonstrate the results of comparing the average frame
per second of the proposed method and the approaches
proposed by Zhang et al. [8] and Chen et al. [11].

As can be seen, the proposed method has a higher
average frame rate in all video games. This is because, in
the proposed method, reinforcement learning is utilized
to determine the best fog node for playing video games
considering the frame rate. The objective of Zhang et al.
[8] was to reduce bandwidth consumption and the
objective of Chen et al. [11] was to maximize the long-
term utility performance. After the proposed method, the
EdgeGame has a better frame rate than the Darling
approach.

Table 5 and Figure 4 demonstrate the result of
comparing the average frame latency of the proposed
method and the approaches proposed by Zhang et al. [8]
and Chen et al. [11].

TABLE 4. The average of frame per second

Apex CS: Forza

Legends Battlefield ¢ GO horizon ¢ Warthunder
propased 143 268 123 240 290
E‘]’geGame 118 255 115 200 188
Darling[11] 80 145 45 110 90
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TABLE 5. The average frame latency
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Figure 4. Comparing the average of frame latency

It can be observed that the average frame latency in
the proposed method is less than two other approaches.
This can be explained by the reason that the proposed
method has q better frame rate and more frame rate leads
to less frame latency. Among all video games, playing
Battlefield 4 resulted in the least frame latency, and
CS:GO resulted in the most frame latency.

5. CONCLUSION

Cloud gaming is a new paradigm that makes game
players independent of having high-end hardware on

their local computers. Since video games are a kind of
latency-sensitive application, a latency reduction method
based on reinforcement learning was proposed in this
paper to appropriately select the fog node for running the
video games on it with the lowest latency. We tried to
apply PCA to reduce the 26 features of video games to 2
primary components and then extracted the most
important features from them. The proposed method was
implemented using Python and 5 video games named
Battlefield 4, Warthunder, Counter Strike Global
Offensive (CS:GO), Forza horizon 4, Apex legends were
run for 15 minutes. Experimental results demonstrated
that the proposed method compared to some existing
methods reduced the frame latency and increase the
frame rate of video games.

6. REFERENCES

1. Ross, P. E., "Cloud computing's killer app: Gaming," IEEE
Spectrum, Vol. 46, No. 3, (2009), 4-14, doi:
10.1109/MSPEC.2009.4795441.

2. Huang, C. Y., Hsu, C. H., Chang, Y.C., and Chen, K.T,,
"GamingAnywhere: an open cloud gaming system," in 4th ACM
multimedia systems conference, Oslo, Norway (2013), 36-47,
https://doi.org/10.1145/2537855.

3. Bonomi, F., Milito, R., Zhu, J., and Addepalli, S., "Fog computing
and its role in the internet of things," first edition of the MCC
workshop on Mobile cloud computing, New York, United States,
(2012), 13-16, https://doi.org/10.1145/2342509.2342513.

4. Yaghmaee, F., Koohi, H., " Dynamic Obstacle Avoidance by
Distributed Algorithm based on Reinforcement Learning,"
International Journal of Engineering, Transactions B:
Applications, Vol. 28, No. 2, (2015), 198-204, doi:
10.5829/idosi.ije.2015.28.02b.05.

5.  rezaei, H., Motameni, H., Barzegar, B., * A Hidden Markov
Model for Morphology of Compound Roles in Persian Text Part
of Tagging," International Journal of Engineering,
Transactions B: Applications, Vol. 34, No. 11, (2021), 2494-
2507, doi: 10.5829/1JE.2021.34.11B.12.

6. Mo, J., "Performance modeling of communication networks with
Markov chains," Synthesis Lectures on Data Management, Vol.
3, No. 1, (2010), 1-90, doi:
10.2200/S00269ED1V01Y201004CNT005.

7. Talaat, F.M., Saraya, M.S,, Saleh, A.l., Ali, H. A., and Ali, S.H.,
"A load balancing and optimization strategy (LBOS) using
reinforcement learning in fog computing environment", Journal
of Ambient Intelligence and Humanized Computing (2020), 1-
16, https://doi.org/10.1007/s12652-020-01768-8.

8. Zhang, X., Chen, H., Zhao, Y., Ma, Z., Xu, Y., Huang, H., and
Wu, D. O. "Improving cloud gaming experience through mobile
edge computing", IEEE Wireless Communications, Vol. 26, No.
4, (2019), 178-183, doi: 10.1109/MWC.2019.1800440.

9. Zhang, C., and Zheng, Z., "Task migration for mobile edge
computing using deep reinforcement learning,” Future
Generation Computer Systems, Vol. 96, (2019), 111-118,
https://doi.org/10.1016/j.future.2019.01.059.

10. Chen, H., Zhang, X., Xu, Y., Ren, J., Fan, J., Ma, Z. and Zhang,
W., "T-Gaming: A Cost-Efficient Cloud Gaming System at
Scale", IEEE Transactions on Parallel and Distributed Systems,
Vol. 30, No. 12, (2019), 2849-2865, doi:
10.1109/TPDS.2019.2922205.



11.

12.

13.

S. M. Jameii and K. Khanzadi / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1674-1681

Chen, X., Zhang, H., Wu, C., Mao, S., Ji, Y. and Bennis, M.,
"Optimized computation offloading performance in virtual edge
computing systems via deep reinforcement learning,” IEEE
Internet of Things Journal, Vol. 6, No. 3, (2018), 4005-4018,
doi: 10.1109/J10T.2018.2876279.

Dutreilh, X., Kirgizov, S., Melekhova, O., Malenfant, J., Rivierre,
N. and Truck, I., "Using reinforcement learning for autonomic
resource allocation in clouds: towards a fully automated
workflow," The Seventh International Conference on Autonomic
and Autonomous Systems, Venice, Italy, (2011), 67-74, ISBN:
978-1-61208-134-2.

Wang, Y., Wang, K., Huang, H., Miyazaki, T. and Guo, S.,
"Traffic and computation co-offloading with reinforcement

14.

15.

1681

learning in fog computing for industrial applications,” IEEE
Transactions on Industrial Informatics, Vol. 15, No. 2, (2018),
976-986, doi: 10.1109/T11.2018.2883991.

Dinh, T.Q., La, Q.D., Quek, T.Q. and Shin, H., "Learning for
Computation Offloading in Mobile Edge Computing," IEEE
Transactions on Communications, Vol. 66, No. 12, (2018),
6353-6367, doi: 10.1109/TCOMM.2018.2866572.

Huang, L., Bi, S. and Zhang, Y.J.A., "Deep reinforcement
learning for online computation offloading in wireless powered
mobile-edge computing networks,” IEEE Transactions on
Mobile Computing, Vol. 19, No. 11, (2019), 2581-2593, doi:
10.1109/TMC.2019.2928811.

Persian Abstract

PR ES

-

b sl L3 ol sl 5 b5 s (3L Sl sle (53l 3 i o L e ) e 1)l 6l G 55 5L S oS e B gla 3L BV

Sla JaelS s VL LB L Sl L mlie il OLS3L a8 55 o ol pl L Nipd e du)lﬂlsgti;mq(.?m;a,@uu:juﬁ s L e

03 i ceslie Ll S 513 01O 31 55 a5 (gl lass e e U 4 el gls asl T RPT ) slagsl o5 bl sl L 5 g s e

g;ula.,\..i‘\.?bljélju;,alsg.@zvaj}.?éﬂfsl.ljg&;?ﬁ‘;.‘:,})‘AJL&»Q.:UA.M:QLMSU?U,\3)3\5},\JlA;éijljéQ\ﬂ)lSQ)leuﬁuéLmujf;mowam

(PCA)JLA«E}AM R s \_{“é:\.@;ﬁ:ﬁfj));;gw‘ﬁlﬁlfbwfaibl)Lji}i.h_jéué)‘l{xl}iwugp@;ﬁflﬁmwu

el s 5l eoly 05k IRl e kg ealgde sy S gl Sl Aol gosus Olgie a0 1y o8y 3l o gle Sy oo jtege U ol ealiza

'”Jﬁ‘ﬁi‘)ﬁ}'cf}°3‘= ui.AlSl)(,.1)_1;):;'-\5JUSJ;JLgLaLg)'b_Lglj.zxljjsﬁyduf})ffbwm)ada%J'L)J,LMJ‘: olis olabesl




IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1682-1689

International Journal of Engineering

Journal Homepage: www.ije.ir

Axial Behavior of Concrete Filled-steel Tube Columns Reinforced with Steel Fibers

A.]. Najiab, H. M. Al-Jelawy*?a, A. Hassoon¢, A. Al-Rumaithid

@ Roads and Transport Engineering Department, University of Al-Qadisiyah, Diwaniyah, Iraq

b Civil Engineering Department, Peoples’ Friendship University of Russia (RUDN University), Moscow, Russia
¢ Civil Engineering Department, University of Al-Qadisiyah, Diwaniyah, Iraq

4 Department of Civil Engineering, University of Baghdad, Baghdad, Iraq

PAPER INFO

Paper history:

Received 19 December 2021

Received in revised form 02 April 2022
Accepted 07 April 2022

Keywords:
Concrete

Steel Tube
Composite Elements
Steel Fibers
Ductility

Columns

ABSTRACT

Concrete filled steel tube (CFST) columns are being popular in civil engineering due to their superior
structural characteristics. This paper investigates enhancement in axial behavior of CFST columns by
adding steel fibers to plain concrete that infill steel tubes. Four specimens were prepared: two square
columns (100*100 mm) and two circular columns (100 mm in diameter). All columns were 60 cm in
length. Plain concrete mix and concrete reinforced with steel fibers were used to infill steel tube columns.
Ultimate axial load capacity, ductility and failure mode are discussed in this study. The results showed
that the ultimate axial load capacity of CFST columns reinforced with steel fibers increased by 28% and
20 % for circular and square columns, respectively. Also, the circular CFST columns exhibited better
ductility than the square CFST columns due to better concrete confinement. Circular and square CFST
columns with steel fibers showed improved ductility by 16.3% and 12%, respectively. The failure mode
of the square CFST columns were local buckling which occurred near the end of columns, while, for the
circular CFST columns, local buckling occurred near the mid-height. Also, the study involved sectional
analysis that captured the behavior of CFST columns very well. The sectional analysis showed that
increasing steel fiber content to 2% increased the axial load capacity by 51 and 38% for circular and
square CFST columns, respectively. Furthermore, sectional analysis showed that doubling section size
increased axial load capacity by approximately 4 and 5 times for circular and square columns,
respectively.

doi: 10.5829/ije.2022.35.09c.02

NOMENCLATURE

N, Analytical ultimate axial load capacity of CFST specimens (kN) D
N,,,  Measured ultimate axial load capacity of CFST specimens (kN) DI

fy yield stress of steel (MPa)

Steel tube diameter (mm)

Ductility index

4 Column axial shortening when the column reaches to 85 % of
85% jts ultimate strength during the post-peak region (mm)

e Compressive strength of concrete (MPa) 4, Column axial shortening measured at ultimate strength (mm)
As Cross-sectional area of the steel tube (mm?) E. Modulus of elasticity for concrete
Ac Cross-sectional area of concrete (mm?) E, Modulus of elasticity for steel
Sl Strength index E, Strain hardening modulus for steel
B Steel tube width (mm) &y Yield strain of steel

t Steel tube thickness (mm)

1. INTRODUCTION

element is a construction element which is produced from
two or more constituent materials where the properties of

The idea of composite elements appeared as an attempt
for maximum utilization of properties of various
construction materials. A composite construction

*Corresponding Author Institutional Email:
haider.aljelawy@qu.edu.iq (H. M. Al-Jelawy)

the composite section become different from, and
ultimately better than those of the individual constituent
material [1].
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One of the most common applications to utilize
composite action to enhance properties of concrete
members is using FRP composites [2-6].

Concrete filled steel tube (CFST) columns are widely
being used in civil engineering applications, especially in
large-span trusses in industrial cities, steel bridges and
high-rise building structures. CFST columns have many
advantages such as enhancement in column performance
to fire resistance, increased concrete compression
strength due to steel tube confinement effect, delayed
local buckling due to the interaction between steel tube
and concrete, and much less shrinkage and creep effects
compared with conventional reinforced concrete column
[7]. Using steel tube columns in construction field
exhibited some issues like low resistance to fire and loss
of stability under lateral and axial loads. Several
solutions to strengthen steel columns have been
presented such as covering the steel columns with
concrete. This type of columns is used in steel structures
exposed to fire. Usually, "I-section" or "T-section" steel
are used for this type. Sometimes additional reinforcing
steel is placed in the concrete layer around the section to
prevent cracking under axial stress. Another type of steel
columns is CFST columns. These columns are used in
structures where risk of the fire is limited and they consist
of square, circular or rectangular sections filled with
concrete. These columns are commonly used in pillars of
bridges, multi-story buildings, where they feature easy
implementation when they do not need a template or any
additional reinforcement. CFST columns can be a
competitive choice for the common accelerated bridge
construction techniques [8-13].

Several studies have been devoted to the field of
CFST where properties of concrete infill was the main
parameter discussed in these studies [14, 15].

The use of waste material in concrete has led to
achieve economic benefits and improve environmental
protection [16, 17], as well as enhancement in CFST
behavior in the construction field. Yu et al. [18]
conducted a study to investigate the replacement effect of
different types of waste materials as alternatives for
coarse aggregates on the performance of CFST. Five
concrete mixes were used with different types of
aggregate (normal coarse aggregate, lightweight coarse
aggregate, steel slag coarse and fine aggregate, steel slag
coarse aggregate and steel slag and glass coarse

aggregate). The results indicated that using different
types of aggregate influenced the failure mode, improved
axial and lateral strain, decreased the ultimate strength of
lightweight concrete by 8.2% compared with normal
concrete. The ultimate strength of steel slag coarse
aggregate concrete, steel slag coarse and fine aggregate
concrete, steel slag coarse aggregate concrete and steel
slag and glass coarse aggregate concrete increased by
15.1-24.9% compared with normal concrete. Ductility of
CFST with steel slag coarse and fine aggregate concrete
and steel slag coarse aggregate concrete enhanced, while
lightweight concrete and steel slag and glass coarse
aggregate concrete exhibited decreased ductility.

Recently, reinforced CFST piles are widely used in
foundations of piers and bridges for its good mechanical
properties. Li et al. [19] investigated enhancement of
CFST using concrete with reinforcing bars to infill steel
columns. All specimens were tested under axial
compression load. The results showed that the CFST
column with concrete reinforcing bars has a higher
ultimate load capacity and more effective plastic
behavior compared with columns without reinforcing
bars.

Fire resistance is an important parameter that
influences the design of CFST columns that should be
seriously treated, specifically in large constructions.
Exposure to fire temperatures can decrease the strength
and durability of concrete, appearance and structural
performance. Furthermore, CFST columns are widely
used in large and high-performance constructions. The
post-fire strength of CFST was investigated by Alhatmey
et al. [20]. Fire exposure of CFST columns for 30 min
increased the compression resistance a little, while fire
exposure of one hour decreased the compression
resistance for the tested specimens. The effect of
confined concrete in the CFST played an essential role
and led to smaller resistance losses.

Many methods considered enhancing the bond stress
between steel tube and concrete in previous studies. Tao
et al. [21, 22] studied the efficiency of using shear studs
and an internal welded ring to improve the bond strength
of CFST members. A series of push-out tests on circular
and square CFST specimens showed that internal welded
ring onto the inner surface of the steel tube is more
effective than shear studs to enhance bond stress.

TABLE 1. Proportions of concrete mixes

Mix ColumnID  Cement (kg) Coa'(’liZ)A 49- Fin(iggg. wiC Fsi:)e:rls StCrgrr:;F;;eE:jl\lgea\) Tensi(llc\e/lit;’)e ngth
MCO 340 1110 729 0.45 0% 27.5 3.0

Mt MS0 340 1110 729 0.45 0% 275 Yo
MC1 340 1110 729 0.45 0.5% Yol ¥4

M2 MS1 340 1110 729 0.45 0.5% 30.1 ¥4
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Adding fibers to concrete improves its homogeneity
and isotropy and makes it a ductile material [23]. The
present study is thus an attempt to study the efficiency of
adding steel fibers to concrete mix to improve the
behavior of CFST columns in terms of ultimate axial load
capacity, ductility and failure mode.

2. EXPERIMENTAL WORK

2. 1. Material Properties Ordinary Portland
cement was used with water cement ratio of 0.45 to
produce plain concrete in the laboratory. In fiber-
reinforced concrete mixes, hooked end steel fibers
(tensile stress between 200-2600 MPa, modulus of
elasticity 200 GPa, ultimate elongation 0.5-5 %, specific
gravity 7.8 g/cm?) were added with a ratio of 0.5 %. Fine
and coarse aggregate from local sources were used
according to Iragi Specification No0.45 (1984).
Compression strength of concrete mixes were determined
using concrete cubes (150*150*150 mm) and tensile
strength for all mixes were determined by indirect tensile
test (Brazilian Test) by using cylinder samples (100*200
mm). Proportion of concrete mixes and properties are
presented in Table 1. Four CFST column specimens with
a constant length of 60 cm were used and their steel tubes
had a yield strength of 350 MPa.

2. 2. Specimen Preparation and Testing The
experimental study included two circular columns with
100 mm in diameter and two square columns with a cross
sectional area of 100*100 mm (Figure 1). All columns
had the same length (L) of 60 cm. Also, all columns were
closed in one direction to avoid concrete leakage (Figure
2). Two types of concrete mixes were used to infill
columns: plain concrete and concrete reinforced with
steel fibers.

Columns were filled with concrete mixes at three
layers and compacted (25 blows per layer) with steel rod
having a diameter of 20 mm. All the specimens were
tested under axial loading in a vertical setup using a
universal testing machine. Figure 3 shows the specimens
after casting.

3. RESULTS AND DISCUSSION

3. 1. Ultimate Load The measured ultimate
strength (N,,,,,) for CFST specimens is listed in Table 2.
Equation (1) is used to calculate the analytical axial load
capacity (N,,) for CSFT columns [24].

N, = f,A; + 1.3 f{ A, 1)

where N, is the sum of section capacities of the steel tube
and concrete, fyand /. are the yield stress of steel and

compressive strength of concrete, respectively; As and Ac
are the cross-sectional areas of the steel tube and
concrete, respectively. Equation (2) is used to calculate
the strength index (SI) [25].

S1 = Ymu @)

Ny

Figure 3. Specimens after casting
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TABLE 2. Test results of columns

Section
Column ID As(mm?)  Ac(mm?) o (MPa) £ (MPa)  Nu(kN) Ny (kN) s DI
B D
MCO - 100 1.8 280 7574 275 350 368.8 398 1.08 283
MS0 100 - 2 392 9216 275 350 466.7 507 109 275
MC1 - 100 18 280 7574 30.1 350 394.4 507 128 329
MS1 100 - 2 392 9216 30.1 350 49738 609 123 308

Figures 4 and 5 show the relationship between the
axial load capacity and displacement for the columns in
this study. The ultimate axial load capacity of circular

CFST column reinforced with steel fibers (MC1)
increased by 28% compared with the control column
(MCO0), while it increased by 20% for square CFST
column reinforced with steel fibers (MS1) compared with
the control CFST column (MS0). This increase is related
to the increase in compressive strength of the concrete
that infills the tubes. The analytical ultimate strength
estimated using Equation (1) was close to the
experimental strength as seen in Sl values in Table 2.
However, the analytical strength was more conservative
for CFST columns reinforced with steel fibers as seen in
Sl values. More accurate expressions are needed to
estimate the axial strength for CFST columns reinforced
with steel fibers.

3. 2. Ductility Ductility usually refers to the
ability of the structure or the element to undergo
deformation beyond the yield point. For CFST columns,
the axial ductility is measured using the ductility index
(DI). The ductility index (DI) is the ratio between the
measured axial shortening when the column reaches to
85 % of its ultimate strength during the post-peak region
and the axial shortening measured at ultimate strength,
and it is defined in the following equation [22, 26]:
A %

DI = j—i/ (3)
Generally, the circular columns exhibited better ductility
than the square columns due to more uniform
confinement that the circular shape provides for the
concrete compared with the square shape. Circular and
square CFST columns with steel fibers showed improved
ductility by 16.3 and 12%, respectively, compared with
the control columns without steel fibers. The
improvement was due to the ductile behavior of steel
fiber.

3. 3. Failure Mode Test observations showed that
the failure mode of the circular CFST column was local
buckling near the mid-height (Figre 6a), while the failure
mode for square CFST columns was local buckling that
appeared near the column ends (Figure 6b). Future

studies are suggested to investigate seismic damage of
CFST columns [27, 28].

4. MODELING VALIDATION

To verify the test outcomes and investigate the effect of
other parameters on the axial behavior of CFST columns,
numerical modeling can be very helpful.

Recent numerical studies have been conducted on
axial behavior of CFST columns filled with conventional
concrete and steel fiber-reinforced concrete that showed
results which were in very good agreement with the test
results [29-31]. Also, those numerical results are in good
agreement with the experimental results in the current
study. However, for axial behavior of composite

a) Circular column- local b) square column- Local
buckling at the mid-height buckling at the column end
Figure 6. Failure modes of the columns
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members, complex finite element softwares are not
necessary to conduct the numerical analysis. Section
analysis using any available software can be sufficient. In
this study, section analyses were performed using
MATLAB software package.

The specimens tested in the study were modeled
using the uniaxial behvior of both concrete and steel
materials shown in Figures 7 and 8. Concrete was
modeled using stress-strain relationship proposed by
Hognestad [32] and steel was modeled using a bilinear
stress-strain relationship.

The modeling results are shown in Figures 9 and 10
for circular and square columns, respectively. It can be
observed that modeling adequetly captured the behavior
of CFST columns. The initial stiffness of all columns is
well captured using the numerical modeling.

The peak loads are also captured very well.
Numerical post-peak behacvior is comparable to the
experimental behavior except that linear decay is
observed due to the use of Hognestad’ model for
concrete.

4. 1. Effect of Steel Fiber Content The tested
specimens investigated one steel fiber content. However,
using section analysis can be useful in investigating the
behavior of other steel fiber contents. This is simply done
by modifying the concrete stress-strain curve used in the

Stress

_ |
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Figure 7. Hognestad” model for concrete
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modeling process. Figures 11 and 12 depict the numerical
axial load-deformation relationship for circular and
square specimens, respectively, with steel fiber content
of (0, 0.5, 1, 2)% along with the experimental curves. It
was observed that steel fiber content of 2% increased the
axial load capcaity by 51 and 38% compared with the
control circular and square CFST column, respectively.
It also was found that ductility was increased by 22.3 and
20% with the increase of steel fiber content to 2%
compared with the control circular and square CFST
columns, respectively.

4., 2. Effect of Section Size Since, in real life
applications, CFST coulmns are much bigger in size than
the tested specimens, sectional analysis was utilized to
investigate the behavior of large-scale size CFST
columns. Section size of 200 mm and wall thickness of 4
mm for both circular and square columns are adopted for
that purpose. Figure 13 shows the effect of the selected
section size on the axial capacity of CFST columns. The
numerical sections were made from regular concrete
without steel fibers and compared with the control
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specimens (MCO and MS0) that do not have steel fibers.
It can be seen that doubling section size incrased axial
load capcity by approximately 4 and 5 times for circular
and square columns, respectively.

5. CONCLUSIONS

Concrete filled steel tube (CFST) columns are gaining
more interest in civil engineering applications due to their
advantageous structural properties.

This study investigated axial behavior of CFST
columns reinforced with steel fibers in comparison with
regular CFST columns containing normal concrete. Four
specimens were used: two square columns and two
circular columns. Ultimate axial load capacity, ductility
and failure mode were evaluated in this study. The test
results showed that the ultimate axial load capacity of
CFST columns reinforced with steel fibers increased by
28 and 20 % for circular and square columns,
respectively, compared with the control CFST columns.
Also, better ductility was achieved in the circular CFST
columns compared with the square CFST columns due to
the better uniform concrete confinement that circular
shape provides for the infilled concrete.

Circular and square CFST columns reinforced with
steel fibers showed improved ductility by 16.3 and 12%,
respectively, compared with the control columns without
steel fibers. The square CFST columns failed due to local
buckling which occurred near the end of columns, while
the circular CFST columns failed due to local buckling
that occurred near the mid-height.

Also, the study incorporated numerical sectional
analysis that was shown to capture the behavior of CFST
columns very well. The sectional analysis was used to
investigate other factors such as steel fiber content and
column section size. It was seen that increasing steel fiber
content to 2% increased the axial load capcaity by 51 and
38% compared with the control circular and square CFST
column, respectively. Furthermore, It was observed that
doubling section size incrased axial load capcity by
approximately 4 and 5 times for circular and square
columns, respectively.
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ABSTRACT

Research on lightweight material on ship structure has taken giant steps during the last decade. One
reason is that shipping activities have increased and, therefore, the possibility of increasing the carrying
cargo capacity in a realistic way using advanced lightweight material. This article summarizes a research
investigation regarding the experimental tests of vinyl ester bio resin material using palm oil and sesame
oil based on Lloyd's Register (LR) standard. Several tests were conducted, including density, water
absorption test, Fourier transformed infrared test (FTIR), scanning electron microscope (SEM), and
mechanical tests to evaluate the effect of 2-10% addition of vegetable oils on mechanical properties. The
influence of the addition of vegetable oils is successfully characterized using physical measurements,
which indicate the possible formation of a polymer blend to increase in elongation value. Mechanical
testing shows that adding vegetable oils causes a decrease in average density, hardness, bending strength,
and tensile strength. The bending strength decreases about 9.20 — 47.06% for 2-10% palm oil addition
and 5.33 — 42.40% for sesame oil addition. Moreover, vegetable oil causes a tensile strength decrease of
about 5-18.75% on palm oil and 3.75-13.75% on sesame oil. As summarized, bio resin based on sesame
oil has better mechanical behavior with the oil addition of 4-8% fulfills all Lloyd’s Register criteria.

doi: 10.5829/ije.2022.35.09c.03

1. INTRODUCTION

development of sandwich application in the shipbuilding
sector, steel and room temperature curing polyurethane

The lightweight sandwich structure is developed largely
in several application engineering disciplines, most
notably the shipbuilding sector. Several studies on the
development of sandwich material on various ship
structural components have revealed benefits. It
improves the strength-to-weight ratio [1-3], has good
damping properties [4,5], and simplifies production and
construction processes.

An intriguing issue is the progression of material
types and composition for the faceplate and core
sandwich ~ for  shipbuilding  applications.  The
experimental testing procedure and acceptance properties
criteria of a core sandwich as ship structure are regulated
to the Lloyd’s Register [6] and DNV GL [7]. In the recent

*Corresponding Author Institutional Email:

tuswan@lecturer.undip.ac.id (T. Tuswan)

elastomer (RTC-PU) are one of the established material
types which are often used as the faceplate and core
materials for the sandwich panel [8,9]. However, the
RTC-PU material is not cost-effective in practical
application, especially for small-scale shipbuilding
businesses in a developing country, where the material
cost will extremely govern the overall cost of ship
production [10,11]. One of the alternative solutions that
have been investigated is the use of low-cost polymer and
waste material [12-14] for core materials.

Low-cost core material must be tested according to
the standard and meet the acceptance criteria value from
Lloyd's Register [6] so that the developed material can be
used as the core material of the ship sandwich structure.

Please cite this article as: T. Tuswan, E. N. Sari, A. Ismail, A. R. Prabowo, Experimental Evaluation on Palm Oil and Sesame Oil-based Resin
Properties as Core Sandwich Material for Lightweight Ship Structure, International Journal of Engineering, Transactions C: Aspects, Vol. 35,
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Various materials have been developed, but not many
have followed the testing standards and met the
acceptance criteria value from Lloyd's Register [6].
Several nanocomposites [15,16] have not been tested
according to the request of Lloyd's Register to be ship
material standard [6]. Various natural fibers [17-19] also
do not meet the LR criteria, specifically the elongation at
break criteria. The critical point is needed to be
addressed, including the material brittleness and
elongation threshold. Furthermore, research on the
innovation of low-cost core material types with better
mechanical properties needs to be conducted.

In order to substitute room temperature curing
polyurethane elastomer (RTC-PU) as expensive core
material and further investigation to increase the
elongation value of resin polymer material, one potential
alternative solution to increasing material properties can
be achieved by developing a low-cost bio-resin polymer
blend of two or more polymers to obtain new polymeric
components from vegetable oils with excellent material
properties specifically elongation parameter. Even if
there are a lot of works completed on developing bio-
based resin from vegetable oils to our observation, there
are still limited reports on the mechanical testing
development of bio-based resin as core sandwich
material specifically for ship structure according to the
procedure and specification standards have given by
Lloyd’s Register [6].

To address this issue, vinyl ester bio-based resin
combined with palm oil and sesame oil with several
compositions is proposed to be developed as the core
material of the ship sandwich structure. The proposed
core material must meet the Lloyd's Register criteria [6],
such as density, hardness, tensile strength, and elongation
at break. Physical tests, characterization tests, and
mechanical tests were carried out to check the suitability
of the proposed bio-based resin against Lloyd's Register
criteria [6] and to analyze various compositions of
vegetable oils further.

2. METHODS

2. 1. Material Preparation and Processing
EPOXY R-802 EX-1 vinyl ester (VE) resin type was
combined with cobalt naphthenate, and Methyl Ethyl
Ketone Peroxide (MEKP) were used in this study. The
VE has a specific gravity of 1.05 g/cm? at 25°C, an acid
value of 7-13 KOH mg/g, a viscosity of 2-6 poise at 25°C,
and styrene composition of 46%. Methyl Ethyl Ketone
Peroxide (MEXP) was used as an initiator [13]. The other
material used was vegetable oil (VO). In this case, palm
oil (PO) was purchased from PT Wilmar Nabati
Indonesia, and sesame oil (SO) was purchased from PT
Sukanda Djaya Indonesia was used as an addition to the
vinyl ester bio-based resin using different compositions.

Sesame oil contains a lot of unsaturated fatty acids,
especially oleic acid (C18:1) and linoleic acid (C18:2),
omega-6 (35.5-49.5%), omega-9 (37.5-45.4%), and
several antioxidant components such as vitamin E,
carotene, and lignin components [20]. The chemical
structure of sesame and palm oils is depicted in Figure 1.

Because it is biodegradable and safe, vegetable oil
(VO) is appropriate for mineral oil. In this case, palm oil
(PO) was sesame oil (SO) was used as an addition to the
vinyl ester bio-based resin using different compositions.
In material development, specimen blend variations are
developed based on several procedures. In the first step,
all the material components, including vinyl ester,
catalyst, and accelerator, are measured specified
composition. Then, thermoset blending was formed by
using a physical-mechanical mixing process with styrene
as the cross-linker diluent, adding sesame and palm oils
in0, 2, 4,6, 8, and 10 wt % in the vinyl ester (VE).

In the next step, With a catalyst accelerator, Methyl
Ethyl Ketone Peroxide was added as a catalyst initiator at
0,2,4,6,8, and 10% wt. A transparent colorless solution
was obtained by blending vinyl ester, vegetable oil,
MEKP, and accelerator in a mechanical mixer at room
temperature for 2 hours. Next, the specimen is created in
the wooden mold with several types according to the
corresponding mechanical testing. The mixture was put
into wooden molds and cured at room temperature for 24
hours after being placed under a low vacuum (300 kPa)
for 2 hours. All the specimens and then removed from the
mold after curing in the final step.
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Figure 1. a) chemical structure of sesame oil [20], b)
chemical structure of palm oil
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2. 2. Experimental Testing and Procedure
Shore D hardness test was conducted using a durometer
with the specimen dimensions, and procedures were
performed using the ASTM D2240 [21]. In this case, the
average hardness test output was obtained by measuring
the mean of 3 specimens of each variation with the
sample thickness is 6 mm. Further, the tensile test was
performed to determine mechanical properties using
dumb-bell-shaped samples with Hung Ta HT-2402 at a
rate of 0.1 mm/min in accordance with I1SO 527-4 [22].
Besides the tensile test, three-point bending testing was
carried out to obtain information on the strength of the
material using the three-point bending method. Tests
were carried out with the WDW-1000 bending test
machine. The specimen dimensions and testing
procedure used the ASTM D790 standard [23].

Characterization tests were carried out to obtain the
microscopic behavior of the material. Their tests are
Fourier Transform Infrared test (FTIR) and Scanning
Electron Microscopy (SEM). In this test case, both SEM
and FTIR test was carried out to analyze the microscopic
behavior of several specimens. Thermoscientific Nicolet
I S10 spectrophotometer with smart orbit diamond
crystal plate sampling technology was used for the FTIR
spectroscopic investigation at resolution 4 cm™ in the
range of 400-4000 cm™. Moreover, the SEM test was
performed to obtain a morphological image of the
sample. The morphology of composites was investigated
at the fractured surface of samples using SEM, FEI
INSPECT S50 at 20 kV. The cross-section of
investigated samples is coated with 100 A thick C in the
sputter coater.

Besides mechanical and characterization tests,
physical properties test such as apparent density, water
absorption test, and thermogravimetric analysis (TGA)
was also conducted. The density test in accordance with
ASTM D 70-03 [24] was conducted using a pycnometer
and weighing specimens using the FUJITSU FSR-
B1200. Water absorption was a test carried out to
determine the absorption of material against water at a
specific time. The water adsorption test procedure uses
the ASTM D570-98 standard [25]. Water absorption was
a test carried out to determine the absorption of material
against water at a specific time. The procedure used in
this test was conducted to prepare a water adsorption
specimen and then weigh it when the material is dry and
then immersed in a container filled with water with the
amount of water that can immerse the entire area of the
specimen at a specific time and then weighed again when
wet conditions. The difference between the two weighing
results will be used as water absorption data [26, 27]. The
water absorption specimen is based on ASTM D570-98
standards. Furthermore, thermal analysis of polymers
typically involves various techniques, including a well-
established thermogravimetric analysis (TGA). The
test determined the quantity and frequency of weight

fluctuation of samples versus temperature and time in a
controlled atmosphere. A TGA test was used in this case
to measure the thermal stability of the material and
volatile component percentage by measuring the weight
change that occurred while the material was heated at a
consistent rate. TGA examines changes in the weight of
a sample while it is heated at a regulated temperature, and
the changes are continually recorded.

3. RESULT AND DISCUSSION

In this section, the results of experimental testing in all
sample variations are reviewed. As the result of physical
testing, the comparison result of apparent density due to
addition of an epoxidized vegetable oil into vinyl ester
bio-resin is shown in Figure 2. It can be found that the
results of standard deviation depicted by a vertical line in
Figure 2 for VE-palm oil specimen with different volume
fractions are in the range of 0.0002-0.001 and for VE-
sesame oil in the range of 0.007-0.002. The result of both
specimen types experiences a decreasing trend as the
fraction volume of vegetable oil increases. It can be
found that pure vinyl ester specimens experience the
highest density, whereas the lowest one is the specimen
with the highest addition of palm and sesame oil. It can
be found that the addition of 2-10% palm oil causes a
density decrease in the range 10.08-10.61% and 10.43-
10.88% decrease for the addition of sesame oil. A similar
result was noticed by previous literature [28] that density
value decreases due to the addition of vegetable oil
(soybean and coconut oils) to vinyl ester specimens.
Compared to the two types of material, it can be analyzed
that the density of vinyl ester with palm oil is slightly
higher than polymer-based sesame oil. Compared to the
LR standard, both material types fulfill the minimum
standard, except for 10% of VE-sesame oil specimens.
Figure 3 illustrates the comparison of water
absorption percentage between polymer based on sesame
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Figure 2. Apparent density between VE-palm oil and VE-
sesame oil
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and palm oils for 7 days. The results of standard deviation
depicted by a vertical line in Figure 3 for VE-Palm oil
specimen with different volume fractions is in the range
of 0.022-0.050 for palm oil and for VE-sesame oil in the
range of 0.03-0.0076. It can be analyzed that the
percentage of water absorption increases with an increase
in absorption time from day 1 to day 7. It can be found
that water absorption on VE-sesame oil increases from
0.285 to 0.611%, which is calculated as about 114.7%
increase. Moreover, VE-palm oil experiences a water
absorption increase from 0.278 to 0.61%, which
calculates 118.8% increase.

Water absorption experiences an increasing trend
from day 1 and day 5. However, from day 5 to day 7, it
experiences constant water absorption. Water absorption
becomes less from day 5 to 7 because the material
experiences a state of saturation with water. Therefore, it
causes the water absorption of the specimen to decrease.
The ability to absorb water in the sample occurs in the
surface area. It is due to the basic nature of vegetable oils,
which are non-miscible or insoluble in water. It can be
seen from the plot that water absorption by bio resin
increases monotonically with immersion time until an
equilibrium condition is reached after 168 h, where
saturation is experienced in all samples [29].
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The result of the thermogravimetric analysis is
presented in Figure 4a. TGA test only gives information
for substances that show a change in mass for every
sample analyzed at the temperature change between 0 -
600°C. It can be found that the mass change in the
samples with a higher volume fraction (10%) of sesame
and palm oils is greater compared to samples with a lower
volume fraction (2%). It can be summarized that the
lowest one can be found in the sample with vinyl-ester-
sesame oil (2%). In this case, the difference in the weight
changes of samples can be caused by decomposition and
oxidation reactions and physical processes such as
sublimation, vaporization, and desorption.

Figure 5 shows the FTIR result of each variation of
the specimen. At the absorption peak of 3392.63 cm™, the
O-H bond is stretched, which is a ketone functional
group. Then, C-H bonds stretch at the absorption peaks
of 3024.59 cm, 2918.77 cm?, and 2849.48 cm™. This
phenomenon indicates the presence of an alkane
functional group (CH; or CHg).

At the absorption peak of 1724.31 cm, the C=0
bond is stretched, which is the functional group of the
ester. Further, there is a C=C bond that vibrates at the
absorption peak 1603.40 cm™ and 1507.50 cm™, which
show functional groups of aromatic homocyclic. Then,

—VE

—— VE-Palm oil (2%)
—— VE-Palm oil (10%)
—— VE-Sesame oil (2%)
—— VE-Sesame (10%;

0 L 1 1 1 L L
] 100 200 300 400 500 600

Temperature (°C)

@)

0,5

0,0 |

E\‘fi LS e—
¥ —— VE-Palm Oil (2%)
S 101 —— VE-Paim Oil (10%)
= —— VE-Sesame Oil (2%)
$ 15 —— VE-Sesame Oil (10%)
5
S 20t
25|
3,0 1 L ! 1 1 I
0 100 200 300 400 500 600

Temperature (°C)
(b)
Figure 4. (a) TGA and (b) DTG of different material types
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the C-O bond stretching at the absorption peaks of
1179.42 cm? and 1031.32 cm™ show the ester and
alcohol functional groups. At the peak of 826.11 cm™, the
C-H bond is deformed, indicating the presence of an
aromatic ring. The FTIR spectrum of vinyl esters can be
identified by the dominance of the —-CH; and —CH3 alkane
groups in the absorption regions of 2960 cm™, 2923 cm
12871 cm™, and 2851 cm™. Then aromatic rings appear
in the absorption region of 1604 cm™ and 826 cm™. The
absorption area of 1712 cm is identified by the presence
of C=0 stretching bonds, and there is a —C-O-C group in
the 1220 cm region.

The FTIR spectrum in Figure 5 shows a new
absorption peak area that appears in vinyl ester bio-resin,
at the absorption peak area of 750 cm™ — 760 cm™ and
690 cm™ - 700 cm™. The absorption peak region in the
range of 735 cm™ - 770 cm™ is the absorption region of
the deflected C-H bond with the benzene ring functional
group with 4 free H atoms. The absorption area of 690
cmi- 710 cm is the absorption region of the deflection
C-H bond with the benzene ring functional group with 5
free H atoms.

As expected, the spectra present the same band
patterns due to the similar structures of vegetable oils.
The spectra presented in Figure 5 show bands
corresponding to the stretching vibration of the carbonyl
group of the ester linkage (at ca. 1700 cm™ C=0
functional group double bonds) from the vinyl ester and
the oil structure [30]. The band appearing (at ca. 1600 —
1500 cm™ C=C functional group double bonds) can be
ascribed to the stretching vibration of the double bond
from maleic anhydride [31]. C=0 in the absorption at
ca. of 1200 cm™. It proves that vegetable oil esters form
new bonds with pure vinyl esters in the form of a benzene
ring with 4 free atoms and a benzene ring with 5 free
atoms. Vinyl ester polymer bio-resin with 2% palm oil
filler has a steeper wave transmittance than other sample

types.

Transmittance

—
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Figure 5. FTIR spectrum of different material types
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Figure 6. SEM a) VE, b) VE-palm oil (2%), ¢) VE-palm oil
(10%), d) VE-sesame oil (2%), e) VE-sesame oil (10%)

The texture in Figure 6a is smooth and flat because
there is no addition of vegetable oil. Figure 6b shows the
morphology of VE-palm oil (2%). The effect of the
triglyceride bond on the vinyl ester can be seen as rigid
and rough-textured. It can be seen from the results that
there are several forms of hemispherical basins. This
basin is known as a spherical ball. Figure 6¢ shows a
texture that is almost the same as the VE-Palm oil (2%)
sample but looks smoother. Moreover, Figure 6d shows
the smoothest texture among all specimens. This picture
also shows the presence of spherical balls that have a
varied distribution. Figure 6e shows a much coarser
texture than VE-sesame oil (2%).

Figure 7 compares the average hardness value of pure
VE, VE-sesame oil, and VE-palm oil. The hardness value
in each specimen variation is the average result of 3
samples with the range of standard deviation 1 - 3.21 for
VE-palm oil and 0.58 — 2.52 for VVE-sesame oil specimen.
It can be analyzed that pure VE has the highest hardness
value reaching 80 Shore D. The addition of 2-10%
vegetable oil into vinyl ester specimen causes a decrease
of about 5.00 - 18.75% for palm oil and 3.75 - 13.75%
for sesame oil. The obtained result is linear to the
previous findings where the addition of 4.wt% vegetable
oil causes a decrease of about 4.92 — 5.97% on hardness
value [28].
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According to the FTIR data, a polar group (C=C) is
not completely attached. It denotes that mixing takes
place mechanically rather than chemically. The hardness
has dropped because chemical connections between vinyl
esters and vegetable oils do not exist. In 10% addition of
vegetable oil, it can be found that VE-sesame oil is higher
about 6.15% compared to VE-palm oil. Therefore, it can
be concluded that VE-sesame oil samples are better
resistant to indentation. Compared with the minimum
hardness requirement by LR, the hardness value of VE-
sesame oil and VE-palm oil in all volume fraction
variation is higher than the minimum hardness of 65
Shore D.

Figure 8 presents the comparison result of tensile
strength between pure VE, VE-palm oil, and VE-sesame
oil samples. The tensile strength value in each specimen
variation is the average result of 3 samples with the range
of standard deviation for VE-palm oil is 1.4 — 3.46 and
1.41 — 3.16 for VE-sesame oil specimen. From the result
of the work, the highest tensile strength can be found in
the pure vinyl ester sample, about 47 MPa. The result
shows that the addition of vegetable oil causes a tensile
strength decrease of about 5-18.75% on VE-palm oil and
3.75-13.75% on VE-sesame oil. The previous report
shows that tensile strength decreases in the range 3.5 —
45.6% due to 5-20% palm oil addition into vinyl ester
specimens [32]. The decrease in tensile strength is caused
by an increase in particle concentration which causes an
increase in the agglomeration and the presence of
unreacted bonds and molecules.

The more addition of vegetable oil composition, the
more triglyceride groups contained in the bio-resin
mixture. However, because there is no crosslink, the
greater the addition of vegetable oil, the tensile strength
value will decrease. Therefore, with an increase in
vegetable oil composition, the concentration of polar
groups in the bio-resin specimen will decrease, resulting
in an increase in the component of vegetable oil, which
can reduce the tensile strength value, as can be seen in
Figure 8. All tensile strength values fulfill the LR
standard.
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Figure 7. Result of shore D hardness test
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Figure 8. Result of tensile strength of different material
types

Figure 9 shows the results of elongation percentage.
The elongation value in each specimen variation is the
average result of 3 samples with the range of standard
deviation for VE-palm oil is 0.4 — 1.0 and 0.3 — 0.8 for
VE-sesame oil specimen. It can be shown that adding
sesame and palm oils can increase the elongation of the
material. It can be found that the addition of 2-10%
vegetable oil causes an elongation increase of about 46.6
— 173.3% for VE-palm oil and 33.3 - 140% for VE-
sesame oil. The previous study was also noticed a similar
result where the addition of vegetable oil (sesame, palm,
and coconut oils) causes an increase of elongation value
[28,32]. It is caused due to a large number of long-chain
polymer chemical structures and the easier movement of
molecules [13]. So, with the addition of vegetable oil, the
elongation value increases because there are more C
chains in the bio-resin. The C chain is getting longer
because of the C chain contained in vegetable oil.
Compared to the LR standard with a minimum of 20%
elongation at break, it can be concluded that adding
vegetable oils into bio-resin is the best option and can be
used as a recommendation to increase the ductility of the
material. Compared to standard, only the addition of 2%
sesame oil does not fulfill the minimum elongation given
by LR standard.

In the last, the result of the three-point bending test is
depicted in Figure 10. The bending test in each specimen
variation is the average result of 3 samples with the range
of standard deviation for VE-palm oil is 3.67 — 5.88 and
2.44 —5.87 for VE-sesame oil specimen. A similar result
with the tensile test can be found where the VE-sesame
oil specimens have better mechanical properties due to
higher bending strength than VE-palm oil. From Figure
10, it can be analyzed that the addition of vegetable oil
into bio-resin causes a decrease in bending strength. The
results show that the bending strength decrease is
calculated about 9.20 — 47.06% for VVE-palm oil and 5.33
— 42.40% for VE-sesame oil. A similar previous study
showed that the flexural strength decreases by 38.9% due
to addition of 5-20% palm oil into vinyl ester specimens
[32].
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The decrease in bending strength is caused by the
occurrence of porous structure in the material. However,
it is found that there is no crosslink, so the greater the
addition of vegetable oil, the value of the tensile strength
will remain decrease. It is inversely proportional to the
elongation value, which increases because there are more
C chains in the bio-resin. The C chain is getting longer
because of the C chain contained in vegetable oil. The
number of C carbon chains in palm oil includes Cis,
palmitic Cis, linoleic Cig, while the C carbon chains in
sesame oil include sesame C7, sesamolin Cy, sesamin
Cx. The long carbon chain affects the elongation
properties of a material. If the C chain of vegetable oil
binds with other elements of vinyl ester, it will increase
the value of the bending strength of the material.
However, based on the results of the FTIR test, there is
no crosslink. Therefore, only the elongation value
increases without an increase in the bending strength.
Although more volume fraction of vegetable oil is added
to the vinyl ester mixture, only the elongation value will
increase, and there is no increase in bending strength.

Several ship structures have been used to sandwich
panels, including the deck [16], hull [33-35], and ramp
door [1,10]. Lloyd's Register has suggested other ship

parts that can also be applied to sandwich panels,
including double bottom floors and girders, primary
structural members, corrugated bulkheads, and any
structure directly in contact with the oil cargo [6].
Furthermore, this ductile and non-corrosive composite
material can be used as the blade material of the Vertical
Axis Hydrokinetic Turbine [36].

4. CONCLUSION

Several experimental tests were carried out in order to
measure the optimum composition and mechanical
properties of bio-resin based on LR standards. The effect
of the addition of volume fraction of sesame and palm oil
into bio-resin is investigated. Several conclusions can be
stated, as follow:

1. The oil addition indicates the ability to bind to other
elements leading to the potential formation of a
polymer blend and elongation increment value due to
a longer carbon chain.

2. The testings reveal that adding vegetable oil can
decrease the density, hardness, and strength
properties but increase the elongation.

3. VE-sesame oil has better mechanical behavior than
VE-palm oil, with the oil addition of 4-8% is
recommended and fulfills the LR standard.
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ABSTRACT

The hyperbolic non-linear elastic constitutive model for idealization of non-cohesive soil has been
commonly used by researchers in numerical modeling of geotechnical problems. The hyperbolic model
consists of several parameters such as modulus number ‘K’, exponent ‘n’, angle of internal friction ‘¢’
and failure ratio ‘Ry’, which are evaluated using laboratory shear test. The parameters ‘K’, ‘n” and ‘R¢’
are evaluated from transformed stress-strain curve whereas ‘¢’ is directly evaluated from normal and
shear stress. The study on ‘g’ for various soil samples have been performed by many researchers whereas
the variation of ‘K’, ‘n’ and ‘Ry’ for various soil samples have not been much explored in the literatures.
In addition to it, the evaluation procedure of hyperbolic model parameters (HMP) is a very tedious task
when samples are in large numbers. Therefore it is necessary to study the variation of HMP for various
non-cohesive soil conditions and to propose certain correlations for its evaluation. The HMP are highly
dependent on particle size, moisture content and density. Thus in order to study the influence of these
factors on HMP, coarse, medium and fine sand as well as fine gravels with varying densities have been
taken into consideration. The direct shear tests have been conducted in dry and moist conditions. The
HMP have been evaluated for every samples and the effect of particle size, moisture content and density
have been studied. It has been found that the influence of particle size is more than that of moisture
content and density. Further the correlations have been developed for HMP with respect to particle size,
moisture content and density. The correlations are useful in evaluation of HMP.

doi: 10.5829/ije.2022.35.09c.04

1. INTRODUCTION

type of soil, particle size, water content, density, etc. The
influencing factors are varying based on the type of soil.

Soil is a complex material having non-linear stress-strain
response when subjected to loading [1]. Due to
availability of high speed computers and advanced
numerical techniques such as finite element method, it is
possible to incorporate the non-linearity of soil [2-4]. The
non-linearity of soil has been taken into consideration by
various constitutive models such as, hypo-elastic models,
plasticity models, hyper-elastic models, etc [1, 5, 6]. The
performance of these models mainly depends on its
parameters [7, 8]. As the numbers of parameter are more,
the accuracy of the model is more [9, 10]. Thus every
parameter present in the model is having some specific
significant contribution on the behavior of soil. These
model parameters are depending on many factors such as

*Corresponding Author Institutional Email: gdhadse@yahoo.com
(G. D. Dhadse)

The model parameters are generally showcased strength
and stiffness criteria.

In present investigation, the hyperbolic model [11-13]
for representation of constitutive behavior of non-
cohesive soil has been studied and its parameters have
been evaluated. The model is versatile and has been used
for many geotechnical applications [14-16]. Hence the
appropriate study on its parameters is necessary. This
model is helpful in static and quasi-static condition and
predicts the load-displacement behavior appropriately
[17-19]. The model finds out the tangent modulus ‘E7’ at
any stress level using Equation (1). Further, for some
specific geotechnical applications, researchers have
modified the hyperbolic model [20, 21].

Please cite this article as: G. D. Dhadse, G. Ramtekkar, G. Bhatt, Effect of Particle Size, Moisture Content and Density on the Hyperbolic Model
Parameters for Non-cohesive Soil, International Journal of Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1699-1706
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E, = |:1_ R; (L—sin g)(o; ._0-3):| K.Pa[g] Q)
2(Ccosg+ o, sing) P,

where, ‘P,’ is atmospheric pressure and ‘o1’ & ‘o3’ are
major and minor principal stresses

The model has several parameters such as modulus
number ‘K’, exponent ‘n’, failure ratio ‘R¢’, angle of
internal friction ‘¢’ and cohesion ‘C’. These parameters
have been evaluated using shear test [22-24]. The
parameters ‘K’, ‘n’ and ‘Ry have been evaluated from
transformed stress-strain curve whereas ‘¢’ (in degrees)
has been directly evaluated from normal and shear stress
[16, 25]. The researchers have been focused on the
variation of strength parameters for various soil
conditions whereas the performance of parameters such
as ‘K’, ‘n’ and ‘Ry’ for various soil conditions have not
been much explored. Hence there is necessity to study the
variation of these parameters with respect to various non-
cohesive soil conditions. Also, if the samples are in large
numbers, the methodology of evaluation of HMP is a
very tedious task. Hence there is need to propose certain
correlations which will be helpful in predicting the HMP
for non-cohesive soil.

The HMP evaluation procedure has been well
explained by various researchers [1, 26, 27]. The
hyperbolic model is based on the stress-strain curves of
drained triaxial compression tests of sands and clays [25,
28]. Its failure criterion is based on the Mohr-Coulomb
model. But as far as non-cohesive samples are
considered, the undisturbed sample preparation is very
difficult. Hence in order to overcome this difficulty, the
HMP has been evaluated from direct shear test by
performing few modifications [18, 29, 30]. According to
Asadi et al. [29] and other researchers [31, 32], the
evaluation of HMP from direct shear test has been found
in good agreement as compared to triaxial test.

From the literatures, it has also been reviewed that,
the strength parameters of non-cohesive soil depends on
particle size, moisture content and density. Thus the
stiffness parameters are also vary according to the
strength parameters. Hence the same factors have been
taken into consideration in present study for studying the
variation of ‘K’, ‘n’ and °‘R¢ for non-cohesive soil
samples [22, 33]. The performance of ‘K’, ‘n” and ‘R¢’
for various soil conditions is a novel contribution of
present study. The HMP have been evaluated for coarse,
medium and fine sand as well as fine gravels. The tests
have been performed for dry and optimum moisture
content (OMC) conditions. The density for each sample
has also been evaluated. Total 13 no. of direct shear tests
have been performed for 04 normal stress conditions.
Hence, based on the experimentations, the effect of
particle size, density and moisture content on the HMP
has been studied in this paper. Also on the basis of
analysis result, correlations have been formed for
evaluation of HMP.

2. METHODOLOGY

Effect of particle size, density and moisture content on
the HMP has been evaluated for the test samples given in
Table 1. The HMP has been evaluated for each sample
considering dry and moist conditions. After analyzing the
samples, correlations are developed to evaluate the HMP
directly from particle size, density and moisture content.
The methodology has been applied to non-cohesive soil
mass only.

2. 1. Materials The non-cohesive soil samples
have been taken into consideration for evaluation of
HMP using direct shear test. The sieve analysis, rodded
density test and OMC test has been carried out on all the
samples under consideration. Table 1 shows the material
samples as well as ‘Dsy” (mean particle size) value,
optimum moisture content and rodded density. The
material samples have been chosen in such a way that, all
gradations of sand and fine gravels will be covered in
experimentation. The pictorial representation of samples
under consideration is given in Table 2.

2. 2. Evaluation of Hyperbolic Model Parameters
Researchers have suggested the methodology for
determination of HMP [26, 29]. In this paper, a similar
methodology has been adopted.

The direct shear test has been performed on sand and
fine gravel samples. The sand has been tested by small
box shear test apparatus whereas the fine gravels have
been tested by large box shear test apparatus. In order to
get familiar with determination of HMP, an example of
normal sand sample has been demonstrated here. The
direct shear test on normal sand sample has been
performed for four normal stress conditions as shown in
Figure 1. The graph between shear stress and tangential
displacement is plotted as shown in Figure 1.

The plot in Figure 1 has been transferred to
transformed stress-strain curve as shown in Figure 2. In
Figure 2, the Y- intercept denotes ‘a’ and slope of lines
denotes ‘b’. Thus from Figure 2, the values for ‘a’ and ‘b’
are determined. The failure ratio is found as ‘R¢ = =/ zur’
(whereas ‘z is shear stress at failure and ‘zyi” is ultimate
shear stress) thus ‘1/b’ gives the value of ‘T’ (Figure 2
represents as the linear regression of all normal stress
values thus the shear stress obtained from it is said as
ultimate) and ‘z” is obtained from Figure 1.

From Figure 2, ‘1/a’ gives the value of initial tangent
modulus. Thus graph between initial tangent modulus Vs
normal stress is plotted as shown in Figure 3. The Y-
intercept corresponding to unit normal stress gives the
value of modulus number ‘K’ and slope of the plot gives
the value of exponent n".

Finally a graph between shear stress and normal stress
is plotted as shown in Figure 4. The slope of plot gives
the value of angle of internal friction ‘¢’ and Y- intercept
gives the value of cohesion ‘C".
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TABLE 1. Material Samples under consideration for evaluation of HMP

Sr. No. Sample Abbreviation Particle Size Dsy (mm) Moisture Content (%)  Density (g/cm®)
1 Fine Sand A 0.31 0 1.72
2 Sand R 425u—P 600 u B 0.51 0 1.69
3 Normal Sand C 0.68 0 1.78
4 Sand R 600 u—P 1.18mm D 0.86 0 1.66
5 Sand R 1.18 — P 4.75mm E 1.76 0 161
6 Gravel R4.75mm - P 10 mm F 7.46 0 161
7 Gravel R 10 mm —P 12.5 mm G 11.01 0 1.57
8 Gravel R 12.5 mm — P 20 mm H 13.52 0 1.54
9 Moist Normal Sand | 0.68 11.98 1.99
10 Moist Fine Sand J 0.31 12.35 1.94
11 Moist sand R 425 u— P 600 u K 0.51 12.72 1.89
12 Moist Sand R 600 u — P 1.18mm L 0.86 13.05 1.85
13 Moist sand R 1.18 — P 4.75mm M 1.76 13.48 1.80
TABLE 2. Material Samples Photographs 0.09 - o on=05kg/sq.em
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Figure 2. Transformed Stress-Strain curve for normal sand
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Figure 4. Shear Stress Vs Normal Stress Plot for normal
sand

Same methodology has been adopted for evaluation of
HMP for all the soil samples.

3. VARIATION OF HYPERBOLIC MODEL
PARAMETERS WITH RESPECT TO PARTICLE SIZE,
MOISTURE CONTENT AND DENSITY

The HMP has been determined using the procedure
discussed in section 2.2. In order to study the variation of
particle size (Dso), moisture content and density, HMP
were plotted against particle size, moisture content and
density as shown in Figures 5, 6 and 7, respectively.
From Figure 5, it is observed that, as the ‘Dso’ value
is increasing, the HMP such as ‘K, ‘p’, ‘n’ are also
increasing. Due to increasing in particle size, the friction
in between the particles increases; thus, the angle of
internal friction also increasing. Similarly, as friction is
increased, the initial tangent modulus also tends to
increase. Hence the value of ‘K’ and ‘n’ has increased
with an increase in particle size. The variation of ‘R;’ with

——Kx100 —@—n
$x20 —@—Rf

Hyperbolic Model
Parameters
o [ N w B Ul [o)]

N N ol O © © N 3
95 903 s ‘b '\ v o O ‘b%
Average Particle Size D50 (mm)
Figure 5. Variation of Particle Size on HMP
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Figure 6. Variation of Moisture Content on HMP

respect to particle size is very insignificant. The
parameters ‘K’, ‘p’, and ‘n’ are dependent on each other;
thus, the graphlcal varlatlon is also similar.

From Figure 6, the variation of HMP with respect to
dry and moist sand is observed (sample identification is
given in Table 1). It is seen that, the sample with OMC
slightly gets dense as compared to dry samples. The tests
have been carried out on sand samples only because
OMC is not feasible for gravel type of samples. As the
samples are getting densified due to OMC, the values of
‘K’, ‘p’and ‘n’ are getting slightly increased as compared
to dry samples. Also it is observed that, as particle size
increases, the denseness decreases due to lubrication.
Thus the ‘K, ‘p”and ‘n’ is slightly reduced as compared
to fine partlcles. The variation of ‘R;’is again very less in
spite of variation in moisture content.

Figure 7 illustrates the effect of density on HMP. The
density of moist sand is slightly more than that of dry
sand, thus the value of parameters such as ‘K’, ‘p’, and
‘n’ are slightly more than that of dry sand. Whereas for
fine gravels, the density is less still the HMP are higher
than that of thesand. This has happened due to production

6_
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'Om ]
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Figure 7. Variation of Density on HMP
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of excessive friction between gravel particles. Again
‘Re’is not much varying as per increase in density. The
parameter ‘R’ is a ratio, thus according to
experimentation conditions its value is calculated. Hence
‘Rs’ slightly looks independent of particle size, moisture
content and density.

3. 1. Sensitivity Analysis The sensitivity analysis
has been carried out to study the influence of various
input parameters (such as particle size, moisture content
and density) on HMP. The analysis is based on the
sensitivity index (1). The sensitivity index is a ratio of
relative change in the output parameter to relative change
in the input parameter [34]. The sensitivity index has
been calculated using Lenhart et al. [35] equation.
(Equation (2)).
XolY; =Y,
= YOEJ>(< 227 Xll)) (2)

where, Xo — central value of input parameter, Yo — central
value of output parameter at Xo, X1 = Xo - AX (AX —
difference in input parameter), X, = Xo+ AX and Y; and
Y, — corresponding to X; and Xa.

Lenhart et al. [35] has also specified the classification
of sensitivity index as stated in Table 3.

Based on Equation (2), the sensitivity index was
calculated for every input parameter of every HMP. The
sensitivity of the input parameters was assessed as stated
in Table 3. Table 4 summarized the sensitivity index of
each input parameter for HMP with its significance.

From Table 4 and Figures 5 to 7, it has also been
found that, the particle size has the maximum influence
on HMP than those of density or moisture content. The
parameter ‘K’ and ‘n’ primarily depend on angle of
internal friction for non-cohesive soil. The effect of
moisture content and density on HMP is only due to
sample densification. The sensitivity of input parameters
for ‘Ry’ is low.

4. CORRELATIONS FOR EVALUATION OF
HYPERBOLIC MODEL PARAMETERS

The HMP was calculated for the given samples and
plotted against particle size, moisture content and density
in section 3. In order to develop a correlation for HMP
based on particle size, moisture content and density, the

TABLE 3. Classification of sensitivity index

Sr. No. Sensitivity Index (1) Sensitivity
1 Hh=1 Very High
2 1>()>02 High

3 02>(1)>0.05 Medium
4 0.05>(H)=>0 Low

TABLE 4. Sensitivity analysis of various input parameters

lflg. HMP parlartﬁgt[ers Slenndstieg\zilt)y Sensitivity
Particle size 0.21 High
1 K Moisture Content 0.07 Medium
Density 0.16 Medium
Particle size 0.17 Medium
2 n Moisture Content 0.08 Medium
Density 0.14 Medium
Particle size 0.21 High
3 ) Moisture Content 0.04 Low
Density 0.16 Medium
Particle size 0.04 Low
4 Ry Moisture Content 0.02 Low
Density 0.03 Low

multivariate regression analysis has been carried out on
all set of samples. For regression analysis, HMP is output
data whereas particle size, moisture content and density
are input data. The 3™ degree polynomial was considered
for independent variables with 95% confidence level.
Further the regression analysis was carried out on all the
independent variables and variables having probability
more than 5% were removed. In other way, the
insignificant variables were excluded from the equation.
The significance of coefficient has also been found out
by F-Test and accuracy of input parameters defined with
T-Test. In this way, the independent variables were
selected in Equations (3) to (6). Equations (3)-(6) show
the correlation for ‘K’, ‘n’, ‘p’, and ‘R’ whereas Figures
8, 9, 10 and Figure 11 show the best fit curves for
experimental and predicted values. It has also been
observed from Figures 8 to 11 that the values of ‘R? are
more than 90%, thus the prediction is very appropriate.
(Density is denoted by ‘y”and OMC is denoted by ‘w’in
Equations (3) to (6))

K =330.27 -159.223D,, +0.79w +112.82D,,y 3)

n =0.6723—0.81D,, +0.0029w +0.13D,, ¥ 4)

¢ = 4.6242-15.1085D,, —0.2620w+16.38y +10.96)D,,  (5)

R, =11.974-0.6817D,, +1.1422w~12.6578y + 0.04687D,,w— 0.3675wy + 0.4009,0,,
—0.0285D,,wy +0.0041D,,” —0.0353w* + 35957y )

Equations (3) to (6) are useful in predicting the HMP
values directly. These equations are applicable to all the
non-cohesive soil samples which fall under present study
area. Also without conducting the shear test, the HMP
can be predicted from these correlations. The correlations
are reliable based on the statistical analysis. Hence one
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must be confident of using it for further analysis with
similar scope of study. In similar way, studies on other
soil samples can also be carried out and correlations can
be proposed. The methodology present in this paper is
useful in carrying out further research work.
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4. 1. Error Analysis The error analysis has also
been performed for examining the accuracy of
correlations as shown in Table 5. The values of Mean
absolute error (MAE), Mean square error (MSE), Root
mean square error (RMSE) and Mean absolute percent
error (MAPE) show reliable goodness-of-fit.

TABLE 5. Error Analysis

Parameters n MAE MSE RMSE MAPE

K 13 11.90 191.73 13.85 3.04
n 13 0.02 0.00 0.02 2.54
¢ 13 0.64 0.66 0.81 1.61
Ry 13 0.0016 0.0000 0.0024 0.1786

n — total no. of samples

5. CONCLUSIONS

The experimental investigation has been conducted in the
present paper to study the effects of particle size,
moisture content and density of non-cohesive soil on
HMP. The study on variation of ‘K’, ‘n’ and ‘Ry with
respect to various non-cohesive soil samples is a novel
contribution of present paper. Also looking at the tedious
methodology for the evaluation of HMP, the correlations
have been proposed. The correlations are generated using
multivariate regression analysis. Based on the analysis
and correlations presented in this paper, the following
conclusions are drawn,

a. The direct shear test has been successfully
implemented for the evaluation of HMP of non-cohesive
soil.

b. The values of ‘K’, ‘n” and ‘¢’ are increasing with
increase in particle size. This is due to an increase in
friction between the particles. The sensitivity index of
more than 0.2 is observed which means the particle size
is highly sensitive.
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c. The non-cohesive soil samples are getting slightly
densified due to OMC. Hence the values of ‘K’, ‘¢’ and
‘n’ are getting slightly increased as compared to dry
samples. Whereas further increase in water content,
reduces the ‘K’, ‘9’ and ‘n’ due to lubrication effect.

d. The fine gravel is having lesser density than that of
sand, still the values of ‘K’, ‘n” and ‘¢’ are increasing
with respect to sand samples. This is because of
production of excessive friction between the particles.

e. The variation of failure ratio with respect to particle
size, moisture content and density is very less. The
sensitivity index of less than 0.05 confirms that.

f. Particle size is having maximum influence on HMP
than that of moisture content and density.

g. The effect of moisture content and density on HMP is
only due to densification of soil.

h. The proposed correlations are useful in predicting the
HMP. The correlations are applicable for non-cohesive
soil samples which fall under present scope of the study.
i. The correlations are reliable based on the statistical
analysis (such as R? value and error analysis).

j. The methodology proposed in the present study is
applicable to other soil samples as well for further study.
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As one of the methods of Severe Plastic Deformation (SPD), the Accumulative Roll-Bonding (ARB)
process leads to the production of high-strength metal sheets and fine-grained structures. In this paper,
the Single Point Incremental Forming (SPIF) of AI1050 sheets, processed by the ARB and CARB
(Cross-Accumulative Roll-Bonding), is experimentally and numerically investigated. The forming force,
thickness distribution, and forming depth in both cases (ARB and CARB) are all determined in this
research. The result shows that the formability of CARB samples is higher than ARB samples.
Furthermore, the formability of both ARB and AI1050 annealed samples are equal in the initial pass. In
addition, the samples’ strain is enhanced by increasing the number of rolling passes, and as a result, the
formability scales down. The results obtained using the dynamometer reveals that the vertical forming
force extent in the CARB samples is higher than the rest of the samples.
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Force
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1. INTRODUCTION

Al 1050, due to its high corrosion resistance, good
formability, high electrical and thermal conductivity, and
high weldability, has been considered [1, 2]. Besides,
with an increasing development of the industry, the
processes of severe plastic deformation are important as
an effective method for the production of high-strength
metals and ultra-fine structures [3, 4]. Incremental sheet
process is a new process for metal sheet forming in low-
volume production without making a die [5]. Advantages
of this method include formability, numerical process
control capability, and low cost of equipment [6, 7]. The
incremental forming is generally divided into two
categories: single-point incremental formation (SPIF)
and two-point incremental formation (TPIF) [8]. One of
the main components in the SPIF is the sheet material and
several studies have been conducted in this regard [9, 10].
Najm et al. [11] in order to produce a SPIF component
with sufficient quality without defects, selected the

*Correponding author institutional Email: mahmoodi@semnan.ac.ir
(M. Mahmoodi)

optimal process parameters. In other work [12] they
investigated the effects of forming tool characteristics on
the accuracy and formability of thin aluminum alloy
blanks when using SPIF. Paniti et al. [13] by monitoring
servo-motor currents, estimated the forming force in the
SPIF and gave a new crack monitoring method based on
light sensor.

Suresh et al. [14] examined the effect of the tool path
on the incremental sheet process. They found several
ways to choose a tool path in the incremental sheet
process, and the most important parameters of the tool
path were the vertical step, the length of the tool path, and
the number of passes that indicate the better formability
of the sheet. By reducing the percentage of thinning of
the sheet in the direction of the circular tool, the
formability will increase. Jackson et al. [15] practically
examined the possibility of substituting sheet incremental
formwork for sandwich panels. The feasibility of the
process was performed by examining the states of
thinning, failure, and surface quality after the incremental

Please cite this article as: M. Mahmoodi, H. Tagimalek, M. R. Maraki, S. Karimi, Experimental and Numerical Investigation of the Formability of
Cross and Accumulative Roll Bonded 1050 Aluminum Alloy Sheets in Single Point Incremental Forming Process, International Journal of
Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1707-1715
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forming process for different patterns of sandwich panel.
Three groups of panels (metal/metal fiber/metal,
metal/polymer/metal and metal/metal foam/metal) were
examined. Incremental forming can be used successfully
to form sandwich panels with metal foam core. Nikdooz
et al. [16] examined the two-step incremental formation
of an incomplete 70-degree square pyramid to improve
the minimum thickness. They found that using a two-step
strategy could double the minimum thickness by a single
step. Lu et al. [17] designed a new tool for increasing the
shape of aluminum sheets with different alloys. At the tip
of the tool, an indirect ball bearing is located. It is
possible to prevent the contact of the upper areas of the
tip of the tool, which causes the highest friction in the
sheet, and improves the formability.

Najm et al. [18] investigated the best results of the
final geometry, thickness homogeneity, minimum pillow
surface, and maximum forming depth using different
shapes and different sizes of the tool.

Neto et al. [19] presented a complete finite element
model to examine the stress and strain state near the
contact surface. They found that the small contact surface
between the tool and the sheet had a positive effect on the
stresses under the tool, which delayed the soft failure. It
was also concluded, the residual stresses in both
circumferential and meridional directions are positive in
the inner skin of the cone and negative in the outer skin.
Hino et al. [20] studied the effect of grain size on Al 1050
rolled sheets on the vertical forming force. In the results
shown, the curvature trend is similar for almost all
samples, except that the peak value of the forming force
increases with decreasing grain size, which is due to the
large displacement density of the coarse grains. Mansouri
et al. [21] have investigated the microstructure of the
ARB method of sandwich sheets using stainless steel,
copper, and aluminum. The analysis showed that in the
first and second passes of the ARB, no plastic instability
was created in the layers. With the increase in the number
of passes of the accumulative roll bonding, plastic
instability and eventually fracture will be observed.
According to the results of this study, during the ARB
process, a proper bonding has been established between
the layers. Rahmatabadi et al. [22] studied Young's
modulus, the anisotropy coefficient in the rolling
direction, and other elastic and plastic parameters of
multilayer aluminum /brass composite produced by ARB
process. The results showed that a good relation between
aluminum /brass mixing in the original sandwich was
made and strengthened by increasing the stability
pressure. In the other work [23], they examined the effect
of the ARB process on the fracture toughness of ultrafine-
grained aluminum. Test results showed that by increasing
the number of the ARB cycles, fracture toughness was
increased and the maximum value of this parameter
achieved in the last cycle.

Past Researches in the SPIF process were on single-
layer and multilayer sheets. Due to the capabilities of the
SPIF process and the properties of the multilayer sheets,
it can be used to produce parts with multilayer sheet.

In this paper, the incremental single point forming of
Al 1050 sheets processed by the ARB and CARB has
been studied experimentally and numerically. The effect
of the ARB and CARB process and heat-treatment on the
formability of the samples and forming forces were
investigated.

2. MATERIALS AND METHODS

2. 1. ARB EXPERIMENTS The 1050 aluminum
sheets were bonded by the ARB and then formed by the
SPIF process. The thickness of the sheet used was 1 mm,
with dimensions of 130 x 130 mm? and cut according to
the size of the die. The chemical composition of the Al
1050 sheet obtained from gquantometry analysis, are
summarized in Table 1.

The use of rolling in the ARB process is not only as a
deformation method but also as a factor for creating
bonding between two sheets and producing a completely
integrated sheet. To increase the adhesion of the layers,
the accumulative roll-bonding process was done in the
cold and non-lubricating conditions. In the ARB process,
the sever plastic deformation produces a solid-state
bonding. According to the Film theory, as a dominant
mechanism of low temperature ARB, bonding occurs
when metal surfaces are exposed and deformed to a
sufficiently large value. The fracture of surface layers and
extrusion of virgin metals through the cracks have the
main roles in a real contact. The reduction percent at this
stage was 50%, and as a result, the thickness of the sheet
was equal to the thickness of the original sheet. Then the
sheet was cut in two lengthwise, and the steps are
repeated. Figure 1 shows a schematic of the ARB and
CARB process. The number of layers of sheet bonded by
the ARB method was obtained from the relation 2™(n is
the number of passes). The ARB processed sample had
32 layers and the thickness of each layer was 31 pum.

2. 2. SPIF Experiments In the empirical test of
ISF, the rotational speed of the tool was 900 RPM, the
forward speed was 700 mm/min, and the vertical step was
0.5 mm.

TABLE 1. Chemical composition of Al 1050
Metal Al Zr \Y Sr Pb

Al 1050 99.54 0.0137 0.0164  0.002 0.0044

Ti Sn Ni Cr Mn Fe

0.0044 0.009 0.0019 0.0066  0.010 0.157
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Figure 1. Schematic of the bonding process; a) ARB, and b)
CARB

In the SPIF process, it is necessary to control the
sheet. Figure 2 shows the tools and fixtures used for the
SPIF process. Table 2 shows the specifications of the
experimental test samples. According to Table 2, Al
1050, 1ARB, 3ARB, 5ARB and 3CARB samples were
annealed at 380°C for 60 minutes.

To perform the tensile tests, samples were prepared
according to standard ASTM E8-04 [24].

To apply ISF, a spherical VCN alloy steel head tool
with a diameter of 11 mm and hardness of 25 HRC was
used. To ensure better performance and prevent sudden
failure, and non-corrosion of the tip of the tool, it was
heated at a temperature of +950°C and cooled in oil. To
perform the SPIF process, it’s necessary to move the tool
simultaneously in a specific direction in three directions
X, Y, and Z. Therefore, the John Ford VMC-850 three-
axis CNC milling machine was used for the SPIF process.

Tensile test was performed by the machine SANTAM
STM-150 in Semnan University. A dynamometer with
piezoelectric b9257 was used to measure the force. The
SPIF process and then the measurement of the depth of

TABLE 2. Specifications of experimental samples

Type Number of passes Heat-treatment Code

Al 1050 - * Anneal Al 1050
ARB 1 * 1ARBH
ARB 3 * 3ARBH
ARB 5 * 5ARBH
ARB 1 1ARB
ARB 3 3ARB
CARB 3 3CARB
CARB 3 * 3CARBH

Figure 2. Tools and fixtures used for the SPIF process

tension was done by the CNC machine John Ford
VMC-850 three-axis CNC milling made in Taiwan
country. According to Figure 3, the path selected in this
study is a square path, and the tool must move in a steady
direction along the Z-axis and form the sample.

Two common paths have been used in ISF are profile
tool path and spiral tool path. Many previous studies
proved that the spiral path strategy shows better results
than the profile path in formability, geometric accuracy,
and surface roughness of ISF components. But in this
work, according to the square shape of the sample, the
unidirectional profile tool path was designed based on
Jadhav’s work [25]. He observed twist and dent in parts
formed using spiral tool path. The numerical control
program to introduce the square path of the process was
created by MATLAB. After fixing the sheet on the
fixture and preparation of the CNC milling machine,
SPIF was done.

To measure the thickness distribution, the part’s
thickness was determined at different points using an
ultrasonic thickness gauge with an accuracy of 0.01 mm
in a cross section along the middle plane that for all the
forming depth could be different. Song et al. [26] showed
there was three different zones along the components
wall of ISF (bending/stretching, shear, and stretch/shear).
The thickness distribution includes these areas.

Figure 3. The tool path for the SPIF process
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3. FINITE ELEMENT ANALYSIS

To simulate the SPIF process, Abaqus finite element
software was used, and the FE model shown in Figure 4.
The tools and die were considered to be analytical rigid.
The material behavior was considered to be Elastic-
Plastic, and assumed that follow the Von-Mises yield
criterion. The blank sheet was meshed using for node
shell elements with reduced integration (S4R). All
surface-to-surface contacts were selected by mechanical
contact with tangential behavior in the Columbus friction
model. The friction coefficient was 0.1. To simulate the
ISF process, Abaqus 2019 software was used. The
contact between the backup plate and the sheet was
defined as frictionless and wholly constrained. In this
modeling, the written code in MATLAB software was
used to move the tool. Then the output of this program is
defined as a domain in Abaqus software that specifies the
tool’s movement in all three directions X, Y, and Z at any
time. Therefore, due to the large deformation in the cold
state process, a dynamic explicit solvent was used.

To obtain the optimal mesh size, the effect of mesh size
on the equivalent plastic strain (PEEQ) was investigated.
Figure 5 shows the effect of the mesh size on PEEQ from
the sample center.

Tool Sheet

-

4.8

a8 1.

3.0 M. mm g

00 02 04 06 08 1.0 12 14 186 18 20
Mesh Size
Figure 5. Mesh Sensitivity Diagram: Effect of mesh size on
the equivalent plastic strain of Al 1050 sample

So, the mesh size of 1.2 was used to simulate the
sheet. In this study, the purpose of the simulation was to
investigate the validity of the results in ARB samples that
underwent the SPIF process. In FE analysis, only data
from existing ARB samples were examined.

4. RESULTS AND DISCUSSION

Because the ARB process is an SPD process, the plane
strain rolling process produces different properties in
different directions of the sheet. Therefore, due to the
anisotropy, different properties are obtained in the
directions of RD, TD and 45-degree rolling. Therefore,
the tensile test results were evaluated on seven existing
samples in three transverse, longitudinal, and 45-degree
positions relative to the rolling direction. Figure 6 shows
the stress-strain curves of the ARB samples at three
different directions 0°, 45°, and 90° angle to the rolling
direction. The tensile strength of ARB samples,
according to this figure, compared to the annealed sheet
has increased, and the formability has decreased. To
simulate the finite element and define the properties of
materials, it was necessary to have true stress and strain
of the material, so the engineering stress-strain obtained
from the tensile test must be converted to a true stress-
strain. To evaluate the forming forces, a dynamometer
with piezoelectric b9257 and amplifier identification
number 6019b126 was used to measure the main vertical
forces. By putting the die on the dynamometer and
performing the SPIF process, the tool’s forces could be
obtained in three directions. The most significant effect
of the force in the SPIF process was in the vertical
direction, so only the vertical force was studied. Figure 7
shows the force applied to the tool before filtering. As
shown in the figure, the amount of forming force
increases until it reaches the necking point, and then due
to strain hardening with the thinning defect, a decrease in
force was observed.

Because the behavior of materials is different in all
samples of experimental designs, their formability is also

Stress (MPa)

Anncal AA 1050

T T T T T
0-0 01 02 03 04 05
Strain (mm/mm)

Figure 6. True stress-strain curves after the ARB process
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Figure 7.

different during the ISF process. As shown in the results,
they experience different formability and forming depth.
Therefore, the degree of formability and the process
continuity affect the time and also the extreme force
occurs at different times. The purpose of using a
dynamometer is to reach the extreme of force. The ARB
process’ impact on the forming force is depicted in Figure
8. Increased the number of passes in the ARB process,
the tensile strength promotes very rapidly in the first pass.
The rise of pass number heightens the sheets’ tensile
strength, and thus, the forming force in the SPIF process
aggravates. The samples’ tensile strength is reduced by
the annealing heat-treatment, so it devaluates the forming
force significantly. In all similar passes, the CARB
sheets’ tensile strength is higher than ARB sheets’, and
consequently, the CARB sheets are of greater SPIF
forces. As a result, the samples’ forming force is declined
as compared to the samples without heat-treatment, so
that the force in a one-pass ARBH sample is subtracted
up to 18% as compared to a one-pass ARB sample.
Moreover, a 47% reduction in force is observed in a
three-pass ARB sample as compared to its equivalent
sample, which imposed to the heat-treatment. In case of
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a three-pass CARB sample, a 5% increment has been
observed in forming force as compared to a three-pass
ARBH sample. As well, in a three-pass CARB sample as
compared to a one-pass ARBH sample, the force is
increased by 25%. This force augmentation is due to the
higher tensile strength of CARB sheets than ARB in each
similar cycle [20]. As shown in Figure 8, the simulative
results are in a good agreement with the experimental
results.

Figure 9 shows the different experimental samples
formed by the SPIF process. The localized necking
occurs in some processes, such as incremental forming in
areas of metal that there is plane stress and also normal
stress. In this study, the localized necking criteria were
used. The presence of normal stress in the incremental
forming process leads to the improvement of the
formability of the material and, as a result, the surface of
the forming limit curve is higher.

The presence of normal stress reduces the forming
loads in the positions of geometric heterogeneity from
which failure begins. Figure 10 shows the onset of a
localized necking before complete failure.
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Figure 8. Experimental and numerical comparison of the
forming forces in samples

Figure 9. Samples produced by experimental SPIF
processes

Localized necking

Figure 10. Onset of localized necking

The thickness of the samples produced from the
longitudinal section was measured by an ultrasonic
thickness gauge. Figure 11 shows the path for measuring
the thickness distribution. Thickness measurements in
experimental samples and simulation after sheet fracture
were performed at maximum forming depth. By applying
the mechanical properties of the samples and performing

simulations in ABAQUS finite element software, the
results obtained were compared with the experimental
results.

The simulation results in the samples are in good
agreement with the experimental results. Besides, the
simulation results show relatively accurate changes in the
location of the thinnest thickness.

In the thickness distribution discussion, the most
significant difference between the simulation results and
the experimental results was 9.4% (3ARB). Since by
applying the ARB process on the Al 1050 sample, a
considerable strain is applied to the sample in each pass;
therefore, the samples become more brittle. As shown in
Figure 12, in the 1ARB sample the thickness of the
fracture area was 0.30 mm, which was 0.38 mm thick
compared to the 3ARB sample.

Performing heat-treatment on the samples and a
significant reduction in sheet thickness at the point of the
fracture indicates an improvement in the formability
properties of the samples affected by heat-treatment. As
shown in Figure 13, the fracture thickness of the LARBH
sample was 0.38 mm, which was 0.08 mm different from
the non-heat treated one. This difference indicates that by
applying heat treatment, the percentage of thinning of the
sheet  increases and  also improves  the
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Figure 11. The path of measured thickness in the FE model
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Figure 12. Thickness distribution curve in the ARB samples
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Figure 13. Thickness distribution curves in the heat-treated

ARB samples

formability of the samples. Comparing the diagrams
shows increasing the number of ARB passes increases
the thickness of the sheet at the fracture point.

Figure 14 shows the thickness distribution profile of
the sample produced in the CARB process using an
ultrasonic thickness gauge. The minimum thickness of
the 3CARB sheet was 0.35 mm, which is 0.03 mm
different from the 3ARB sheet. The results of the
thickness distribution profile show that the amount of
thinning was more significant than the ARB samples.

The profile of the wire cut machining sample was
determined using a projector profile machines with an
accuracy of 0.001 mm. Figure 15 shows the cross-section
depth profiles of the samples formed by the SPIF method.
At the beginning of the profiles of the samples were
curved due to the flow of the sheet, and then due to the
Spring back phenomenon, they have an angle of fewer
than 80 degrees. The formability of the 3SCARBH sample
(3 passes CARB with heat-treatment) was higher than
other samples. Many grain boundaries acted as a barrier
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Figure 14. Thickness distribution curves in the heat-treat
CARBed sample

to the growth of the main crack and provided better
CARB formability. Also, the formability of the 3ARBH
sample was higher than the Al 1050 sample. The 3ARB
sample also has the lowest formability due to the
brittleness of the sheet in the ARB process. It should be
noted that the floor thickness of the formed profiles is
constant.

To find the height of the breaking point, there are two
methods: 1. Position display on the CNC screen, 2.
Recording by Dynamometer. After the sheet fractures,
the dynamometer was disconnected, and the fracture time
was recorded. Using this time, the breaking point height
can be obtained in Power mill software. Figure 16 shows
the maximum forming depth of the samples at the SPIF
process. As can be seen, the formability of the 3SCARBH
sample is 29 mm, which is significantly different from
other samples (Maximum forming depth is 29 mm). Also,
the formability of CARB samples is higher than that of
ARB samples. The formability of CARB samples is more
exorbitant than that of ARB samples. Therefore, a great
deal of grain boundaries acts as a barrier to the main crack
growth and causes better CARB formability, so that the
CARB samples’ formability is higher than A11050 [27].
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Figure 15. Depth profiles of formed samples by the SPIF

process
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Figure 16. Diagram of the Maximum SPIF depth of the
samples
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5. CONCLUSIONS

In this paper, the SPIF of AlI1050 sheets, processed by
both the ARB and CARB, is studied. The results of this
study are as follows:

In the ARB process, the severe strain is applied to
the sample: it causes the grains to become finer, and
the sample to become more brittle. Therefore, the
ARB samples’ formability is less than that of
AIl1050 sheets.

The samples’ formability is improved by the heat-
treating of ARB and CARB samples.

Each pass in the ARB process increases the sheet’s
tensile strength, because of which the forming force
of these sheets in the SPIF process is also
intensified.

The tensile strength of CARB sheets is higher than
ARB sheets in any similar pass, so the SPIF force
of CARB sheets is more eminent.

The formability of CARB samples is more
exorbitant than that of ARB samples. Therefore, a
great deal of grain boundaries acts as a barrier to the
main crack growth and causes a better CARB
formability, so that the CARB samples’ formability
is higher than Al1050.

For further investigation, the DOE technique could
be adopted to decrease the sample size, estimate the
effect of each parameter and get the better results.
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This state-of-the-art review study emphasized the problem of failure of Nuclear Power Plants (NPP) due
to earthquake forces. Soil-NPP interaction may lead to damage to these unique structures of the critical
infrastructural system of any nation in demand to fulfill the energy requirement. So, the soil-structure
interaction (SSI) is the key motivating factor to review the fundamentals of NPP with its base soil
conditions. Moreover, the problems associated with NPP-SSI have been overcome with the application
of an advanced foundation system called combined pile raft foundation (CPRF). This study checks the
scope of the provision of CPRF to NPP through SSI. The approaches for analyzing the seismic behavior
of NPP in CPRF are strategically reviewed in this study. According to the literature findings, SSI is the
most significant factor in deciding the seismic resistance of NPP. The fragility analysis demonstrated the
importance of SSI in the design of NPP earthquake behavior. CPRF plays an important role in NPP-SSI
to minimize structural damage.
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1. INTRODUCTION

The dam sector, chemical sector, nuclear reactors,
materials, waste sector etc., are the parts of any countries
critical infrastructures (CISs). They are the spine of the
development of a nation, and nuclear power industry is
one of them. Worldwide, the strenuous growth in the
development of the power plants has been observed [1,
2]. Nevertheless, due to the inseparable logic of natural
calamities or by chance, these systems are highly
susceptible to risky conditions [3-5]. Earthquake is one
of the calamities affecting all type of structure, and NPP
is no exception. While designing the reactor building (a
component of NPP), tremor and break loss of coolant
accidents are considered external and internal events [6-
8]. Earthquakes of magnitude higher than that of design
criteria often occur in the nearby vicinity of NPPs. Jin
and Gong [9] studied the Fukushima Daiichi NPP
incident (11th March 2011) in great east Japan was one
of the example. Due to this Earthquake, Fukushima NPP
bore severe destruction [7]. As a result of this situation,
significant efforts were being made in many sectors such

*Corresponding Author Institutional Email:
bhairavthakur869@gmail.com (B. Thakur)

as geophysics, structural engineering, and nuclear safety
engineering to recognize and assess the danger. Various
active and passive approaches have been invented to
reduce the seismic impact on the structure. The
conventional methods suggest strengthening the
structural elements to improve the seismic resistance of
the structure. The practical solution is to protect the NPPs
by considering the fragility analysis with and without soil
structure interaction and combined pile raft foundation
(CPRF) of the structure [7, 10]. Fragility analysis as well
as SSI should be taken under consideration as it is the
governing criteria for the seismic behaviour of the
structure. The following sections consist of a preface of
past literature and methodology enlightening the fragility
analysis, and importance of SSI and CPRF on the
response of NPP in earthquake situation.

2. LITERATURE PREFACE

CPRF, a raft supported by piles, is used to achieve
desired loading strength. It helps to meet the ability

Please cite this article as: B. Thakur, A. Desai, Aspects of Foundation-soil Interaction of Nuclear Structures under Seismic Conditions through
the State-of-art Review, International Journal of Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1716-1722
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requirements in an effective pattern than the conventional
pile group foundation [11]. The reaction of the isolated
piles differs from the piles in the group because of the
pile-to-pile interaction factor. The pile-to-pile interaction
factor is defined as the ratio of an unloaded receiver pile's
displacement or rotations to those of a nearby loaded
source pile owing to soil deformation [12]. From the last
two decades, CPRF has been proven as a feasible and
sustainable foundation as it decreases the settlement of
structure, leading to massive financial savings without
compromising the capacity of the foundation. Its primary
application was for massive facilities. Design and
construction guidelines for a vertically loaded piled raft
in a range of subsoil conditions have also been
established by the International Society for Soil
Mechanical and Geotechnical Engineering (ISSMGE)
[13]. Although the substructure of the building may face
loading from all the sides simultaneously [14], the design
of CPRF does not conventionally consider the
combination of horizontal (H) and vertical (V) forces and
moment (M). Attention is required while designing the
CPRF for the load transfer process between the piles and
the rafts. As the multi-directional interaction affects the
structural response, the soil-structure interaction (SSI)
and soil non-linearity must be considered for the design
of the facility [15, 16]. The SSI is the interactivity
between soil (ground) and a facility erected on it.

The analysis process of the SSI approach is to be done
in a deterministic manner. Inertial, kinematic, free-field,
and control motion are all stages in the SSI method [17].
The direct and substructure approaches are two general
methods of analysis for SSI. The direct method involves
assessing the combined soil-structure interaction in one
step without superposition [18, 19]. The direct technique
solves the SSI problem in both the time and frequency
domains. The linear or nonlinear time-history analysis
can be used to apply the direct approach. Analysis of SSI
by the direct method shall consist of (1) model of
structure, (2) model of foundation: geometry, stiffness,
and interface, (3) model the soil: a) soil material
properties (linear and nonlinear) and b) discretize the soil
and locate the bottom and lateral boundaries of the soil
structure model, (4) establish input motion to be applied
at the boundaries, (5) perform SSI analysis, and (6)
perform a second stage analysis for detailed structural
response [20]. The substructuring method directly
invokes superposition to solve the SSI problem in the
frequency domain. Fourier transform techniques applied
to the input motion are used to treat time variations in
earthquake ground motion. Only linear analysis can be
used to implement the substructuring method [20].

SSI is the mechanism through which the soil reaction
controls the structure's motion alongside the structure
influences the response of the soil. The structural model's
fundamental period is determined by building height and
the SSI. Raheem et al. [21] conducted a theoretical study
on multi-storied frames with varying soil characteristics

beneath the foundation and several stories to demonstrate
the impact of SSI on the frames’ dynamic properties. The
findings were compared to the fixed-base structures. The
SSI effect will enhance as the structural stiffness and the
soil flexibility increase [21]. The stiffness properties
using formuli derived by Gazetas [22] and AERB [23]
are described in Table 1. Where p, G, 9 represent the
density of soil, shear modulus and Poisson’s ratio,
respectively;

L, B, and R denotes the half-length, half-width and R
is Ay is the radius of a circular basement, respectively;
Area of the base, Iy, Iy and Iy, are the moment of inertia
about x, y and z-direction, respectively.

The CPRF effectively governs the settlements and
significantly escalates the strength of the whole structure
[16]. In analyzing the CPRF behaviour pattern, a fragility
analysis is important. Fragility analysis describes the risk
of a specific structure being exposed to a seismic
excitation above a damage limit state. Zentner et al. [24]
used two types of methods for the fragility analysis of the
nuclear industry; the numerical simulation method and
the safety factor method. John and Robert [25] developed
the safety factor method to develop the element of
fragility functions. The ground motion measurements of
the design-basis earthquake, several safety factors, and
each element's ups and downs have been combined in this
safety method. It was utilized to calculate the
component's standard deviation and median capacity,
which were then included in the fragility functions. At
the same time, the numerical simulation method includes
regression modelling [26], highest probability estimation
[27, 28], and incremental dynamic analysis (IDA) [29],
which were also applied to the NPPs case studies [9, 30].
Methodologies for fragility analysis available for CPRF
are given in the methodology section.

TABLE 1. Rigid plate stiffness on a semi-infinite
homogeneous elastic half-space [18]

Spring constant for

Direction Static stiffness [22] circular base [24]
. Kk, = %(0'73 + 4GR
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_ 26t
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Because of the haphazardness and uncertainty of
earthquakes, several studies have focused on the seismic
response and fragility evaluation of solitary buildings in
recent decades. Burland [31] firstly introduced the
concept of CPRF with unserviceability. Various
numerical [32-35] and analytical research [14, 36, 37]
have been performed to have deep insights into the nature
of CPRF. The authors presented different ways to address
the impacts of non-homogeneity of CPRF on horizontal
and vertical response of structure. Choudhury and Kumar
[38] have examined CPRF under V-M-H condition in
sandy soil using 3D finite element (FE) analysis and
evidence the results of improved performance of the
structure with the CPRF over the traditional group pile
foundation during earthquake loading.

The horizontal load and moment capacities of a piled-
raft are determined by a number of factors, including
pile-soil relative stiffness, raft-soil relative stiffness, pile
spacing to diameter ratio, and foundation and pile head
connection with the raft length to width ratio [42]. V-M-
H interaction is also considered while developing failure
and design envelopes [39]. A hysteresis-based model was
utilized to investigate the bi-directional correspondence
and the interaction between the soil, pile raft, and
structure. The hysteresis model can accurately simulate
the deformation in two primary directions. One of the
analysis methods, the Square Root Sum Square (SRSS)
method, was used for elastic analysis; however, it could
not identify the inelastic interaction between both
directions. The biaxial model achieves higher accuracy
without many complex calculations and has been used
for both steel and concrete structures.

Conventionally, one-directional approaches [40] are
adopted in analysis that considers the hypothesis of a
fixed base; SSI is neglected since it requires complex
computing efforts. But studies show that the reflectance
of SSI can damage the whole structure. In the seismic SSI
of NPP, Abell et al. [41] evaluated the differences in
response to 3-D, 3x1-D, and 1-D excitations.
Furthermore, as multiple experts have indicated, the
interaction between the soil, the pile foundation, and the
structure is crucial factor in determining the seismic
response of pile-supported buildings in a variety of soil
types [40]. Different design standards like NEHRP [42]
and ASCE 4-16 [20] have taken into account the
relevance of SSI. The detailed methodology for the same
has been elaborated in the following section.

2. 1. Methodology Some of the methods that have
been experimented with in the past decade are discussed
here. Kumar and Chaudhary [43] divided the CPRF
system's settlement into two components: settlement
caused by load-carrying by the raft and load-carrying by
the piles. For stiffness, Fleming [44] solely evaluated the
interaction between pile and raft and computed
settlement appropriately. Clancy and Randolph [45]
studied the small piled raft system, which has a raft width

of 5 to 15 meters and is smaller than the length of the pile,
while the large piled raft system has a raft width that is
greater than the length of the pile.

The design model of the pile-raft system represents
the piles and soil as equivalent constant spring [46, 47].
The ratio of induced load in a pile to the corresponding
settlement near the raft pile junction was used to quantify
the pile stiffness. Integrating the vertical stress in the top
elements of the piles over a pile area yielded the induced
load in a pile. The rigidity of the central pile corresponds
to the pile in the rafts center. The edge pile stiffness refers
to a pile close to the rafts edge. Different interactions
regulate the behaviour of the piled raft, including pile-to-
pile, pile-to-soil, raft-to-pile, and raft-to-soil interactions
[48, 49]. The pile-to-pile contact caused by an adjacent-
loaded pile causes more settling in a pile.

Poulos [50] provided a technique for determining the
settling of a pile in a pile group by superimposing the
additional settlement caused by each pile using the pile-
to-pile interaction factor. The interaction factor is
influenced by several variables. According to the work of
two earlier researchers, Poulos [50] and Lee [51], these
parameters are pile spacing, pile stiffness relative to the
soil, and pile length to diameter ratio. The pile-to-pile
interaction factor depends upon the distance between the
two piles. Compared to the edge pile, the central pile is
surrounded by piles all around it; hence the interaction
impact will be greater for the central piles. As a result,
the middle pile has been less stiff than the edge piles.

2. 2. Analysis of CPRF Loading Condition
Pseudo-static load is an equivalent static horizontal load
on the foundation unit replaced by the seismically
induced load. To get the pseudo-static load, Attar [52]
multiplied the seismic coefficient by a vertical load. Mali
and Singh [53] considered the initial stage and loading
stage for the finite element. Patil et al. [16] approached
the analysis of safety related to the NPP structures resting
on CPRF, simulating soil-pile interactions using the
substructure method under static and dynamic loading
conditions. Liu et al. [54] considered dynamic loading
with four different types. Initially, the load carried by the
piles at a particular displacement level was considered as
the weight experienced by the piles at their top node,
which was assumed to have transmitted from the raft.
This is an example of the raft—soil interface; the raft load
was estimated by summing the stresses encountered at all
nodes lying on the Pasternak medium, as shown in Figure
1.

2. 3. Pile Dimensions The length, diameter and
spacing of piles play an important role in the behaviour
of CPRF. Kumar et al. [55] considered the spacing to
diameter ratios of 2, 4 and 6. Kumar and Choudhury [43]
computed the dimension of the pile as 0.5 m diameter and
15m length with the help of numerical methodology.
Bhaduri and Chaudhury [15] also considered the length
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Figure 1. Raft on elastic medium with resistance at the
bottom of the plate [15]
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to diameter ratios to overcome vertical settlements of the
pile. Mali and Singh [53] described the significant effect
of the spacing up to 6m.

Unsever [34] and Bhaduri [15] reported how the pile
raft elements share structure loading. From both the
studies, it was noticed that the highest lateral shear would
be borne by the raft initially, but as time permits, piles
will resist the higher load. A systematic methodology
must be adopted to analyze or simulate the seismic
behaviour of the structure. Figure 2. shows the detailed
methodology for the static analysis of CPRF.

3. DISCUSSIONS

The combined pile-raft foundation system has been
identified as one of the most cost-effective and long-term

1719

foundations system for high-rise buildings, resulting in
reduced settlements and provision of smaller piles than
the pile group. The combined pile-raft foundation
(CPRF) design concept may reduce the number, diameter
of piles, and length used in a foundation structure. CPRFs
are effective in lowering both average and differential
settlement levels. The CPRF can be used for various
types of soil. It should be designed according to the soil
properties on which the construction is to be done. For
that, soil-structure interaction is an important
consideration. The SSI impact on the structure increased
the fundamental period of vibration by 10.4% while
reducing the base shear by 21.7 and 24% in longitudinal
and lateral direction [56]. The hard rock foundation can
neglect the influence of soil-structure interaction.
However, for other soil types, it must not be neglected.
For the purpose of determining the number of piles to be
installed under the raft, the effect of the soil-pile-raft
interaction factor is the most important aspect to be
considered. When failure and design envelopes are
established for each of the principal three (V-H-M)
directions, it has been seen that piled-raft lateral capacity
grows more as a result of combined loading than as a
result of independent loading when combined and
independent loading was considered.

The raft is critical in the distribution of the load,
accounting for 23-31% of the total vertical load [58]. It
shows the importance of the combined foundation
compared to the traditional single raft of pile group
foundation. The ISSMGE has developed design and
construction guidelines for a vertically loaded pile raft
for a variety of subsoil conditions. However, the
traditional pile foundation design is still dominant in the
engineering practice due to the guidelines and provisions
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Analysis of Pile Group

l

Analysis of Raft

Input: Pile locations, FE discretization and nodal connectivity,
cross-sectional and material properties of piles and soil

[ Input: FE discretization and nodal connectivity, geometric and J

material properties of raft and soil

Formulation of stiffness matrix for pile idealised as Column
element resting on Pasternak foundation

[ Formulation of stiffness matrix of raft idealised as plate }
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}
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Figure 2. Methodology for static analysis of CPRF [15]
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suggested by design codes. The reason may be due to the
lack of confidence among the designers for incorporating
load sharing advantage between rafts and piles to avoid
conservatism through capacity-based design.

4. CONCLUSION

Nuclear energy is the only source to generate a
tremendous amount of power with zero carbon
footprints. NPP’s do not emit the toxic gases that would
be definitely generated if fossil fuels were used for power
generation. It shows the importance of NPPs for any
country. Nuclear reactors have the potential to release
radioactive materials into the atmosphere and water that
may be harmful to human health. Because of that, while
designing and constructing, utmost care should be taken.

Such structures are constructed considering the effects of

an earthquake. This state-of-the-art review study

emphasized the soil-structure interaction of nuclear
power plant under the earthquake forces. The review
study stated the following conclusions:

e  The soil-structure interaction with its base soil
conditions is the key factor to be included in the
seismic design of NPP.

e  The feasibility of an innovative foundation system
called combined pile raft foundation (CPRF), which
overcomes problems associated with NPP-SSI, is
also checked.

e  The approaches for analysis of the seismic behavior
of NPP in CPRF are strategically reviewed in this
study.

e  According to the literature findings, compared to
the findings obtained by fixed-base structure
analysis, the inclusion of soil in the structural
analysis yields results, stresses, and deformations
that are closest to the real behavior of the structure.

e  The fragility analysis demonstrated the importance
of SSI in the design of NPP earthquake behavior.
CPRF plays an important role in NPP-SSI to
minimize structural damage.
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ABSTRACT

In recent years, microfluidic paper-based analytical devices (uWPADs ) were used; becuase of their low
cost, ease of use, low sample consumption and reagent, and portability, specially in developing countries.
In this research, colorimetric detection of dopamine (DA) was proposed on fast, simple, sensitive and
low-cost puPADs, which is fabricated by using laser cutting technique. In paper-based microfluidic
systems, wax printing is commonly used to create a hydrophobic barrier, but in this study, labels were
used for the first time to create hydrophobic barriers due to their cost-effectiveness and easy access. Also
in this study, the effect of various parameters on the performance improvement of developed uPADs
such as DA volume, reaction time, drying time and volume ratio of ferric ion to DA was investigated.
The results showed that the presence of DA made the red color bolder and a quantitative amount of DA
was obtained by taking pictures of colored areas with a smartphone. Finally, after drawing the calibration
curve, the limit of detection value 0.1 uM was defined.

Oxidation-reduction

doi: 10.5829/ije.2022.35.09c.07

1. INTRODUCTION

uPADs offer lower fabricating cost than traditional
microfluidic devices, do not need microstructure
equipment, and they are using for Point-of-care (POC)
diagnostics in limited resource environments [1-3]. So
far, several detection methods have been used for
uPADs, for example: fluorescence, colorimetry,
electrochemistry, and chemiluminescence [4-11].
Between these techniques, colorimetric detection is the
most widely used for integrating with pPADs because it
is easy to perform, does not require complex equipment
and suitable for integrating with partly cheap devices,
like scanners and smartphones [12-14].

DA related to a group of catecholamine that play a
very important role in the mammalians central nervous,
cardiovascular and endocrine systems. Most importantly,
an imbalance of DA levels can lead to neurological

*Corresponding Author Institutional Email: rahimnejad@nit.ac.ir
(M. Rahimnejad)

disorders including Huntington's disease,
immunosuppressive diseases and addiction problems,
schizophrenia, depression, and Parkinson's [15-18].
Hence, detection of DA in biological fluids including
serum and blood plasma is very important for clinical
objects [13].

In recent years, various researches have been done in
this field. For example, Liu et al. [19], in 2020, Provided
an engineering insight that focuses on practical strategies
for enhancing the analytical performance of ePADs while
maintaining the desired simplicity and performance.
Teepoo et al. [20], in 2019, reported a one-step approach
for fabricating screened printed microfluidic paper-based
analytical devices (UPADs) using polylactic acid as a
new hydrophobic material.

In 2019, Liu et al. [21], reported the colorimetric
detection of DA in puPADs using the redox method. In the
present study, similar to the method proposed by Liu et

Please cite this article as: F. Ghorbani Valikchali, M. Rahimnejad, A. Ramiar, M. Ezoji, Diagnostics Devices for Improving the World: pPADs
Integrated with Smartphone for Colorimetric Detection of Dopamine, International Journal of Engineering, Transactions C: Aspects, Vol. 35,

No. 09, (2022) 1723-1727



mailto:rahimnejad@nit.ac.ir

1724 F. Ghorbani Valikchali et al. / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1723-1727

al. [21], colorimetric measurements of DA were
developed in simple and low-cost uPADs, except that the
label because of its cheapness and availability was used
for the first time as a hydrophobic barrier. In addition, for
the first time in recent studies, the influence of different
geometries and the presence of microfluidic channels
were discussed.

In this study, first, a suitable hydrophobic material
was selected from the publicly available materials and
then the effect of various factors on the detection of DA
was investigated. In the next step, these factors were
optimized to create the best paper-based microfluidic
device. Finally, the effect of microfluidic channel on
improving the results was discussed and analyzed.

2. MATERIALS AND METHODS

2. 1. Chemicals and Materials Dopamine
hydrochloride powder (Sigma-Aldrich, USA) was
obtained from Safir Azma Company (Tehran, Iran). Iron
(111) chloride, Phenantroline, K;HPO4 and KH,PO4 were
purchased from Merck (Germany). Whatman® Filter
paper No.1 was obtained from Azmiran Company
(Tehran, Iran). DA solution and ferric chloride solution
were prepared with a certain amount of deionized water.
Na,HPO, and NaH,PO, solutions were used to construct
phosphate  buffer solution with different pH.
Phenantroline solution was obtained by adding a certain
amount of phosphate buffer.

2. 2. Construction of uPADs MPADs Structure
were designed by Microsoft PowerPoint software 2013.
Then Whatman filter paper No.1 was cut according to the
desired design by a laser cutting machine. At the first
step, we were trying to use wax printing for hydrophobic
barriers, but unfortunately we could not find 3-D wax
printer. Because of that we were looked for some
materials that had the same function as wax to manually
create hydrophobic barriers.

Various materials and compounds available were
used. However, each of the materials and compounds
have been used had disadvantages that were not suitable
for selection as a hydrophobic barrier. Finally, we got the
label using trial and error. After assembly, a colorimetric
test was performed and obtain the best result among the
other options. Because the label cutting was done with a
laser cutting machine, it had a very high accuracy and
delicacy compared to other methods. At the same time, it
was very economical. At the end, the results showed the
suitability of using label as a hydrophobic barrier and
then the potential of our proposed method as a simple and
economical method.

2. 3. Analysis Technique A similar analysis
technique was performed by Liu et al. [21] (Figure 1).

HN OH o HN o
+ FeCl; g \/\@ + Fe'”
OH 0

dopamine yellow

oy
Fe?* + 3\ p,

phenanthroline

Figure 1. Schematic of DA assay reaction [21]

According to these reactions, ferric ions oxidize DA is
reduced to ferrous ion. In the next step, the ferrous ion
reacts with phenanthroline to form the red iron (1) tris
complex (1 -10-phenanthroline).

2. 4. Sample Preparation 4.2 nl of DA solution
and 8.4 ul of ferric chloride solution were reacted for 6
minutes, then the mixture was poured into uptake zone 1
and 12.6 pl phenanthroline was poured into uptake zone
2. After the solutions flowed through the capillary
adsorption process, a red complex was formed in the
detection area. After drying for 10 minutes, photos of the
colored areas were taken using a smartphone camera in a
light box. The images were then transferred to Photoshop
software and the average red color intensity generated on
the device was obtained (all the above steps were
performed according to the instructions proposed by Liu
et al. [21]).

3. RESULT AND DISCUSSION

3. 1. Construction of pPADs To use the label in
the structure of the paper-based microfluidic systems, we
designed a label border for the paper substrate and then
distributed the filter paper in the middle of layer and fixed
it completely (Figure 2).

3. 2. The Effect of Different Parameters on Color
Intensity Many parameters can affect the color
intensity created in the colorimetric assay. For example,
in the study conducted by Gash et al. [22], Paper

Hydrophobic Barrier = Diagnosis zone Uptake zone 1

N

P 4

Uptake zone 2
Figure 2. Schematic of the fabricated uPADs

Hydrophilic channel
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Topography, uPAD capability in liquid confinement,
channel resolution and minimum barrier width, as well as
stability against surfactants and solvents were
investigated. In the study of Lin et al. [23], UV exposure
time, resolution of hydrophobic-hydrophilic patterns,
concentration of polyurethane acrylate (PUA) and
chemical resistance of PUA-based barriers were
evaluated. Aksoren et al. [24], Studied the effects of
reagent volume in the detection area, the concentration of
reagents and solutions, and the reaction time of the
analytes. Based on the researches, in the present study,
the parameters of DA volume, reaction time, drying time,
and volume ratio of ferric ion/DA, etc. have been
investigated. In the following sections, we examined
these parameters in more details.

3. 2. 1. Volume of DA To evaluate the effect of
sample volume on color intensity, first different volumes
of DA, ferric chloride and phenanthroline solutions were
prepared. Then, for DA detection test, other parameters
were fixed. After that, the colorimetric detection test was
performed according to the mentioned steps. Finally,
using the obtained data, a graph of sample volume
changes in terms of average color intensity was drawn.
According to Figure 3, as the sample size increases, the
color intensity increases. But when the sample size
exceeds a certain limit, a little solution leaks from the
detection area, which is not desirable for us. So that,
optimizing the sample volume, in addition to affecting
the color intensity, can also reduce the sample
consumption and thus reduce the cost.

3. 2. 2.Ferric Chloride/DA Reaction Time The
reaction times varied from 2 - 10 minutes with an interval
of 2 minutes and other parameters were fixed. Ferric
chloride / DA reaction time affected the color intensity as
shown in Figure 4. As you can see, as the reaction time is
greater, the average color intensity gets higher and then
its value is fixed. We can see the highest color intensity
during the reaction time of 4 minutes. Therefore, it can
be said that the time required to perform the oxidation-
reduction reaction in this study is 4 minutes.

80%
70%
60%
50%
40%

30%

Color Intensity

20%
10%

0%
6.9 74 79 8.4 89 9.4 9.9

Sample Volume / pl

Figure 3. Effect of DA volume on the average color
intensity

60%
50% / N
20% / - -

30%

Color Intensity

20%
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0%
0 2 4 6 8 10 12

Reaction Time / min
Figure 4. Effects of ferric chloride / DA reaction time on
color intensity

3. 2. 3. Drying Time Drying time varied between
6-14 minutes and ferric chloride / DA reaction time,
sample volume, and DA/ferric ratio were fixed. The
graph shows that over time the color intensity goes up
and for a longer time, the color intensity had decrease.
The reason for the upward trend can be attributed to the
slow drying of the paper substrate, followed by a gradual
increase in color intensity (Figure 5).

3. 2. 4. Volume Ratio of Ferric Ion / DA The
results showed that with increasing the ratio of Ferric ion
/ DA, the color intensity increases and reaches a peak
value in 2 /1 and a little reduced in ratios higher than that
(Figure 6). According to the obtained results, since the
highest color intensity was obtained in the ratio of 2 / 1
for the volume ratio of ferric chloride to dopamine, then
the volume ratio of 2 /1 will be considered as the optimal
volume ratio.

3. 3. pPAD Dimension Optimization To achieve
optimal geometry and also to prove the superiority of the
presence of microfluidic channel in the system structure,
4 different geometries were designed and fabricated
(Figure 7). Designs 1 and 2 were with microfluidic
channel, designs 3 and 4 were without microfluidic
channel. Then, the effect of DA / ferric chloride reaction
time was performed for each geometries and the results
were obtained.
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Color Intensity
N\
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Figure 5. Effect of drying time on the average color intensity
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Figure 7. Effect of reaction time for 4 deferent geometries

The results show that, in geometries with microfluidic
channels, it was observed that as the reaction progressed,
the intensity of the color obtained increased and reached
its peak in 4 minutes, and after that declining. For
geometries without microfluidic channels, the trend of
color intensity changes did not follow a specific rule and
there was no peak in the diagrams. The cause of this
phenomenon can be attributed to the random movements
of the fluid along the paper because the presence of a
microfluidic channel determines the path of movement
and prevents such a problem. Therefore, it can be
concluded that the presence of microfluidic channel
causes proper guidance of the solution in the system and
prevents additional movements of the solutions. At the
end, among the two geometries with microfluidic
channels, the geometry with the highest color intensity
(design 2) was selected as the optimal geometry.

3. 4. Calibration Curve In order to determine the
concentration of DA in the samples, the calibration curve
was obtained. To reach the calibration curve, different
solutions of DA with different concentrations in the range
of 1-6 uM were prepared. As a result, a linear relationship
was obtained between the color intensity and the
concentration of DA (Figure 8). The mathemtical relation
is expressed as y = 23.4x + 189.38 and the linear

90%
80% e
z 70% =
’-2 e
S 60% o
i ral y = 0.0606x + 0.488
5 50% R? = 0.997
2
S ao%
&
= 30%
B}
& 20%
10%
0%
0 1 2 3 4 5 6 7

DA Concentration / pM

Figure 8. Analytical calibration curve for different
concentration of DA from 1 x 107¢ — 6 x 107* M

correlation coefficient were R? = 0.997. This calibration
curve allowed determining an experimental limit of
detection of 0.1uM.

4. CONCLUSIONS

A simple, inexpensive, portable, and environmentally
friendly colorimetric method was developed to determine
DA concentrations. The analytical platform is made of
cellulosic material that is compatible with many
chemicals. The developed method is easy to use and can
be easily stored. Therefore, these devices can be used for
other chemical reactions that include analytical methods.
In this study, the LOD value was 0.1 uM, which is an
acceptable number compared to the LOD obtained and
reported in literature (0.37uM).
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ABSTRACT

Quantum-dot Cellular Automata (QCA) is one of the new nanoscale technologies which proposed for
future circuits. This technology has been remarkable due to its faster speed, lower size and reduction in
power consumption compared to CMOS technology. Many circuits have been implemented in this
technology including shift registers, they are one of the most important digital circuits for many
applications. With the development of QCA technology, it is important to provide testing methods for
testing these circuits.4-Bit serial shift registers designed in previous research were not capable of testing
their output. In this paper, MUXED-D scan cell concept helps to detect the errors before fabrication and
reduce time and cost. The MUXED-D scan consists of a D flip-flop and a 2 to 1 multiplexer. Compared
to the latest scan cell, we have seen a 25 % decrease in occupied area and 15.62 % decrease in the number
of cells and latency from 1 to 0.75 clock cycle. In general, this scan cell circuit is made of 27 cells with
an area of 0.03 um? and a latency of 3 clock cycles. The proposed shift register includes four scan cells
with two inputs which includes main and test signals. In fact, the number of cells used for the last 4-bit
serial testable shift register in this design is 324, 0.39um? occupied area and the corresponding delay is

6.75 clock cycles. In order to verify this performance, QCA simulator is used.

doi: 10.5829/ije.2022.35.09c.08

1. INTRODUCTION

According to the Moore’s law, the trend of doubling the
number of transistors used in each chip with time has
become a major challenge for CMOS technology.
Physical limitations on the CMOS prevents the transistor
from shrinking. It can be said that emerging Quantum-
dot Cellular Automata (QCA) technology has partially
compensated for the constraints of CMOS [1]. Due to the
structure of the cells in the QCA, one of the suitable
alternatives for CMOS is QCA technology [2]. What is
clear is that registers are needful components for storing
binary information [3]. So, designing circuits specially
registers, without detects is something that needs to be
addressed. One of the steps to complete the design is to
test, obviously if the test is done in the last step of the
design, it will take a lot of effort [4]. One such solution is
using scan flip-flop. A scan flip-flop is one of the tools
that is widely used to test the correct operation of the

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

circuit, it consist of multiplexer and D flip-flop [5]. It has
a control line for selecting data or scanning input. By
checking the current status of the flip-flop, it ensures that
the flip-flop output is correct, that we can troubleshoot
the circuit in larger-scale , and locate the fault [6].
Apparently, not much research has been done on this
issue, some of them have tried to improve the efficiency
of scan cells. In these papers, they described how they
could improve circuits such as scan cells by making
multiplexers more efficient [5, 7, 8]. The scan circuit
proposed by Goswami et al. [7] occupied a large area due
to the large number of its cells. Harshitha et al. [5] and
Shantala and Karthik [8] tried as much as possible to
reduce the size of the circuit and use fewer cells, but they
did not make any progress in terms of latency and it
remained 4 clock cycles. In this paper, the scan cell is
optimized and testing of QCA based shift register is
studied. Eventually the proposed design is defined. In
other words, by replacing the scanning cell, the function

Please cite this article as: M. Gholami, S. Zarei, Testable MUXED-D Scan Cell in Quantum-dot Cellular Technology, International Journal of
Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1728-1734
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of the shift register can be checked. This means that by
selecting the test input line of the shift register, we can
change its status to test mode and check its output, and
then the circuit can continue to operate normally. This
article is divided into sections to make it easier to
understand the essence of the case. It has been discussed
in the second section about the structure and logic of
QCA design. The main gates and the concept of clock are
examined in QCA technology. Then, in the third part, the
designed circuits that are used for the final simulation are
introduced. In the next part, the recommended test shift
register is introduced and its implementation and
performance are examined. At the last part, the
conclusion of the work has been done.

2. BACKGROUND

The technology is based on a quantum cell which has a
square shape and has four quantum dots in its corners.
Each cell has two electrons that can move between the
quantum dots. These electrons tend to minimize their
mutual Coulomb interaction, for this reason, they placed
in opposite corners of the cell [9]. This act causes two
polarizations in the form of +1 and —1.The polarization
of the cell in the P=+1 represents logic “1” and P = -1
represents logic “0” (Figure 1) [10]. Basic
implementations in QCA are wire, inverter, and majority
gate. A line of cells can be used as a QCA wire to
propagate information [11]. Due to the Coulomb
interactions between cells, binary information transmit
from input to output (Figure 2) [12]. Also, the majority
gate consists of 5 cells. As shown in Figure3 cells are
used as input and the middle cell is used as a voter and
the other cell is the output of this gate. In fact, the voting
cell performs the main operation. The logic of the
majority voting can be demonstrated by Boolean
operators in this way:

M (A,B,C)=AB+BC+AC 1)

The said system can perform AND/OR operations. To
convert the majority gate to the AND/OR gates, one of
the input cells must consider as a program line. When
program line is equal to 1, OR gate is performed and
when the line is equal to 0, the AND gate is performed
[13].

Moreover, the not gate is another one of the
fundamental gates of QCA circuits. The position of the
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Figure 1. QCA cell [12]
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Figure 3. (a) The QCA majority gate; (b) The schematic of
majority gate; (c) The schematic of programmable AND/OR
gate [12]

cells makes them try to reach a stable state. Eventually,
the input and output are reversed. Two types of
implementation of this gate are shown in Figure 4.

In addition to controlling the flow of information
throughout the circuit, clocking provides the true power
of the QCA circuit [9]. QCA cells have 4 clock states,
including switch, hold and release and relax (Figure 5)
[14]. In fact, increasing or decreasing the potential barrier
between neighboring cells changes the status of the cells.
As the potential barrier rises, the tunneling rate decreases
and the electrons are placed in the right place, and the

A
. .
O . A
0 Ol
@ ®
0 »)
A . . A
LA I 0 .
. O .
. O
. [ . [

Figure 4. QCA inverter [12]
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cell becomes definitively polarized [15]. In the first phase
that it called switch, the polarization of the cell is done
and reaches its final binary state. In the hold phase, the
cell retains its polarity and is not affected by the
surrounding cells. In the next phase potential barrier is
decreases, as a result it gradually loses its polarity. In the
following, there is no potential barrier and the cell does
not affect other cells in relax phase.

3. RELATED WORKS

In this section related works which can prove the better
performance of proposed designs will be introduced.

3. 1. QCA Multiplexer Multiplexer receives data
from input lines, with one of the inputs sending data to
the output at a time, based on selector signals [16]. The
output of this combinational logic circuit for 2-input line
is confirmed by following simplified Boolean expression

Q=S I,+S I, @)

when S=’0’ the Q is equal to I; and when S="1" the Q is
equal to lo. This design has 12 cells and 1 clock zones
latency. The schematic and QCA layout of the recent
previous 2:1 multiplexer is shown in Figure 6 [17].

Potential Barrier

SWITCH HOLD RELEASE RELAX

Time

Figure 5. QCA clock phases [18]
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Figure 6. 2:1 multiplexer, (a) Schematic; (b) QCA layout [17]
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3. 2. QCA D Flip-flop The D storage element is
one of the most widely used in the structure of logic
circuits design. A flip-flop called a ‘Delay flip-flop’ or
‘data flip-flop’ and latch is a circuit that stores one bit
[19]. The main difference between the two circuits is that
the latch is level-sensitive while the flip-flop is edge-
triggered. Figure 7 shows the structure of D latch which
consists of two input: a data line and a control line for the
clock signal. The Q represents output state of the latch.
The remarkable point about performance of latch is that
the input can change the output state when the clock is
not low. D latch layout which is implemented with
multiplexer, involves 18 cells and input—output delay
takes 0.5 clock cycle (Figure 8) [20].

It is possible to use the structure that mentioned by
Hashemi and Navi [21] to convert the latch to a flip-flop.
By performing the AND operation between the current
and reverse clock pulses, the required output clock is
generated. The corresponding layout and diagram of D
flip-flop are shown in Figure 9.

4. PROPOSED SHIFT REGISTER WITH TEST
ABILITY

Shift registers are sequential logic circuits, usable for
storing and transferring data, this device shifts the input
data to the output with each clock [18]. A shift register is
created by connecting the output of one flip-flop to the
input of the next flip-flop in the chain using a cascade of
flip-flops with the same clock [19]. (Shown in Figure 10).
Test capability is provided by having a scanning cells in
desired circuit. As we can see in the Figure 11, this

D-LATCH
I0
CLK s MUX 1-@
D I1

Figure7. D latch diagram
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Figure 8. QCA layout of D latch [20]



M. Gholami and S. Zarei / I[JE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1728-1734 1731

© 0|0 O 0
O 0|0 O JORD
.

coloo

O 0|0 0|0 O

~
B
O O
(odie)
o o
O O
© 0|0 0|0 O KO
O 010 OO O3
ONG

00

@)

D-FLIPFLOP

CLK_.I;[)_ s MUX ouUT

(b)
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Figure 10. Diagram of 4-bit series shift register [20]
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Figure 11. Scan cell diagram [8]

element consists of a multiplexer and a D flip-flop. The
selector of multiplexer puts Sl on the input line of the
flip-flop when it has a ‘1’ value and DI when it has a
value of ‘0. It contains 27 cells and takes 0.75 cycles that
results get correct output [4]. Figure 12 shows the layout
of scan cell that described. Suggested scan cell is more
efficient than designed scan cells. Table 1 gives a brief
overview of designed scan cells during past research.
Each of the flip-flops has been replaced with scan
cells to add testability to the proposed SISO shift register
circuit. The proposed shift register can be seen in the
Figure 13. To form the shift register, the output of the
first scan cell is connected to the inputs of the second scan
cell, and each output is still connected to the Sl and DI of
the next scan cell. Also, the selector and clock inputs are
connected to all scan cells simultaneously. As a result, a
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o ojoo oo . .
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Figure 12. Scan cell layout

TABLE 1. Performance analysis of scan flip-flop

Sff Number of Cells Area (Um?) Latency
[71 72 0.12 4
(8] 40 0.06 4
(5] 32 0.04 4
Proposed 27 0.03 3

chain of scan has emerged. By placing the converter for
the clock, we actually sensitized the D latches, which we
have used in the scan cells structure, to the rising edge.
Based on the simulation, the delay is equal to 6.75 cycles
and its area is 0.39um? with number of 324 cells. Figure
14 shows the proposed shift register which is made by
joining 4 scan cells.

5. SIMULATION RESULTS

The designs of the proposed circuit have been performed
on QCA Designer software. The result of the simulation
is shown in Figure 15. In addition, the scan cell
simulation result, which is an important component of the
proposed shift register structure, is shown in Figure 16.

SE
Qo0 Q1 Q2 Q3
D —]Scan D-ff J_ Scan D-ff l Scan D-ff l Sean D-ff J
CLK 1 1 1 ]

Figure 13. Proposed 4-bit SISO shift register
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Figure 14. Layout of proposed testable shift register
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The output of the scan cell simulation shows the correct
operation of this design. This circuit is made of a
multiplexer and D latch. According to this, output is the

result of changes in the clock and selector level. The
multiplexer used in the scan cell allows us to choose
between Sl and D by SE. As it is known, if the clock is
in the enable state and SE is zero, D will appear in the
output and if its value is one, SI will be displayed. In the
opposite case, if the clock is not enabled, the previous
values of the circuit will be displayed again without
considering the inputs and SE.

The proposed structure consists of positive edge-
triggered flip-flops, so output changes only at the point in
time when the clock changes from 0 to 1. When the clock
pulse is applied, depending on the value of SE, one or two
input values are enter the shift register. Applying the next
clock will transfer the output of each scan cell to the input
of the next scan cell. The result of this simulation is
shown in Figure 15 represents that when SE is zero, D is
selected as the input, and when the clock becomes one
after a delay of 0.75 cycles, the first input is placed on
outputO. In the next cycle, the new input is placed at
output0. Of course, this new input can be D or S
depending on the SE value. So the previous value of
outputO is stored in outputl and continues to reach
output3.

The thermal hotspots in the average power dissipation
map of proposed 4-bit testable shift register with 0.5 Ex
is shown in Figure 17. We obtained this diagram with the
QCAPro tool to estimate the average, maximum, and
minimum power dissipation in a QCA circuit while the
input is being switched [24]. In this diagram, the darker
color indicates the high level of energy loss whereas the
input cells are shown as white cells.
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Figure 17. Energy diagram of proposed 4-bit testable shift
register

6. CONCLUSION

With the complexity and increasing number of inputs in
designed circuits, the ability to test different parts of the
circuit has become very important. Therefore, by adding
a test cells to the desired circuit, the output of different
parts can be controlled. Necessity of presence of shift
registers in the memory structure is not hidden from
anyone, In addition, the test capability hasn’t been
implemented in previous shift registers. Though, in this
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work, we have proposed a design and layout for QCA
testable SISO shift register. In this proposed design, the
efficiency of the shift register has been improved by
reducing the size and latency of the test cells.
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ABSTRACT

Tungsten Inert Gas Welding (TIG) is the most preferred joining process for aluminum alloys, but it
produces weld joint having inferior mechanical property in comparison with base metal because of
inherent limitations of the process. To improve the mechanical properties, the weld is post processed by
friction stir processing (FSP) upto depth of 2mm. This paper presents the effect of performing FSP on
autogenous T1G welded butt joint of Al-5083, 6mm thick plate. Mechanical and metallurgical properties
of both processed and unprocessed autogenous TIG weld are compared. Characterisation techniques
adopted to evaluate weld joint are tensile test, microhardness measurement, microstructural examinations
and SEM analysis. Tensile strength of autogenous TI1G weld joint is lowered by 6.5% compared to base
metal because of presence of micro porosities in the weld metal. Friction stir processing produces the
fine grain refined structure, marginally improves the tensile strength of the autogenous TIG weld joint
by 2.7%. Microhardness of the autogenous TIG weld metal of the surface is raised from 163.6 HV to
298 HV after performing FSP. However, SEM images of fractured surface of friction stir processed
specimen reveals fine dimpled structure which indicates that ductility of the weld joint remain unaffected
after performing FSP on autogenous TIG weld joint.

doi: 10.5829/ije.2022.35.09¢.09

1. INTRODUCTION

Recent advancements in the field of marine, automobile,
defence and aerospace propel the usage of light metals
such as aluminum, titanium and magnesium against the
conventional materials. 5xxx, 6xxx and 7xxx series of
aluminum alloys possesses excellent mechanical and
physical properties such as high strength to weight ratio,
good corrosion resistance in extreme conditions, low
density, good formability and high thermal conductivity.
That is why they have been the prime choice for
manufacturing various components used in interceptor
boat structure, car frame and bodies, axles, shafts, air
craft, missile, rocket and rocket launcher [1].

Tungsten Inert Gas Welding (TIG) has been the
preferred fusion welding technique over Shielded Metal
Arc Welding (SMAW), and Metal Inert Gas Welding
(MIG) for manufacturing of aluminium alloy structures
and components because of its ability to produce deeper
penetration and cleaner weld joint [2]. As the aluminum
alloys are having high heat conductivity, high thermal
expansion coefficient, and inclination for refractory

*Corresponding Author Email: kdtandel.gecd@gmail.com
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aluminium oxide (Al>O3) generation, fusion welding of
aluminium alloys is challenging [3]. Furthermore,
welding flaws associated with fusion welding of
aluminum alloy such as porosity, low wetting, hot
cracking, lack of fusion, residual stresses, and distortion
are responsible for decrease in strength, and poor joint
efficiency [4, 5]. However, the rising use of aluminium
alloys in practically every industry is forcing researchers
to create practicable and effective technologies to weld
aluminium alloys without compromising their
mechanical, chemical, or metallurgical properties, which
are required for longer service life.

Being a green technology by nature, friction based
welding and surface processing techniques have been
very popular since last two decades and best suited for
welding and processing of aluminum alloys as it does not
melt the base metal [6]. The Welding Institute (TWI) in
the UK first invented and patented the novel Friction Stir
Welding (FSW) process in the year 1991. The process
involves generation of frictional heat using non-
consumable spinning tool with a probe/pin and a collar
plunged in to the metals to be joined and traverse along

Please cite this article as: K. D. Tandel, ]. V. Menghani, Effect of Friction Stir Processing on Fusion Welded Joint of Al-5083, International
Journal of Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1735-1743
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the intended welding path [7]. The material around the
tool probe softens due to frictional heating generated due
to rubbing action of tool and base metal. Extreme plastic
deformation and plastic material flow all around the tool
probe are caused by the combined impact of tool
rotational and transverse movement. The churning of two
base metals in a plastic state around the tool produces a
permanent weld joint upon cooling to room temperature
[8]. FSW-produced joint possesses superior mechanical
property compared to fusion welded joints of aluminum
alloys because in FSW process, weld metal experiences
an excessive plastic deformation at elevated temperature,
breaks dendritic coarse grain structure, and produces fine
and equiaxed recrystallized structure [6]. However, the
mechanical characteristics of the weld joint is greately
affected by the FSW operating parameters and tool
geometry [9]. As the heat produced by friction is directly
proportional to the tool rotation speed, the tensile
strength increases as tool rotation speed increases and
decreases as tool traverse feed increases [10].

A newer welding approach of surface modification by
Friction Stir Processing (FSP) has been successfully
demonstrated by many researchers. FSP is a novel varient
of FSW, introduced by Mishra et al. [11], having the
same working principle as that of FSW, in that a rotating
tool is inserted into the material surface up to a specific
targeted depth and travelled along the required path to
cover the material's intended surface area with the
purpose of modifying the microstructure and
consequently changing the material's surface mechanical
characteristics [12]. Later on fabrication of composite of
SiC reinforcement in the AI-5083 metal matrix was
successfully demonstrated by Mishra et al. [11]. The
experimental results show substantial increase in the
hardness of the FSPed segment in comparison with the
base metal. The SiC particles were well dispersed
throughout the aluminium matrix, demonstrating good
bonding with the aluminium alloy substrate. Factors like
tool geometry, number of FSP passes, FSP operating
parameters (tool rpm and travel speed), and the type and
volume fraction of metal matrix composite fabrication
are responsible for the desired change in surface
properties [13]. Wang et al. had successfully fabricated
SiCp reinforced Al metal matrix composites (MMCs) up
to the depth of 100 um using FSP technique. Increase in
top surface micro hardness value of about 10% compared
to base metal was reported by addition of SiCp (1.5%) to
aluminum matrix [14]. Kaushik and Singhal [15] studied
effect of FSP on microstructural and mechanical
behavior of friction stir welded aluminum alloy 6063
matrix reinforced with 7 wt% SiC particles. Uniform
distribution of SiC particles in Al-6063 matrix was
observed after FSP. Significant improvement in wear
resistance property of Al-TiC composite using FSP was
reported by Akinlabi et al. [16]. Wear resistance property
was found to be influenced by tool rotation speed and
processing feed rate. Multipass FSP was used by Bauri et

al. [17] to homogenise the TiC particle dispersed in an
aluminium matrix. After each FSP pass, the grain size
was refined which significantly improved mechanical
property without compromising ductility. Sharma et al.
[18] had employed variety of FSP methods including
varying process parameters, dual-tool processing and
tool offset overlapping to produce SiC reinforced
AA5083 alloy surface. Success of the FSP as a surface
modification technique has been a driving force for many
researchers to execute the same on welded surface. To
enhance fatigue charecteristics of the weld joint, Costa et
al. [19] and Borrego et al. [20] had performed FSP on the
toe of the T-joint and butt joint of Al-5083 welded by
Metal Intert Gas (MIG) welding process respectively. Xu
and Bao [21] claimed that mechanical properties of weld
joint of AZ31 magnesium alloy performed by TIG
welding process was improved after performing rapid
cooled FSP on it. Friction Stir Processed (FSPed) TIG
and Friction Stir Welded joints were tested by Mabuwa
and Msomi [22]. In the work, full depth FSP showed
significant improvement in tensile strength while
hardness was marninally affected [22]. Al-5052 alloy
weldment produced by TIG welding process, which was
post processed by a newer method called friction stir
vibration processing (FSVP) showed greater grain
refinement in the stir zone which leads to increase in
tensile strength by 17% and improvement in ductility by
33% compared to unprocessed TIG weld joint [23].
Mehdi and Mishra [24] studied effect of FSP on
mechanical property and heat transfer of TIG weld joint
of dissimilar aluminum alloy AA-6061 and AA-7075.
The calculated maximum temperature using ANSYS
software was around 515°C tool rotation speed of 1600
RPM whereas maximum rate of heat flux was calculated
about 5.33 x 10® W/m? observed at tool rotation speed of
1600 RPM.

In the present investigation, Al-5083 plate of 6mm
thickness was butt welded by TIG welding technique
without addition of filler wire (autogenous welding). The
weld was then friction stir processed (FSPed) with a solid
tool having a pin. The processing was achieved upto
depth of 2mm on both sides. Characterisation of the weld
joint produced was performed by macro observation,
micro examination, tensile testing, and microhardness
mapping. The nature of weld failure was investigated via
fractographic examinations using scanning electron
microscope (SEM). As per the reviewd literature, FSP
upto depth of 2mm on both sides of autogenous T1G weld
of AlI-5083 is not observed. The present work is a step
towards it.

2. MATERIALS AND METHODS

2.1.Base Metal The base metal in this experiment
was Al-5083, a 6mm thick plate. Aluminum alloy 5083
is an Al-Mg alloy which has the highest strength amongst
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TABLE 1. Chemical composition of Al-5083
Mg Mn Fe Si Cr Cu Zn Al

5 0.57 0.35 0.15 0.05 0.05 0.02 Rest

TABLE 2. Mechanical Properties of Al-5083

Property Value
Tensile Yield Strength 228 MPa
Ultimate Tensile Strength 317 MPa
Elongation at Break 16%
Hardness 85 BHN

N
IERO ROOT GAP SQUARE-BUTT JOINT SETUP—>

Figure 1. Weld setup for autogenous TIG welding

non-heat treatable alloys as well as it possesses excellent
corrosion resistance in salt water which make it an ideal
choice for chemical industry and marine applications [2].
According to ASTM B209/B928M, the chemical
composition and typical mechanical properties of Al-
5083 are presented in Table 1. Mechanical properties of
Al-5083 collected from ASM data sheet is summarized
in Table 2. Using a cutting wheel, the plate was cut into
pieces of 150mm x 75mm. The plate's edges were flat
ground to create a zero rootgap, Square-butt joint
configuration for the autogenous TIG welding process is
shown in Figure 1.

2. 2. Autogenous TIG Welding Aluminium-Mg
alloy with Mg in the range of 1 to 2.5 percent may be
prone to hot cracking if welded without filler wire or with
a filler wire having matching chemical composition with
base metal. To avoid hot cracking while welding of Al-
Mg alloy, filler metal having Mg content greater than
3.5% is used [25]. Autogenous TIG welding
arrangements are illustrated in Figure 1. The Lincoln
Electric made Aspect-300 TIG welding equipment was
used to execute TIG welding on square-butt joint. To
accomplish a full penetration joint, single pass on each
sides was deposited by TIG welding. Argon (99.998%
purity) was used as the shielding gas, and a 3mm
diameter Thoriated Tungsten rod was used as electrode.

The electrode tip had a blunt conical form. The pointed
tungsten electrode tip deteriorates quickly, causing the
arc to wander during AC welding, resulting in a welding
defect. The arc becomes steady when using a blunt
electrode tip. Welding parameters to achieve full
penetration joint by autogenous TIG welding process are
150 amp current, 15-16 V volatage, 120-130 mm/min
travelspeed and 13-14 Ipm shielding gas flow rate.

2. 3. Friction Stir Processing Autogenous TIG
welded plate was friction stir processed (FSPed) on both
side upto a depth of 2mm from the top surface by using a
tool having a pin. Tool used in FSP is shown in Figure 2.
Pin geometry was cylindrical and having a height of 2
mm. FSP was performed on Batiboi made milling
machine. Figure 3 shows setup of FSP on milling
machine. For FSP of TIG welded plate, different
combination of tool rotation speed (500, 710, 1000 and
1400 rpm) and tool travel speed (40, 56 and 80 mm/min)
are used. FSP parameters used for processing of TIG
weld is shown in Table 3.

2. 4. Metallurgical and Mechanical Examination
Macro examination of the TIG weld and FSPed sample
was performed to ensure absence of macro flaws such as
tunnel, pin hole, undercut, and porosity. Microstructural
examination was performed using Carl Zeiss, Jena,
Model-EPY Type-2 optical microscope. Specimen for
micro examination was taken across the weld in order to

CYLINDRICAL PIN
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*/ e, V_,_,’*
TIG Welded Plate

Figure 3. FSP setup on milling machine
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TABLE 3. FSP Parameters and Tensile strength of autogenous TIG + FSP plate

Sample ID Tool Rotation (RPM) Feed Rate (mm/min)  Tensile Strength (MPa) % Elongation Remark

B1 298.3 22 Unaffected Base Metal
T2 278.5 20 Autogenous TIG Weld
TF13 500 40 286.1 22

TF14 500 56 279.7 22

TF15 500 80 - - Tunnel defect
TF3 710 40 2731 20

TF2 710 56 1733 8 Tunnel defect
TF8 710 80 268.7 16 Tunnel defect
TF6 1000 40 207.6 12

TF9 1000 56 195.1 10

TF7 1000 80 154.6 6 Tunnel defect
TF10 1400 40 196 10

TF11 1400 56 177.7 10 Tunnel defect
TF12 1400 80 - - Tunnel defect

observe base metal, heat affected zone (HAZ), thermo
mechanically affected zone (TMAZ), stir zone (SZ), and
weld metal microstructure. Etchant used for macro and
micro examinations was Keller's reagent composed of
192ml distilled water, 5ml nitric acid, 3ml hydrochloric
acid, 2ml hydrofluoric acid. Grain size (diameter) was
digitally measured using ImageJ software.

Tensile test samples were collected from welded plate
as well as unaffected base metal. Dimensions of the
samples were kept as per ASTM B557. Dimensions of a
sub-size flat tensile specimen is illustrated in Figure 4.
Tensile test samples were sectioned across the weld axis.
Tensile test was performed on a computerised
tensometer, having 2T loading capacity. Test was
performed at the speed of 10 mm/min. Change in
hardness due to autogenous TIG welding and FSP was
evaluated.

Microhardness was measured across the weld in
FSPed and autogenous TIG weld region using a dimond
indentor. Load applied during the test was 200gm for 20
second dwell time. The indentations were evaluated
microscopically at the 100X  magnification.
Microhardness values were plotted against distance from
weld center for all test specimens. Fracture surface of
tensile test specimens were examined using Hitachi
Made, Model - S-3400N scanning electron microscope at
1000X magnification. Fractured surface topography of
tesile test specimens of autogenous TIG and FSPed
specimens were throughly examined to understand the
nature of failure.

3. RESULT AND DISCUSSION

3.1.Macro and Micro Examination Photographs

shown in Figure 5 illustrates the as-welded appearance of
autogenous TIG weld and FSPed TIG weld samples.
Autogenous TIG welded plate using welding current of
150 amp and travel speed of 120 mm/min, displayed
excellent bead finish in as welded condition, which does
not demand for any post processing treatment.
Furthermore, the surface macro flaws such as pin holes
and undercut were also not observed on the weld surface
(Figure 5(a)). Surface finish of FSPed plate was also
good and no sign of tunnel defect was seen in the stir zone
(S2) (Figure 5(b)). Specimen shown in Figure 5(b) was
FSPed at tool rotation and feed rate of 500 rpm and 40
mm/min, respectively. Autogenous TIG welded plate
which was FSPed at higher feed rate (56 mm/min and 80
mm/min) showed tunnel defect as depicted in Figure 6.
At faster feed rate material flow is insufficient to fill the
void created by movement of FSP tool leads to tunnel
defect in the SZ [28]. Autogenous TIG weld cross-

Nomenclature Dimension in mm

Gauge length, G 25.00+0.10

Width, W 6.01 £0.05

Thickness, T Thickness of material (6mm)
Radius of fillet, R 6

Overall Length, L 100

Length ofreduced section, A 32

Length of grip section, B 30

Width of Grip Section, C 10

Figure 4. Tensile Test Specimen Details as per ASTM B557
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@ (b)
Figure 5. As welded appearance of (a) Autogenous TIG
welded plate, (b) TIG + FSP plate

.
Figure 6. Tunnel Defect in FSP at Higher Travel Speed

According to the microstructural observation of
autogenous TIG welded specimen, the weld and near
vicinity regions are free from welding defects like void,
crack and lack of fusion. However, small amount of
micropores were observed in the weld region (Figure
7(b)). Elongated and distorted grains in the aluminum
solid solution are observed in the microstructure of
unaffected base metal mainly due to cold plate rolling
(Figure 7 (d)). Weld metal microstructure reveals fine
grain columnar structure (average grain size 22 pum) in
aluminum solid solution. This is attributed to instant
heating and cooling experienced by weld metal in
welding process (Figure 7b). The HAZ, on the other
hand, does not exhibit columnar grain structure but
shows coarse grain and recrystallized structure (average
grain size 35 um) in aluminum solid solution as shown
in Figure 7(c). The main reason behind grain coarsening
in HAZ region is the welding heat input. Microstructural
examination of FSPed specimen shows significant
improvement in weld microstructure and will leads to
enhanced mechanical property. Figure 8 shows
microstructures of various zones of TIG + friction stir
processed weld. Microstructure of stir zone depicts that
coarse grained structure produced by autogenous TIG
weld is well refined due to vigourous stirring effect
produced by friction stir processing tool. Although
temperature in the SZ is lower than the base metal’s
melting point but it is high enough to promote
recrystallisation and produce fine grain equiaxed

structure (average grain size 4.6 um) in the SZ of FSPed
region. Micro-pores present in autogenous TIG weld
structure disappears from the stir zone of FSPed
weldment due to stirring effect produced by FSP tool,
which results in better mechanical property (Figure 8(b)).
Microstructure of TMAZ reveals coarse grain dendritic
structure (average grain size 30 um) as shown in Figure
8(c). Microstructure of unprocessed TIG weld + FSP
specimen shows coarser grain structure compared to
autogenous TI1G weld specimen without FSP as shown in
Figure 8(d) (average grain size 57 pm). Heat input from
the friction stir processing method is the reason behind
grain coarsening.

RA'=

(a) Macropraph of

Autogenous| TIG Weld

e : 10 pm

(c) HAZ (d) Unaffected Base Metal
Figure 7. Macrograph and Microstructure of Autogenous
TIG Weld at Different Locations: (a) Macrograph of
Autogenous TIG Weld; (b) Weld (c) HAZ; (d) Base Metal,
Magnification 500x

i

a) Macrograph of TIG + FSP h.
(@) Macragraph o (b) Stir

P

(c) TMAZ (d) Unprocessed TIG Weld
Figure 8. Macrograph and Microstructure of Autogenous
TIG + FSP Weld at Different Locations: (a) Macrograph of
TIG + FSP Weld; (b) Stir Zone; (c) TMAZ; (d) Unprocessed
TIG Weld, Magnification 500x



1740 K. D. Tandel and J. V. Menghani/ IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1735-1743

3. 2. Tensile Test Tensile strength and %
elongation values of FSPed weld specimens are compiled
in Table 3. Ultimate tesile strength values of unaffected
parent metal and unprocessed autogenous TIG weld were
also derived for comparison by performing tensile test.
Figure 9 shows comparison of stress vs strain curve of
parent metal, autogenous TIG welded plate (Sample T2,
corresponding to maximum tensile strength among all
autogenous TIG welded plates) and autogenous TIG +
FSP plate (Sample TF13). Ultimate tensile strength of
base metal (Sample B1), autogenous TIG (Sample T2)
weld and TIG + FSP weld (Sample ID TF13) were found
to be 298.3 MPa, 286.1 MPa and 278.5 MPa,
respectively. It was observed that UTS of all the
processed and unprocessed welded specimens were
lower than UTS of unaffected base metal. This is because
of the adverse effect of welding heat input on
microstructure of Al-5083 alloy [26]. In addition to that,
Al-5083 is a work hardened alloy possessing an
unequiaxed grain structure in which grains are elongated
in line with the direction of rolling as shown in Figure
7(d). During performing autogenous TIG welding
process, due to welding heat input, effect of work
hardening is destroyed, that leads to weakening of
mechanical properties. During subsequent application of
FSP on TIG weld recrystallisation reformed the
microstructure resulting in improved mechanical
properties [27]. Specimens processed at 80 mm/min feed
rate (TF15, TF12) show full length tunnel defect hence
tensile test can not be performed. Specimen processed at
500 rpm tool rotation speed and 40 mm/min feed rate
(TF13) showed maximum ultimate tensile strength of
286.1 MPa and % elongation of 22% among all
specimens processed at different tool rotation speed and
feed rate. FSP displays marginal increase in tensile
strength of around 2.7% compared to tensile strength of
autogenous T1G welded specimen (278.5 MPa). This rise
in the tensile strength is because of grain refinement and
elimination of defects like micro porosity from the FSP
region. However, all the welded specimens (autogenous
TIG weld and autogenous TIG + FSP) display lower

¢ \1‘(k Ro’h(nu-(

7;’/\
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53400 15.0kV 12.3mm x1.00k SE

(b) Autogenous TIG + FSP — Stir Zone

(a) Autogenous TIG Weld

tensile strength as compared to parent metal. This is
primarily due to reduction in strain hardening effect due
to heat input given to the base metal during fusion
welding and FSP [29].

3. 3. Microhardness Measurement Trend of
microhardness variation across the weld for autogenous
TIG and autogenous TIG followed by FSP samples are
depicted in Figure 10. The weld zone of an autogenous
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Figure 9. Tensile test curves for base metal, autogenous TIG
(T2), and autogenous TIG+FSP (TF13)
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Figure 10. Microhardness profile across the weld
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Figure 11. SEM fractrograph of: (a) Autogenous TIG Weld; (b) Autogenous TIG + FSP - SZ, (¢) Autogenous TIG + FSP — TIG

Weld Center; Magnification 1000x
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TIG welded specimen has a lower microhardness value
than the base metal and HAZ/TMAZ. This could be due
to re-precipitation of the B-phase Mg.Als during welding
[30]. Because AI-5083 is a non-heat treatable alloy,
lowering of hardness value as a result of welding heat
input is not expected as plastic deformation is the primary
hardening mechanism in this alloy [20]. Notable rise in
hardness is reported in the SZ of FSP compared to
autogenous TIG weld hardness. FSP causes excessive
plastic deformation and promots well refined grain
structure in the SZ. Also, Compressive stresses produced
in the SZ during FSP minimizes the presence of micro-
pores in the SZ leading to the increase in hardness in the
SZ of FSP [15]. Microhardness of unprocessed TIG weld
of FSPed specimen is almost unchanged in weld zone
whereas HAZ microhardness is reduced due to added
heat input during FSP [31]. Decrease in TMAZ hardness
value away from the weld center towards advancing side
is observed for TIG+FSP specimen. In FSP, the
advancing side is the point at which a solid material
begins to transform into a semi-solid phase and swirls
about a tool pin which is inserted into the material. In the
retreating side, the semi-solid phase retreated and cooled.
As a result, during the FSW process, the advancing side,
which has a more solid state nature at any point in
time/location than the retreating side, should generate
more frictional stresses, which generates more heat and
elevates the peak temperature. This is attributed to the
lower hardness value in the advancing side of FSP [11,
32].

3. 4 SEM Fractoscopy Scanning Electron
Microscopy (SEM) was performed on the broken surface
of tensile test samples of autogenous T1G and autogenous
TIG + FSP weldment to analyse the nature of failure. The
fractographs shown in Figure 11 reveals network of
dimples in both specimens which indicates ductile
failure. However, dimples observed in autogenous TIG +
FSP weldment are much finer than that observed in
autogenous TIG weld specimen. This is again due to the
fact that FSP produces better refined structure compared
to as welded autogenous TIG weld. Traces of micro
porosities are also observed in SEM fractograph of
autogenous TIG weld as shown in Figure 11(a). SEM
fractograph of unprocessed TIG weld region of FSPed
specimen shown in Figure 11(c) confirms the presence of
micro-porosities and voids in the matrix of finer dimples
compared to autogenous TIG weld specimen without
FSP.

4. CONCLUSION

Friction Stir Processing (FSP) was performed on
autogenous TIG weld surface to achieve structural
modification and thus improving mechanical property of

the weld joint. Conclusions derived from the present
experimental work are as follows:

Full fusion butt weld joint of 6mm thickness is
achieved through autogenous T1G welding process. Weld
joint produced by autogenous TIG welding process
exhibit lower tensile strength compared to base metal by
6.5%. The existence of micro-porosities in the TIG weld
metal contributes to the decrease in weld joint’s tensile
strength.

Marginally increase (2.7%) in the tensile strength of
autogenous TIG weld joint is observed after performing
FSP on it. The grain refinement achieved by the FSP
process is the reason behind improved tensile strength.
Microhardness of autogenous TIG weld metal and HAZ
region is substantially increased due to friction stir
processing method. Percentage elongation value indicate
that weld joint possesses good ductility in both
autogenous TIG weld (20% elongation) and friction stir
processed TIG weld (22% elongation). The SEM images
of fractured surface of all tensile test specimens show
series of dimple structure having different degree of
fineness. Out of which, the FSPed specimen shows the
most fine dimple structure.

Weldment which are friction stir processed at higher
feed rates (56 mm/min and 80 mm/min) produces tunnel
defect in the SZ due to insufficient heat input resulting
in limited metal flow in the SZ.

Macroscopic and microstructural  examination
confirms that FSP can be used as weld joint surface
modification technique. Churning and reheating of weld
metal in the SZ during FSP causes grain refinement and
recrystallisation leads to notable improvement in the
weldment’s surface characteristics.
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In most civil constrictions, concrete members need to gain some ductility to resist the dynamic loads
which it suffered. For sustainability and economical reasons, scrapped tires rubbers are the most cheap
material able to achieves this goal. The bad manner in such replacement is that, the high replacing
percentages cause a large drop in concrete mechanical properties till becomes unstructural. This paper
offers six structural rubcrete mixes and discuss its properties after replacement. Slump, density, water
absorption, compressive strength for cubes and cylinders, impact resistance, flexural strength, splitting,
ultrasonic and stress versus strain curves were tested and discussed. It can be concluded that, the
sustainable rubcrete mixes still structural in spite of the dropping in strength due to the replacing process.

Rubcerte Concrete tensile, compressive and flexural strength minimized for every incrementing in rubber amounts

Green Concrete
Structural Rubcrete

due to the loss of bond between mortar and the rubbers.

doi: 10.5829/ije.2022.35.09C.10

NOMENCLATURE

RF Reference conventional concrete G30 30 % gravel — chip replacing percent
S10 10% sand — crumb replacement Sp.l Specimen one

S20 20% sand — crumb replacement Sp.1l Specimen two

S30 30% sand — crumb replacement Sp.lll Specimen three

G10 10 % gravel — chip replacing percent MOR Modulus of rpture

G20 20 % gravel — chip replacing percent

1. INTRODUCTION

Constructions in usual highly exposed to dynamic loads
in addition to monotonic loads. It is well known that,
concrete is a brittle material that cannot resist dynamic
loads. Enhancing dynamic properties of concrete
investigated by researchers using different ways like
adding steel fibers or rubbers or even both [1-4]. Since
rubber is not a biodegradable material and for its low cost
against the high cost of steel fiber and for sustainability,
it can be used as a percentage replacement from mix
aggregate. The total recovery of scraped tires in civil
engineering works reached to 89, 94, 91 and 90% in each
of the United States, Europe, Japan and Mexico,
respectively [5]. Entering scraped tire rubber into
constructions helps the nature to get rid of it as a waste
material and avoid the pollution which results in if the
factories fired it. Rubber has to be replaced as a

*Corresponding Author Institutional Email:
sth.ola.ali@student.uobabylon.edu.ig (O. M. Makki)

volumetric percentage of sand or gravel or even both,
somes replaced it from aggregate weight or even as an
additives. It is important to expect that, the replacement
will deteriorate the mechanical properties of concrete if
it is done by a big amounts [3, 6-14]. Weakened bond
between cement past and rubber particles is the most
effective reason for that deterioration in addition to the
low unit weight of the mix after replacement [15-20].
The big difference in elastic modulus between the two
replaced materials is also a cause [9].

The energy absorption was proved to be enhanced
for 5, 10, 15 and 20 % sand replacement by 138, 185,
300, and 396 % while incrementing equals 150, 204, 326
and 426% for the same percentages of gravel replacing
[14]. The dynamic modulus of elasticity found to be
minimized after replacement [21, 22]. The damping ratio
enhanced by 230% of 15% course weight replacement
[21]. This paper investigated the effect of three replacing

Please cite this article as: 0. M. Makki, H. M. K. Al-Mutairee, Mechanical and Dynamical Properties of Structural Rubcrete Mixes, Journal of
Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1744-1751
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percentages for fine aggregate and the same for course
aggregate on the mechanical properties of concrete.
Workability, unit weight, water absorption, cubes
compressive strength, cylinder compressive strength,
stress strain curve, tensile strength, flexural strength,
ultra-sonic, and impact load of concrete were
investigated.

2. MATERIALS, MIXES AND SPECIMENS

Normal Portland cement was used, along with natural
quartzite sand of specific gravity equals 2.65 and 2.6 for
gravel. As a full graded replacement was made for both
fine and course aggregates for 14 mm maximum gravel-
chip size which are matched with the ASTM C33-78, so
as for sand crumb replacement . Physical and chemical
properties of sand, gravel and rubber are summarized in
Tables 1-3.

Seven mixes were casted to investigate the effect of
rubber-aggregate replacing. The first group consist of
three mixes of sand- Crumb rubber replacement as 10, 20
and 30% replacement. The second group is of gravel
versus chips replacing for the same perivious
percentages. While the seventh mix was a normal
concrete to be used as a reference. All mixes were
prepared with (1:1.4:2) percentages and of w/c ratio
equals 0.365. Supperplasticsizer Gelimum G54 also
utilized. Figures 1 and 2 show the mixing processes,
curing, and specimens before tests. A rotating mixer of
250 kg total capacity was utilized. Specimens was cured
by sinking into water for 28 days. Mixes percentages per
one cubic meter were listed in Table 4. The following
section investigated the properties of the seven mixes.

TABLE 1. Chemical and physical properties of rubber

Composition Value
Chip density 650 kg/m®
Crumb density 720 kg/m®
Carbon black 20%
steel 4%
Water absorption 0.01
Specific gravity 1.09

TABLE 2. Chemical and physical properties of fine aggregate

Properties Test results Limits of Magnitude
Sulfate content (SOs) 0.01 %
Specific gravity 2.65
Fineness modulus 3.19
absorption 0.1

TABLE 3. Chemical and physical properties of course
aggregates

Properties Magnitude
Sulfate content (SOs) 0.08 %
Specific gravity 2.6
absorption 0.15

TABLE 4. Mixes weights (kg/m?)
Mix Cement Sand Gravel Rubber Water G54

RF 475 760 1119 0 124 2.33
S10 475 684 1119 34 124 2.33
S20 475 608 1119 68 124 2.33
S30 475 532 1119 103 124 2.33
G10 475 760 1008 44 124 2.33
G20 475 760 896 88 124 2.33
G30 475 760 784 132 124 2.33

- s

Figure 1. Casting and curing process

Figure 2. Specimens before test
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3. PROPERTIES RESULTS AND DISCUSSIONS

The average of three specimens’ values at 28 day of
curing was investigated for each single mix of the
following.

3. 1. Workability The workability of concrete
mixes were investigated using slump test in accordance
to ASTM 143M-12 [23]. It can be concluded from
Figures 3 and 4, which are shown in the results of slump
test that, the replacement working on decreasing concrete
workability in amounts depend on replacement
percentages. It can be also noting that, the mix has an
excellent workability for civil engineering works. The
unrounded rubber particles (in comparing with the
aggregate) will bound the water particles into their
irregular shapes, that what causes the low slumps for
rubcrete. From Figure 4 it can be concluded that and in
accordance to UNI EN 12350-2 [24] the form of all
rubcrete mixes was true slump.

3. 2. Unit Weight The unit weight of rubcrete is
lower than concrete due to replacing the heavier
aggregate by the lighter rubber, and that what proved in
Table 5. The results based on the mean of three samples
for each single mix. The unit weight of rubcrete decreases
for each incrementing in rubber percentages for either
sand or gravel replacement. Sand replacement specimens
lighter than the gravel for the same replacing percents. It
is due to that, the crumb in denser than chip for the same
cubic meter as explain in Table 5. But, for such
replacements, it impossible to consider rubcrete as a light
weight material.

3.3. Water Absorption Itis the ability of material
to absorb water. It can be stated that, replacement
increases water absorption of concrete mixes since
rubber is a hydrophobic material. All obtained results are
summarized in Table 6. and such results were confirmed
with the reported data in literature [18, 25, 26].

100

90
80
70
60
50
40
30
20
10

0

RF S10 S20 S30

G10 G20 G30
Rubcrete mixes

Slump value (mm)

Figure 3. Slump test values

Figure 4. Workability test

TABLE 5. Rubcrete unit weight (All weight in kg)

Mix  SP.I Sp.1l SP.1I mean Redaction %

RF 8.03 8.025 8.034 8.03

S10 7.67 7.665 7.625 7.653 4.69

S20 7.445 7.393 7.375 7.403 7.8

S30 7.09 7.065 7.16 7.105 115

G10 7.905 7.87 7.85 7.875 1.93

G20 7.705 7.705 7.66 7.69 423

G30 7.325 7.31 7.345 7.327 8.76
TABLE 6. Water absorption details

Mix Water absorption (%) Increment (%)

RF 0.024

S10 0.027 11.41

S20 0.037 53.45

S30 0.041 69.44

G10 0.027 12.96

G20 0.030 24.25

G30 0.03 37.85
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3. 4. Compressive Strength The average of three
cubes in accordance to BS 1881 -116 [27] to get the
British compressive strength Fe. Furthermore, the
average of three cylinders of 150*300 mm? (diameter *
height) was also tested to get the American compressive
strength f'c. The converting factor from British to
American compressive strength was also checked out for
rubcrete. Table 7 shows the results of the three cubes
specimens, the means of them, the difference in
accordance to reference mix and the converting factor
from cylinder to cube. It can be noting that, compressive
strength drops for each incrementing in rubber percents
but still structural for this suggested rubcrete mix. Also,
since the replacement was from the volume of
aggregates, the weight of rubber in cubic meter is more
than the gravel, that which made the gravel replacement
specimens stronger than the sand replacing. The failure
of the RF mix was as a fully sudden explosion due to its
strength in contrast to other rubcrete mixes.

Relenting on the results, the converting factor from
cubes to cylinders was found to be ranged from 0.8 to
0.83 which is matched with the normal converting factor.

To discuss the converting factor from 100200 mm
cylinder into a 150*300 mm specimen, an average of 3
specimens were tested and compared with the bigger
cylinders results. All details are listed in Table 8. It can
be concluded that, the reconverting factor from bigger to
smaller cylinder is ranged from 0.08 to 0.88 for rubcrete
mixes.

TABLE 7. Cubes compressive strength
SP.I  SP.Il SP.IIl Mean Redaction Convert

Mix

(MPa) (MPa) (MPa) (MPa) (%) to f’c
RF 5292 5328 529 53.06 0.814139
S10 3427 3434 3442 3435 35.27 0.8297
S20 2649 25.05 26.34 25.97 51.06 0.808692
S30 2274 2264 228 2274 57.14 0.835396
G10 3793 37.67 38.16 37.92 28.53 0.804221
G20 3439 342 3423 343 35.36 0.810464
G30 2754 274 2741 27.48 48.22 0.800703

TABLE 8. Small cylinders compressive strength

Mix SP.I  SP.Il  SP.III  Aver. Redaction Convert
(MPa) (MPa) (MPa) (MPa) (%) factor
RF 3447 3473 35.08 34.76 0.80
S10 231 226 2296  22.88 34.1 0.803
S20 18.04 18.27 18.57 18.29 47.3 0.871
S30 1548 1539  16.26 15.7 54.8 0.82
G10 2559 26.14 2652  26.08 24.9 0.85
G20 24.27 24.56 24.79 24,53 29.40 0.88

G30 1817 1871 19.17 18.6 46.24 0.84

3. 5. Stress Strain Curve Stress versus strain
curves are one of the best behavior viewers to the
concrete mixes. It shows the linear, and nonlinear stages
under loading conditions. It was tested through
evaluating the average of three cylinders of 100¥200 mm
(diameter * height) for all seven mixes. From Figure 5,
one may conclude that, rubcrete mixes have a strain
values much more than the conventional concrete mixes
due to its elasticity under loading with lower compressive
strengths. The intensity of this behavior becomes more
visible at high replacement rates. The brittle exploded
failure of the reference mix was less gradually after every
incrementing in rubber percentages and becomes as a
ductile failure. All cylinders failed within the standard
expected failure types listed in ASTM VC39/C39M- 15a
[28] specification for type 3 (i.e. columnar vertical cracks
from both ends) as shown in Figure 6 which illustrated
the failure mode of three different mixes.

3. 6. Tensile Strength Three samples of 100*200
mm cylinders were tested to investigate the splitting
tensile strength of the seven mixes in accordance to the
ASTM C496 specifications [29]. Table 9 listed the tensile
strengths at 28 day age in which deduced that, the tensile
strength of rubcrete decreases for every rising in
replacement amount due to loss of bonding, less density

—&— RF —@— 510 —@—S20 S30
G10 —@—G20 —e—G30
50
45
40
35
30
25
20
15
10

Stress (MPa)

0 0.005 0.01 0.015 0.02

Strain (mm/mm)

Figure 5. Stress vs strain curves for all mixes
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of rubcrete or due to the micro cracks of mortar which
will multiple due to the difference between the rubber
elastic modulus and the morter. Specimens after failure
can be seen at Figure 7.

3. 7. Rupture Strength A prisms of
(100*100*300 mm) dimensions were casted for the
seven mixes to test the modulus of rupture at 28 days in
accordance to the ASTM C133-97 [30]. The tested
specimens results’ were clarified at Figure 8,
andaccordingly the rupture strength of rubcrete reduced
due to the reduction in bending strength. It possible to
conclude that, a dropping in MOR noted since the
flexural strength effected in the first degree on

TABLE 9. Tensile splitting test details

e
RF 344.8 245 341.12 4.941

S10 220.86 297.14 224.78 3.942 20.210
S20 200.24 203.68 200.88 3.210 35.032
S30 163.78 164.52 162.74 2.606 47.252
G10 262.3 257.6 260.94 4.144 16.121
G20 209.7 208.6 211.6 3.343 32.335
G30 182.55 183.94 185.08 2.927 40.75

4

MOR (MPa)
¢ = N w
gl = 01 N O W O

o

RF S10 S20 S30 G10 G20 G30
Rubcrete Mix

Figure 8. Flextural strength

o

compressive strength. Results also showed that, the
flexural strengths of sand replacement are slightly higher
than the gravel replacement, which is due to the sand
provides higher ductility than gravel. Rupture test for
rubcrete also investigated widely by Mohammed and
Breesem [31]. Failure shape of all specimens was similar
so one specimen was considered as shown the failure
(Figure 9).

3. 8. Ultrasonic Test It is used for investigating
the velocity of passing sound waves through concrete
mixes to show its deterioration against loads and its
cracks. It can also view how the sound wave effected by
aggregates-scraped rubbers replacements. A non-
destructive test was made for disk specimens (65*152
mm (diameter * length)) for the seven concrete mixes.
The specimens’ centers were identified in order to
achieve the extremely direct wave path passing through
them (Figure 10). From the obtained results which are
summarized in Table 10; it can be noting that, the
replacements slowed down the sound wave which
crossed within due to the high energy absorb of rubber.
Gravel replacement showed more slowly velocity when
compared with the same percent of replacement of sand
due to the larger rubber particles.

3. 9. Impact Test In accordance to Tonon [32]
and ASTM D5607, the impact resistance of concrete may
be gotten by casting a cylindrical specimens of 65*152
mm (diameter * length) and applying a drop weight
simulated of 4.54 kg. Number of hits which caused the
first crack were recorded besides the total number of hits
to final failure. The impact test showed that, replacing
causes to higher impact resistance for rubcrete mixes
comparing with concrete as detailed in Table 11. Gravel
replacement mixes shows more impact resistance when
comparing with sand replacement. The reason was
visible and sensible during the test, it is due to that, the
chips particles bigger than sand which will collect the
cracks and prevent them to be developed during the test.
Failure shapes of the mixes were listed in Figure 11.
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Figuré 9. Specimn G10 for example after failure

A N

Figure 10. Ultra sonic test

TABLE 10. Sound velocities through rubcrete

1744-1751 1749
S30 12 61 2442 12415 662.5
G10 5 24 101.7  488.4 200
G20 8 38 1628 7734 375
G30 15 116 305.3 2361 1350

Mixes Velocity (m/s) Decrement (%0)
RF 5191 e
S10 4928 5.066
S20 4304 17.09
S30 4224 18.63
G10 4444 14.39
G20 4201 19.07
G30 4172 19.63
TABLE 11. Impact test results
Increment

Number of Number of

Energy at Energy at  due to

hits till 1st h'FS till first crack failure replacement
crack failure %
RF 6 8 1221 1628 -
S10 4 17 81.41 346.0 1125
S20 7 35 1424 7123 3375

Figure 11. Specimens after failure

4. CONCLUSIONS

Rubcrete  workability deteriorated for
increment in replacement percentage.
Partial rubber versus aggregate replacement means
replacing heavier by lighter material which will
make the rubcrete a lighter material than
conventional concrete.

The capability of sand to absorb free water mix is
more than the gravel capacity so that the water
absorption of sand replacement becomes larger,
especially after knowing that, the weight of crumb
in the one cubic meter is larger than the chips.
Concrete compressive strength does not matter it
was British of American compressive strength-
drops after any replacement in amounts depends on
the replacement type, percentages and kind.
Converting factors from Fe, to fc as well as
converting factor from 100*200 cylinder size to
150*300 size are the same of conventional mixes
for rubcrete.

Mixes percentages offers a sustainable structural
rubcrete so suitable for the dynamic constructions.
Rubcrete mixes has a high straining rates due to the
elastic behaviour of rubber, and that strain depends
for the first degree on rubber amounts.

Splitting tensile effected by the concrete
compressive strength so it is logically drops after
any replacement especially it depends on the bond
strength between mortar and gravel particles which
it weaken for rubbers, so as for flexural property.

every
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Involving rubber into concrete mixes deteriorate the
velocity of sound wave passing through the mix
because the ability of rubber to absorb energy.
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ABSTRACT

In this work, some physical and mechanical properties of colored geopolymer concrete based on fly ash
were studied. Geopolymer concrete was colored using two types of dyes (chromium oxide which gives
green color and iron oxide hydroxide which gives yellow color). The geopolymer concrete samples were
subjected to controlled curing conditions at 30°C. At the age of 28 days, all samples were tested under
compressive loading and non-destructive tests (NDTs) were also performed such as ultrasonic pulse
velocity, Schmidt hammer, dynamic elastic modulus, and dynamic shear modulus. The test results were
used to obtain a mathematical relationship between the compressive strength on the one side and the
NDTs tests on the other side. This relaionship can be used to estimate the compressive strength of the
colored geopolymer concrete by the means of NDTSs. In addition, the results proved that the percentage
of adding 2% of the dye (for the green color) and 1% of the dye (for the yellow color) is the optimum
percentage of the addition.

doi: 10.5829/ije.2022.35.09c.11

1. INTRODUCTION

Geopolymer consists of a natural or a by-product
materials that contains alumina and silica in different
proportions depending on the type of the raw material, as
well as other oxides in small proportions. These materials
are chemically activated by mixing with alkaline
solutions and can be used as an alternative to ordinary
cement [1]. Davidovits [2] found that aluminum (Al) and
silicon (Si) in residues such as fly ash, metakaolin, slag,
or rice husk ash can react in a process similar to the
polymerization process if mixed with alkaline liquids.
Thus, Davidovits [2] developed the term geopolymer to
explain this reaction.

The geopolymer studies had shown the possibility of
reducing CO; significantly by up to 80% when compared
to the emissions resulting from the use of regular cement
[3, 4]. This is one of the modern solutions proposed to
address the issue of global warming [5].

Das [6] studied the effect of various factors, namely
the ratio of sodium silicate to sodium hydroxide, curing

*Corresponding Author Institutional Email:
mohammed_ali_mat@uomustansiriyah.edu.iq (M. A. Abdulrehman)

temperature, type of curing, and molarity of sodium
hydroxide on the properties of a fly ash-based
geopolymer. Lavanya and Jegan [7] studied the durability
of geopolymer concrete made from high calcium fly ash
and alkaline activators when exposed to a solution of 2%
sulfuric acid and 5% magnesium sulfate for up to 45 days.
Yahya et al. [8] have studied the feasibility of a fly ash-
based geopolymer concrete to which kaolin has been
added. Noori et al. [9] studied the relationship between
destructive and NDTs for geopolymers based on
metakaolin and others based on fly ash and found a
relationship between the results of these tests.

Other researchers focused on colored concrete such
as Craeye et al. [10] discussed the effect of red pigment
on the frostiness resistance of concrete, as well as
improvement steps such as adding super absorbent
polymers (SAPs) to the fresh mixture. Huang et al. [11]
studied the possibility of adding inorganic color paste
with proportions of 5%, 10%, and 20% of polyacrylic
emulsion to cement mortar. Awadly et al. [12] discussed
the effect of adding colored pigments on the different

Please cite this article as: M. Q. Mutair, M. A. Abdulrehman, K. M. Eweed, Relationship Between Compressive Strength and Non-destructive
Tests of Colored Geopolymer Concrete Based on Fly Ash, International Journal of Engineering, Transactions C: Aspects, Vol. 35, No. 09,
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properties of concrete, as they used a different group of
colored pigments found in the local markets in Egypt.

Accordingly, colored geopolymer concrete could be
widely used in some construction applications such as
interlocking pavement bricks. For this reason, many
researchers had studied the using of fly ash as an
alternative to cement, and others have studied the
compatibility of using color cement and pigments with
geopolymer concrete. The aim of this work is focus on
assessing the quality of colored geopolymer concrete by
means of nondestructive tests. Also, the current study
aims to find a relationship between the compressive
strength and the nondestructive NDTs ( rebound hammer
and ultrasonic pulse velocity UPV) of colored
geopolymer concrete fly ash based [13].

2. MATERIALS

2.1.Fly Ash The Type C fly ash used in this work
was imported from UAE origin by Eurobuild company.
Tables 1 and 2 show the chemical analysis and physical
properties, respectively, of fly ash according to ASTM
618 type C [14].

TABLE 1. Chemical Composition of Fly Ash Type C by XRF
(W1t%)

Oxides Content %
SiO, 38.63
Al,O3 22.16
Fe;03 5.9
Ca0 22.3
MgO 6.86
K20 0.29
SO; 0.82
TIO, 0.58
L.O.l 1.68
Na,O 0.22
P20s 0.56
¥=100

TABLE 2. Fly ash physical characteristics

Characteristics Outcomes
Nature of form Fine powder
Specific weight 2.35
Color Near light white
Moisture content (%) 1.15
Surface area, cm?/g 6560

2. 2. Sodium Hydroxide Caustic soda (sodium
hydroxide) is a small flake available in the local market.
To prepare the solution from these flakes, it is necessary
to dissolve (404) g of NaOH flakes in (596) g of distilled
water to obtain the required concentration of (14 M) in
this work [15].

2. 3. Sodium Silicate Sodium Silicate Liquid is
manufactured in the United Arab Emirates. The
properties of Na,SiOs are shown in Table 3.

2. 4. Water Tap water was used in this work as
additional water to the design mixture for improve
workability and obtaining the desired homogeneity.

2. 5. Fine Aggregate Natural sand taken from
Karbala region (Al-Ukhaidir region) was used and
conformity with ASTM C33 [16].

2. 6. Coarse Aggregate In this work, used crushed
natural gravel (with grade 4.75-19.5) for all mixtures as
coarse aggregates taken from the Salah al-din region (Al-
Nabei area). After conducting the gradient test with
sieves for gravel according to ASTM C33 [16].

2. 7. Plasticizer The super-plasticizer, condensed
formaldehyde modified with sulfonated naphthalene is
necessary for the development of geopolymer concrete
and complies with ASTM C494 [17].

2. 8. Pigments Two types of pigment powder were
used in this work (FeOH yellow and green Cr203). In
different proportions (0, 1, 2, 3) by weight % of fly ash
in the mixture bearing in mind that the pigments are
imported from China.

2. 9. Final Preparation of Liquid Alkali After
the NaOH flakes are dissolved in water, they are mixed
with a NaySiOj; solution where the solutions were stirred
for a few minutes and the mixture must be completed at
least 24 hours before it is used in the mixtures [18].

TABLE 3. Properties of Sodium Silicate

Description Value
Si0, / Nax0 (%) 2.35+0.05
H20 (%owt.) 53.4
Naz0 (%wt.) 13.60
SiO; (%wt.) 33
Density(g/cm®) @20° C 25
Specific Gravity 1.525
Viscosity (CPS)@ 20°C 800

Appearance Vaporous
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3. LABORATORY WORK

3. 1. Design of Mixtures Seven colored
geopolymer concrete mixtures were designed to study the
effect of adding different percentages of colored oxides
(yellow and green) [18]. Details of fly ash-based
geopolymer concrete mixtures are summarized in Table
4,

3. 2. Colored Geopolymer Concrete Mixing
Procedure It has been reported that the geopolymer
concrete can be manufactured by applying the old
traditional methods that were used in the manufacture of
ordinary concrete [18, 19]. First, the dry ingredients (fly
ash, pigment, fine aggregate, and coarse aggregate) are
mixed for 2-3 minutes using an electric mixer (capacity
250 liters), then water, plasticizer, and prepared alkaline
liquid are added and all mixed for (4-5 minutes). This
mixing procedure of geopolymer concrete was according
to a previous study [18].

3. 3. Curing In this work, the samples were placed
inside the oven in the laboratory at a temperature of 30
°C [20].

M. Q. Mutair et al. / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1752-1758

3.4.Tests
3. 4. 1. Compressive Strength Testing Testing
was performed in accordance with ASTM C39 [21] on a
specified set of three cylinders, dimensions: (150 mm
diameter x 300 mm height) for each colored geopolymer
mixture. A hydraulic press (3500 kN) was used as shown
in Figure 1. This test was performed after samples were
cured when they reached the age of 28 days. The
compressive strength can be calculated by applying a
simple mathematical relationship:

_ P (inN)

T A (inmm?)

@)

where:
o Compression strength (MPa)
P: Max load applied (N)
A: Area under load (mm?)

3. 4. 2. Rebound Hammer Test This test requires
the surface to be hammered with a Schmidt hammer
based on ASTM C 805 [22] as shown in Figure 2 and is
performed on a set of cubes of dimensions (150 x 150 x
150) mm? each with a geopolymer color mixture ratio.
The sample is installed in a pressure tester and subjected
to a load of approximately 15% of the expected failure
load, and several readings are taken from several
locations on the sample surface.

TABLE 4. Design of reference and color geopolymer mixtures

Mix. FA _Allgaline Gravel Sand Added water HRSPA Pigments Na,SiOs/ Molarity of
(kg)  Liquids (kg) (kg) (kg) (kg) (kg) (kg) NaOH (%) NaOH
Mr 10 3.544 30.05 14.79 0.95 0.39 0 25 14
MY1 9.9 3.544 30.05 14.79 0.95 0.39 0.1 25 14
MY2 9.8 3.544 30.05 14.79 0.95 0.39 0.2 25 14
MY3 9.7 3.544 30.05 14.79 0.95 0.39 0.3 25 14
MG1 9.9 3.544 30.05 14.79 0.95 0.39 0.1 25 14
MG2 9.8 3.544 30.05 14.79 0.95 0.39 0.2 25 14
MG3 9.7 3.544 30.05 14.79 0.95 0.39 0.3 25 14

Figure 1. Test of compressive strength

Figure 2. Schmidt hammer test
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3. 4. 3. Ultrasound Pulse Velocity Test (UPV) Test
Ultrasound is one of the most important NDTs. This test
was carried out on three cubes of dimensions (150 x 150
x 150) mm using probes at a frequency of (54) kHz,
according to ASTM C 597 [23] as shown in Figure 3.

3. 4. 4. Shear Modulus (Ga), Dynamic Modulus (Ed4)
Mechanical properties such as the dynamic modulus of
elasticity (Ed) and the shear modulus of elasticity (Gd)
can be determined by the equations below, which can be
applied to measure and estimate the values of the elastic
properties of the samples by calculating (VS), which
represents the shear velocity as well as (VL) which means
the velocity of Longitudinal wave [24].

B = 2Ot @
Gd =Vs?xp 3)
when:

Eq: Dynamic modulus (GPa).

Gg: Shear modulus (GPa).

V1: Longitudinal velocity (m/s).

Vs: Shear velocity (m/s).

p: Density of the samples (kg/m?).

It is possible to calculate the value of the speed of the

transverse waves using (S-wave transducer probes), as
shown in Figure 4.

Figure 4. UPV test by using (S-wave) transducer

4. RESULTS AND DISCUSSION

4. 1. Compressive Strength The results of the
compressive strength samples from a group of
geopolymer concrete mixtures of two colors in various
proportions are summarized in Table 5.

Pigments in the percentages of (0, 1, 2, 3)% were
added for yellow and green colored samples. Addition of
color (2%) gave the highest value in the compressive
strength of green-colored geopolymer concrete, but when
adding more than (2%) of green color, the compressive
strength results decreased. However, the use of 1% of
yellow color within geopolymer concrete was the best
ratio because it achieved the highest compressive
strength, but when increasing the color percentages, the
opposite behavior will appear in the compressive strength
results as the result showed a gradual decrease in
compressive strength. These effects are due to the
following reasons
e The pigments used (yellow and green) tend to absorb

water molecules before they interact with FA because

their molecules are finer than FA molecules.

Therefore, the process of reducing water that interacts

with the basic binder FA tends to improve the

compressive strength and on the contrary, increasing
the amount of water leads to reducing the bonding
between the molecules of the basic bonding material

[25].

e Adding pigments as a filler will reduce the pores
inside the total volume of the colored geopolymer to
some extent and lead to an increase in the
compressive strength of geopolymer concrete.
However, when adding an excessive amount of it
increases above the point and the saturation limit
(excessive addition of pigment will reduce the
pressure due to the agglomeration of these particles
pigment. Which leads to the formation of a region of
separation and weakness) inside the colored
geopolymer concrete because the pigments are non-
pozzolanic materials. Thus, the pigments are not enter
into the chemical reactions that occurs
(polymerization) inside the colored geopolymer
concrete [25].

TABLE 5. Compressive strength readings for samples of
geopolymer concrete mixtures

Mixes Compressive Strength(N/mm?)
Mr0 37.36
MY1 38.47
MY2 36.80
MY3 34.86
MG1 38.07
MG2 40.42
MG3 37.28
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4. 2. Rebound Hammer In Table 6, the results of
the rebound hammer test were listed.

In general, addition of pigments leads to higher values
of geopolymer concrete rebound number when added
with a small percent, and this increase in values is due to
the role of pigments that act as fillers for the internal and
surface pores of the samples and thus reduce the surface
roughness of the samples. The highest values of rebound
number were obtained when using green pigment (2%)
by weight of fly ash and (1%) by weight when using
yellow pigment.

But when increased the percentage of additional
pigments, can lead to the agglomeration of the pigments
and cause areas of isolation and areas of less
interconnection due to the decrease in the binder, and
this, in turn, reduces the value of the rebound number.
4.3.UPV Test The results of the UPV test are shown
in Table 7.

From the above table, it cab be notice that there is an
increase in the speed of pulse penetration when adding
pigments, but with an increase in the percentage of
additional pigments, the values of the wave penetration
speed begin to decrease, and the reason for this is
attributed to two factors:

TABLE 6. Results of Rebound Number for colored
geopolymer concrete mix

Mix. Results of Rebound Number
Mr0 39.12
MY1 44.88
MY2 43.01
MY3 40.45
MG1 42.21
MG2 43.90
MG3 40.07

TABLE 7. The results of the UPV test were listed

Mixes UPV(m/s)
Mr0 3630
MY1 3691
MY2 3631
MY3 3528
MG1 3708
MG2 3736
MG3 3672

o Positive effect: It is due to the role of pigments in
filling the voids and pores due to having a higher
surface area than fly ash.

o Negative effect: When the percentage of pigments
increases, this can lead to the agglomeration of
pigment molecules, which replaces the binder (where
the binder plays a role in the bonding and
convergence of the molecules of the other
components of the mixture and increases its density).

4. 4. Dynamic Modulus, Shear Modulus The
results of the NDT calculations are shown in Table 8.

It is clear from Table 8 that the dynamic modulus of
elasticity and the dynamic shear modulus behave in
similar behavior to the UPV because the dynamic
modulus of elasticity and the dynamic shear modulus are
directly proportional to the UPV (based on the
mathematical equations).

4. 5. Mathematical Relationship Between
Compressive Strength Test And NDT (RN and
UPV) An equation was derived from the
experimental data in this study using Curve Expert Pro
2.7.3 program for colored geopolymer concrete (based on
fly ash) is:

Compressive strength=a + RN? x UPVC (4)

TABLE 8. Density, longitudinal velocity, shear velocity, dynamic young modulus, and shear modulus results of colored geopolymer

concrete mix

Mix. Density Longitu_dinal pulse Shear pulse velocity Dynamic elastic modulus Dynamic modulus of
(kg/m?) velocity( m/s) (m/s) (GPa) shear (GPa)
Mr0 2410 3630 2268 29.25 12.39
MY1 2437 3691 2278 30.15 12.64
MY2 2411 3631 2253 29.05 12.23
MY3 2372 3528 2240 27.66 11.90
MG1 2451 3708 2284 30.54 12.78
MG2 2464 3736 2290 30.98 12.92
MG3 2430 3672 2267 29.77 12.48
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where:

a=-97.13

b=0.026

c=0.586

Correlation Coefficient: 0.96

Equation (4) is limitted only for geopolymer concrete
with compressive strength ranging between 30-40 MPa.
This is due to the fact that the geoploymer concrete may
consist of various ingredents with different
characteristics that could change its mechanical and
physical properties (see Figure 5).

Relationship between Compressive Strength Test and NDT (RN and UPV)

MPa

Compressiva Strangty

Figure 5. Mathematical relationships between (RN and
UPV) test and the compressive strength test of colored
geopolymer concrete

5. CONCLUSION

According to the experimental results shown above, the
optimum percentage of adding chromium oxide is 2% of
the weight of the fly ash, and the optimum percentage of
adding iron oxide hydroxide is 1% of the weight of the
fly ash, because the pigments addition of more than the
above-mentioned percentages causes a deterioration of
the colored geopolymer concrete properties. While in the
case of adherence to the percentages as mentioned above,
an increase in compressive strength characteristic was
obtained by 8% and 3% for both green and yellow colors,
respectively. Also, a mathematical relationship was
found between the NDTs and the compressive strength,
through which we can estimate the compressive strength
through the NDTs.
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ABSTRACT

Open switch fault detection in the single-phase pulse width modulation (PWM) rectifier using line
current analysis technique is very applicable, but no-fault detection at high switching frequency is the
main drawback of this technique. In this paper, a new online diagnosis technique for detection and
location of open switch fault in the single-phase PWM rectifier is proposed. The proposed diagnosis
method is based on instantaneous input voltage of the rectifier analysis. The proposed method can detect
the fault in half of the power frequency under high switching frequency and load conditions. Simulation
results showed the proposed technique can detect and locate all open switch faults at any switching
frequency under different load conditions. In addition, the second-order output filter that is necessary for

PWM Rectifier
Online Detection
Input Voltage of Rectifier and Fault Location

line current technique can be removed in the proposed technique.

doi: 10.5829/ije.2022.35.09c.12

NOMENCLATURE

dysd, Fault indicators Ca DC-link capacitor (f)

Cf Filter capacitance (f) Fs Switching frequency (Hz)
Lf Filter inductance (H) Vab Input voltage of rectifier (v)
Vi Source voltage (v) Ln source inductance (H)

Rn source resistance () Re Load (2)

1. INTRODUCTION

Single and three-phase PWM rectifiers are well known
and widely used in industries such as electric vehicle
chargers, electric drives and micro grid applications.
Switch fault is one of the main faults in PWM rectifier
topology, which leads to decreasing reliability, and
unsafe operation of the rectifiers. The most common
failures in the power electronic switches are short-
circuited, gate faults and open switch faults [1, 2]. Open
switch fault is one of the most common faults, which
occurred in PWM rectifiers. There are many techniques
for diagnosis of the open switch fault in the power
electronic converters [1, 4]. A technique based on a
mixed logical dynamic model and state estimator
presented by Xie and Ge [3]. This technique employed
for open switch fault diagnosis in the single-phase
cascade H-bridge rectifiers. A new open-switch fault

*Corresponding Author: arehpanahi@tafreshu.ac.ir (M. Arehpanahi)

detection for a neutral-point clamped rectifier discussed
by Chen et al. [4]. A new calculation method based on
phase-to-phase pole voltage deviations proposed for
diagnosis process improvement. A combination of two
techniques i.e., normalized DC current calculation and
false alarm strategy, employed for open switch fault
diagnosis. A new fast method presented by Ben et al. [5]
using a residual generation between measured and
observed current form factors (CFFs).

Gou et al. [6] carry out a mixed logical dynamic
model and residual generation fault diagnosis. The
hardware implementation of this method is simple, but
the software implementation process is complicated.

Diagnosis of open switch fault using line current
analysis in the frequency domain presented by Tian and
Xinglai [7]. An online open switch fault diagnosis based
on instantaneous line current analysis, proposed in Lai et
al. [8]. This technique is powerful at low switching

Please cite this article as: M. Arehpanahi, A. M. Entekhabi, A New Technique for Online Open Switch Fault Detection and Location in Single-
phase Pulse Width Modulation Rectifier, International Journal of Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1759-1764
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frequency (railway application), but misdiagnosis at high
switching frequencies and load variations, are the main
drawbacks of this technique. An improved fault
detection based on deep belief networks (DBN) and least
square support vector machine (LSSVM), investigated
by Tiancheng et al. [9]. A method based on the residual
changing rate for a single insulated gate bipolar transistor
in the single-phase PWM converter presented by Dong
et al. [10]. The fault detection technique was directly
implemented by Huangan [11] via analyzing the
mismatch signal between the applied switching states
and the estimated one. An improved diagnosis system for
open-circuit faults of a three-phase PWM rectifier based
on line current analysis presented by Shi et al. [12]. The
diagnosis module employs a hysteresis comparator to
analyze the changing trend of the currents and thereby
diagnoses the single open-circuit (OC) faults. Open-
switch fault diagnosis and tolerant control methods for a
Vienna-rectifier using bidirectional switches presented
by Seok and Lee [13]. These articles have a common
problem in open switch fault detection i.e., misdiagnosis
at high switching frequency.

The basis of Lai et al. [8] for open switch fault
diagnosis is line current analysis. The most important
drawback of Lai et al. [8] work was its dependence on
the output filter and the switching frequency value in the
open switch fault detection. Misdiagnosis at high
switching frequency was the main disadvantage of Lai et
al. [8] work. Therefore, in the proposed method, these
problems are resolved. The proposed diagnosis
technique is based on voltage analysis. In other words,
the proposed method indicates the open-switch fault by
using analysis of the PWM rectifier input voltage
without any additional devices. Detection and location of
open switch fault in all switching frequencies ranges and
load conditions, is the main advantage of the proposed
technique.

2. DIAGNOSIS PRINCIPLE OF OPEN SWITCH FAULT

The schematic of the single-phase PWM boost rectifier
illustrated in Figure 1. During normal operation of the
rectifier, if one of the switches is open-circuited, the line
current i and input voltage of the rectifier Va, will be
distorted. If this distortion is not removed, the rectifier
will be severely damaged. Therefore, identification of
this fault is necessary. One of the usual technique to
detect this fault is line current monitoring. Using an
analyzing of the line current, open switch fault could
detected. A method based on line current monitoring for
diagnosis of open switch fault was proposed by Lai et al.
[8]. The main disadvantages of that are:

1. No-fault diagnosis at high switching frequency

2. No-fault diagnosis under different load conditions

Ct
Cqy
T Vo
N, 3’
)
4 £
T, Ty

Figure 1. Topology of single phase PWM boost rectifier

To overcome these problems, in this paper, a new
online technique for detection and location of open
switch fault in all ranges of the switching frequency
presented.

In the proposed technique, instantaneous input
voltage of the rectifier “Va, “has been selected as a fault
indicator. The waveforms of the switches states (S1, S2,
S3, S4) and Vg pre and post-fault in Ty illustrated in
Figure 2. According to Figure 2, it is clear that the
negative half cycle of Va, during post-fault is distorted.
This distortion will create in the positive half cycle, if an
open switch fault takes placed for T, or Ts. During post-
fault, the minimum/maximum values of Va, waveform
based on the defective switch number, are changed in any
switching cycle. Therefore, detection of the open switch
fault could be carried out by a minimum/ maximum
points tracking process of Va, waveform at any switching
cycles.

3. PROPOSED DIAGNOSIS TECHNIQUE

Detection and location of open switch fault in proposed
technique is done by a particular sampling process of Vap
waveform. The specific sampling process is
accomplished by two sequence signals (Ps1, Ps2). These

signals produced by a comparison of the PWM carrier
signal with two references sine wave signals (with 180-

ey | T ULLLIU T T UL
sé LT T TUEL AT

400
e LT
4007 s 5

Pre fault Post fault

Figure 2. Vab waveform and switching states (S1, S2, S3,
S4) pre and post-fault
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degree phase shift with respect to each other) which was
used by Lai et al. [8]. The block diagram of the proposed
fault diagnosis process shown in Figure 3.

According to Figure 3, Va are sampled by two
sequences pulses Psl and Ps2 which are called fs, fs.
The sampled signals fs, fs; are passed through the two
filters (Low Pass Filter (LPS) and Band Pass Filter
(BPF)) for extracting the fundamental component of Vap.
In the next step, the filter outputs are divided by the
average value of the V4, for insensitive to the grid voltage
variation which are called d1, d2 as the fault indicators.
For example, the proposed fault indicators (d1, d2) and
input voltage of the rectifier waveform Va, for 350 Hz
switching frequency illustrated in Figure 4.

The open switch fault happened in T1 at time 0.35 s.
According to Figure 4, it is clear the diagnosis signals dj,
d; in pre-fault, are very close together, but during faulty
conditions (t>0.35 s) they separate from each other in
less than half of the fundamental cycle. Consequently,
the online detection of the fault is done by analysis of the
di, d» waveforms, based on Figure 4 and several
simulation results at different switching frequencies and
load variations, the proposed conditions for open switch
fault detection and location are listed in Table 1.

\. ™ _\_/— - X dl
LPS BPF -

»| Absolute Mean >
value value

PSZ f ) d2
S -_—
— R
LPS BPF
Figure 3. Block diagram of the proposed technique
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TABLE 1. The proposed conditions for open switch fault
diagnosis

d, d, Faulty switch
|d,|<0.5 d,<-05 T
d, >05 |d,|<0.5 T,
|d,| <0.5 d,>05 T,
d, <05 |d,| <05 T,
For example, if d, >0.5 and ‘dz‘ <05 the switch T,

is open- circuited. In addition, in the proposed technique,
the second order output filter (Cf, Lf) could be removed,
but in the line current technique it is necessary.

4.SIMULATION RESULTS

In order to performance analysis of the proposed
technique in online diagnosis of the open switch fault, a
typical case study considered (Figure 1). The circuit
parameters are: input voltage, Vn = 220V, source
resistance, Ry = 0.05 Q; source inductance Ly = 1.2 mH;
DC output reference voltage Vs = 300 V; DC-link
capacitance, Cq = 3 mF; filter capacitance Ci=4.56mF,
filter inductance L+=0.603 mH and load R (=15 Q. The
line current analysis and proposed technique are applied
to the case study. The PWM rectifier operates under
nominal load with 10kHz switching frequency. The line
current waveform and its fault indicators based on
literature [8] for open switch fault are shown in Figure 5.
The input voltage of the rectifier and its fault indicators
(proposed technique) are illustrated in Figure 6.
According to Figure 5, the line current analysis could
not detect any open switch faults in Ty, T2, T3 and Ta
because separating of the fault indicators (based on
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Figure 5. Simulation results based on [8] (a) iL, d1,d2 pre
and post open switch fault in T1 (b) iL d1,d2 pre and post
open switch faultin T2 (c) iL d1,d2 pre and post open switch
fault in T3 (d) iL d1,d2 pre and post open switch fault in T4

literature [8]) is complicated and almost impossible. In
the proposed technique, (Figure 6), the difference
between the fault indicators in the post-fault time (for all
faulty switches) is significant enough for detecting the

fault simply. Therefore, all of the switch faults can be
easily detected and located by the proposed technique. In
Figures 5 and 6 each x-axis segmentation is 0.01 second.
In other words, the distance between the vertical dashed
lines is 0.01 second. The detection time in the proposed
technique in all of the faulty switches, is less than half of
the grid voltage cycle that is the best time for online fault
identification and fault location. Existence of LC filter
for Lai et al. [8] is necessary, but in the proposed
technique, because of the suitable difference between the
fault indicators in all ranges of the switching frequencies,
it could be removed. The diagnosis signals values d1, d;
in Figure 5 are very close together therefore, detection of
fault is not possible practically. Consequently, the line
current technigue could not detect any open switch fault
at high switching frequencies.

Figure 6 indicates the difference between diagnosis
signals di, d- is significant to easily detect the fault at
high switching frequencies. In other words, the proposed
fault detection and location technique is independent of
the switching frequency value. Therefore, the proposed
method can be detected and located open switch fault at
any switching frequencies easily which is significant of
this paper. The summary of three recent techniques (line
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Figure 6. Simulation results of proposed technique (a) Vab ,
di, d2 pre and post open switch fault in T1 (b) Vab , d1,d2
pre and post open switch fault in T2 (c) Vab, d1,d2 pre and
post open switch fault in T3 (d) Vab ,d1,d2 pre and post open
switch fault in T4

current [8], AC current residual [10] and proposed
technique) results at different switching frequencies and
load conditions, listed in Table 2. The load range varied
from 50% to 120% of the full load. Switching frequency
is changed from 0.35kHz to 10 kHz. Based on Table 2
results, it is clear that the proposed technique could
detect and locate all of the open switch faults at any
switching frequencies and different load conditions, but
the line current technique could not detect any fault at
high switching frequency (>1kHz) and load conditions.
Another problem of the line current technique based
on Table 2 results, is no-fault detection at light loads
(<=50% of full load). Because, the line current
fluctuations at light loads in the PWM rectifier, is very
high therefore, sometimes fault indicators values are out
of Table 1 range and sometimes they are in range.
Consequently, it cannot detect the faults, but in the
proposed technique, this problem has been fixed

TABLE 2. Comparison of line current and proposed technique

Switching Load (% linecurrent  ACcurrent Proposed

frequency nominal) method [8]  residual [10] technique
(kHz)
50 No detect Detect and
locate
0.35 100 Detect and Detectand  detect and
locate locate locate
120 detect and detect and
locate locate
50 No detect
L 100 delte“ t""”d Detectand  detect and
ocate locate locate
120 detect and
locate
50
detect and
2 100 No detect No detect locate
120
50
detect and
5 100 No detect No detect locate
120
50
detect and
10 100 No detect No detect locate
120

completely. The technique of Dong et al. [10] could
detect and locate open switch fault at switching
frequency lower than 2 kHz but at higher switching
frequency i.e. >2kHz, it could not detect any faults.

5. CONCLUSION

In this paper, a new online technique for open switch
fault diagnosis in the single-phase PWM rectifier is
proposed. A technique that is based on the instantaneous
input voltage of the rectifier analysis can detect and
locate any open switch fault in all switching frequencies
and different load conditions. Other techniques such as
line current analysis and AC current residual technique,
cannot detect open switch fault at high switching
frequencies. The line current technique cannot diagnosis
the open switch fault at light load but the proposed
technique, detect and locate open switch fault at light
loads. A particular sampling process of the PWM
rectifier input voltage detect the open switch fault in the
proposed technique. Simulation results demonstrate the
powerful of the proposed technique for faulty switch
identification at any switching frequencies and load
conditions related to other techniques effectively.
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ABSTRACT

Reliability of a ship structure has been investigated in this study under two factors of fatigue and
corrosion failure using structural health monitoring data. In order to use structural health monitoring data
in assessing the reliability, Bayesian inference method has been used to update the distribution of loads
applied on the structure. This study used structural health monitoring data to assess the reliability of a
ship construction under two conditions: fatigue and corrosion failure. A Bayesian inference method was
utilized to update the distribution of loads applied to the structure to employ structural health monitoring
data in determining reliability. The load distribution obtained from the equations was used to assess the
reliability of a ship structure during corrosion. The proposed mathematical model was examined using
the data output of the force sensors installed on the commercial ship in the laboratory, whose model has
been scale tested. According to the reliability analysis, the reliability index of the structure decreases
with time as a result of corrosion and fatigue failures. The utilization of structural health monitoring data
has boosted confidence in the reliability index for estimating the structure's real-life as determined by
the study. The findings suggest that using the reliability criterion and health monitoring data during the
design stage can provide a better knowledge of the structure's performance throughout time, according
to the environmental conditions.

doi: 10.5829/ije.2022.35.09c.13

1. INTRODUCTION

service of the structures, and is becoming a major trend
in the study of these structures. Existing uncertainties in

It is critical to ensure the safe operation of marine ships
as well as the prevention of contamination caused by the
destruction of these structures. To accomplish this, a
thorough understanding of the ship's structure and the
loads applied to it is essential. Because the loads applied
to the structure of ships are uncertain, and correct
identification of damages generated in the structure is
difficult and expensive, it is required to develop a
realistic analytical process for the structure. To account
for existing uncertainties and give a realistic analysis, the
use of probabilistic approaches in the study of
engineering structures has increased in recent years. The
use of structural reliability analysis methods has
increased due to the strength of the structure and the loads
applied to it to determine the remaining life, determine
the periods of inspection and maintenance at the time of

*Corresponding Author Institutional Email: sadeghian2@aut.ac.ir
(M. Sadeghian)

structural and loading characteristics are determined
using mathematical theories of probabilities, stochastic
variables, random and statistical processes. Analysis,
design, and optimization of high-risk structures such as
nuclear power plants, dams, maritime structures, and
other high-risk industries are among the areas of
application. The range of structural behavior includes
stress analysis, dynamic, deformation control, creep and
release, failure, fatigue, and structural stability.
Preliminary studies in this field have been conducted by
Freudenthal [1] undertook preliminary research in this
area, taking into consideration statistical and
probabilistic methodologies in characterizing the nature
of the reliability index. Engineers and academics have
significantly applied reliability estimation and analysis
methodologies for structures with defects in pressurized

Please cite this article as: M. Sadeghian, The Reliability Assessment of a Ship Structure under Corrosion and Fatigue, using Structural Health
Monitoring, International Journal of Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1765-1778
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components with the development of reliability
engineering and probabilistic failure mechanics.

By categorizing tasks into random variables,
stochastic process reliability analysis models, and
stochastic field reliability models, Bjerager [2] presents a
case of structural reliability methods.

Cizelj et al. [3] employed first and second-order
reliability methodologies, as well as various modeling
methods, to assess the safety of steam generator pipes
with axial stress corrosion cracking. They calculated data
scatter relating to pipe geometry, material parameters,
and crack progression using the probabilistic failure
mechanics model. They focused on the impact of the
maintenance technique and compared the outcomes of
real-world numerical examples from each method. Using
the supplied formulae for loads applied to the structure,
on the other hand, may result in unrealistic analytical
results.

As a result, using the findings of structural health
monitoring can provide meaningful data to analysts when
evaluating the ship structure's performance accuracy.
Vibrational methods have a specific place in damage
identification among structural health monitoring
techniques. Applying these techniques for monitoring
structural health, in addition to the possibility of using
them during ship operations, can assist in detecting
damages early in their development and preventing major
structural damage. These techniques rely on sensors and
equipment deployed on the structure to extract
information from measured signals. The vibrational
properties of each structure are unique. As a result,
variations in these vibrational qualities imply structural
damage. These techniques rely on sensors and equipment
deployed on the structure to extract information from
measured signals. The vibrational properties of each
structure are unique. As a result, variations in these
vibrational properties imply structural damage.
According to previous study, more than 40% of fatigue-
induced failures in ship structures, such as cracks, occur
in the side shell of the hulls and at the junction of
longitudinal and transverse stiffeners [4].

As a result, studies have been carried out to identify
damages caused by fatigue due to cracks in an aluminum
stiffener plate in a ship's hull [5] as well as damages
caused by corrosion of the ship's hull plate [6, 7]. These
damages will increase due to the compressive forces
created by the impact of sea waves on the ship's side
shell, potentially causing serious damage. Removing a
ship from operation for health monitoring or structural
repairs is time-consuming and expensive. Therefore, the
health of the ship's side shell joints should be monitored
continually and throughout operation using methods such
as vibration methods and their vibration characteristics,
which can vary as a result of damage.

Fatigue failure is also one of the most serious damage
events that can occur on a ship [8, 9]. Sea waves and the

surrounding environment cause fatigue failure on ships.
Estimating a ship's expected life is a difficult and
generally ambiguous process. The development of high-
strength steel, however, has resulted in the design of ships
that can withstand higher stresses. As a result, experts
have performed substantial research in this area. With
this in mind, Chen et al. [10] have established a
relationship between microstructures and fatigue life in
steel marine structures. Bea et al. [11] devised and
established a method for determining the fatigue life of
critical marine ship components. They also examined a
set of cracks that had formed on a ship. They discovered
that around 40% of the cracks were formed at the
intersection of the ship's vertical bulkheads, 10% in the
ship's floor bulkheads, and 10% in the ship's transverse
stiffeners, out of a total of 3,600 cracks. Many cracks
in marine ships originate at the intersection of the
ship's vertical walls and transverse bulkheads in
general. These locations are subjected to the most
dynamic loads [12].

Currently, extensive activities have been performed
related to the reliability-based design in the field of the
ship structure reliability assessment [13]. Based on the
moments given to both calm water and waves, Akpan et
al. [14] computed the ultimate strength of the ship's
middle section. They evaluated their model for corrosion
and fatigue-induced cracking, as well as estimating
structural reliability under random loads. Liu et al. [15]
used data from structural health monitoring systems in
conjunction with a failure mechanics technique based on
S-N diagrams to estimate and analyze reliability using
probabilistic distribution functions to estimate the ship's
lifespan under fatigue-induced damage. Based on
structural uncertainties, statistical data and S-N diagrams
were utilized to assess longevity and reliability.

Okasha et al. [16, 17] assessed the reliability and
damage detection of a fast mono-hull ship based on
structural health monitoring. By integrating the
information obtained from structural health monitoring
through Bayesian method, they determined the reliability
of the structure under the uncertainties exist in a ship
considering corrosion-induced damage. Deco et al. [18]
evaluated the reliability of the ship structure based on the
initial and ultimate failure in different sea forces. Kwon
and Frangopol [19, 20] evaluated the reliability of a ship
structure under simultaneous corrosion and fatigue
failures. In this study, they presented their results on
stormy sea forces as well as various damage scenarios.
Also, assessed and estimated the life cycle of the fast ship
structures under fatigue-induced damages. In this study,
fatigue and its due failure are presented based on the S-N
failure criterion using the model test results in the pond.
Zayed et al. [21] evaluated the stability of a ship structure
under static moments caused by calm water and wave-
induced moments. The employment of rapid techniques
has been addressed in this study to calculate moments and
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section modulus of a commercial ship under the
uncertainties imposed by the ship's geometry.

Zhu et al. [22] used information and data generated
by health monitoring systems to evaluate the structural
reliability of three different sections of big and
commercial ships and analyzed the structural reliability
under different sea forces.

Campanile et al. [23] investigated the reliability of a
cargo ship in both intact and damaged states under a pure
moment. In this study, the second-order reliability
method was used to estimate the reliability under
corrosion-induced damage. Doshi et al. [24] have
investigated the reliability of a large cargo ship with a
failure mechanics approach under the uncertainties of the
ship structure. They used a Bayesian method to update
the forces applied to the ship.

In this study, the reliability assessment of the ship
structure is reported, using structural health monitoring
data under the two damage factors of fatigue and
corrosion. A Bayesian inference method was utilized to
update the distribution of loads applied to the structure to
implement the structural health monitoring data. The
proposed mathematical model is studied and analyzed
using the data output of the force sensors installed on the
commercial ship in the laboratory, whose model has been
scale tested. The planned ship's reliability under
corrosion and fatigue damage, as well as the existing
uncertainties, demonstrates that the structure's reliability
will decrease with time.

2. THEORY

2. 1. The limit State of Ultimate Resistance (Range
of Strength) The ship hull risk assessment
requires the determination of the limit resistance function
with respect to the ship hull structure. The ship hull
consists of a continuous and integrated girder under
transverse load caused by still water without considering
the waves. The model governing the ultimate resistance
state can be calculated from the following Equation (1)
[14]:

9(®) =U(®) — M(t) )

where U (t) is the ship's ultimate resistance capacity
model and M, (t)is the external load effect model on the
ship. The overall resistance capability of a ship's hull is
reduced due to the wear of the ship's hull over time. The
vertical bending moment parameters, which include the
hull curvature, are specified in Equation (3). Random
functions 2 and 3 define the final failure function of the
primary carrying girder.

U(t) = My(t) )
M (t) = Mg, (t) + ky [M,, () + kp + MDyn(t)] (3)

where M,, is the ultimate capacity of the bending moment
of the main beam, M, shows the bending moment
resulted from the still water surface, M,, is the bending
moment caused by the wave, k;, is the correction
coefficient between the bending moment of the wave and
the dynamic bending moment, Mp,,,,, indicates dynamic
bending moment. k,, is the correlation coefficient that
depends on the bending due to stress in the sagging state
or stress in the hogging state [25, 26].

2. 2. Fatigue Assessment and Analysis Methods
There are two fundamental approaches for determining a
structure's fatigue life:

1. Using lab data (such as the stress-life method or

strain-life method) ,

2. Using the failure mechanics method (Paris law),
Stress-life or strain-life methods are prepared by
performing several tests on the connection with specific
details under intermittent loads with a high number of
repetitions (the required number of repetitions for fatigue
failure) at a specified stress level, whereas in the failure
mechanics method, the crack growth rate in an existing
defect and its development are taken into account.

2. 2. 1. S-N Diagram Method in Reliability
Assessment The S-N diagram method is
considered the baseline strength and estimates the crack
starting from a critical component of the structure as a
function of some stress cycles. To perform this, the
Palmgren-Miner rule (usually a linear sum) is applied
[27]. The S-N curve is determined experimentally based
on the type of material and the type of structure
(geometry,  direction, and  welding quality),
environmental conditions (air, corrosion, or cathodic
protection), and by using linear regression analysis of the
test results for a given confidence interval [28, 29].

AS = (%)’"_f )

where AS is the stress changes, N shows the number of
cycles required for fatigue failure with a constant double
value of the stress amplitude, m, is the negative slope of
the S-N curve, plotted on the log-log diagram, and K is
the S-N curve parameter for a given confidence interval.
Damage can be written as Equation (5):

D = E[AS™] (5)

where N, is the total number of cycles during the
operation time and E[AS™/] is the expected or mean
value of AS. the long-term density probability function of
the stress amplitude can be evaluated with respect to the
local load using the Weibull distribution [30, 31]:

105 = £(2) " e -5) 0
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where ( is the shape factor, W is the scale factor, and AS
shows the stress changes. Thus, considering Weibull
distribution, the amount of stress amplitude is:

Sre = E[AS™] = W™ (1+ ?) @)

Also, the mean value of the stress amplitude can be
obtained according to the relation provided by Miner
[19]:

i ®)
where n; is the number of cycles in stress amplitude.
According to the changes of the occurrence probability
according to the sea forces and the speed of the ship, it
can be written [19]:

1

Sre = [ ?il Zjﬂl 2’21 PSS.iPSP.jPWH.kS;Z.ijk]; (9)

where Pgsg; is the occurrence probability at ith sea

forces, Pspj shows the occurrence probability in jth

velocity, and Py, is the occurrence probability in kth
wave of the forecastle. Also, for the number of cycles, we
have:

Na*vg = [ fil Zjil 22/21 PSS.L'PSP.jPWH.kNavg.ijk]; (10)
Finally, the number of annual cycles is equal to:
N(y) = Ng,za365y (11)

where a coefficient expresses the service percentage by
the ship at sea (o= 50% .75% .90%). ultimately, the limit
state function is extracted to evaluate the reliability based
on the S-N curve, as Equation (12) [32]:

9(t) =A-D(t) > g(t) = A - XL E[As™] (12)
2. 3. Corrosion Assessment and Analysis Methods
Ship structure oldness overtime result to decrease of final

strength capacity. The Equation (1)is specified the
vertical bending moment parameters such as hull

Hogging
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bending. Final bending moment capacity of hull girder is
calculated by Equation (13) [14]:

My (t) = ¢pa, Z(t) (13)

That ¢ non-dimensional factor known as buckling knock
down factor, o, ultimate strength of the ship hull cross
section and Z(t) is the midship hull elastic section
modulus. In cases where a relationship between damage,
such as fatigue crack and corrosion, and o, can be
established, a,, should be replaced with that relationship.
It is well known that structural degradations will affect
the hull girder capacity by reducing the section modulus
Z(t) depends on time. The impact of the degradation
mechanisms and the modeling strategies that are adopted
herein are presented in the following sections. The
buckling knock down factor is of high variability and
depends on the ship type or class and the location of a
section.

Corrosion decreases the section modulus of the ship
hull structure by thinning the thickness of primary
structural members and also it reduces the ability of the
structure to resist the externally induced bending
moment. Some several models of general corrosion
growth have been suggested [33]. The current model in
this paper is the Equation (14) [14].

r(t) = Cy(t — to)* (14)

where r(t) is thickness decreasing rate, t, is the life of
coating by year, t is the age of the vessel by year, C; and
C, are coefficients of random variables. C; represents
rate of annual corrosion and although C, can take values
ranging from 1/3 to 1. The life of coating varies for
different vessels and depends on the coating type [14].
Thus the moment capacity is given by:

Z(r(to)) t < to T(to) =0

Z(r(®) t<t r@®) =0 (15

M, (t) = ¢oy,
According to Equation (15) Z(t) is presented as collected
data from Figure 1, prediction equation for reducing of
hull girder section module compare to initial amounts
bring at Table 1.

Sagging

SHM DATA
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Probability Density Function
© © © © © © o ©
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-
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High Frequency Moment (109) N.M

Figure 1. Histogram and probability density function for high frequency moments in sagging and hogging modes
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TABLE 1. The equation of prediction mean amount and
reducing of hull girder section module standard deviation [34]

Reducing of hull girder

Amount ucing of hull i .
mean R,(t) = %:5)067 et
(r}]eiizgt:oztandard Rinto(t) = 08(%05)075 t>5
ot o o s

The replacement of mean amount equation plus
standard deviation at Equation (15) concluded to main
hull girder bending moment capacity.

My (0) = %y S |1 - (08525 (16)

where x,, is the random variable representing modeling
uncertainty in ultimate strength and S,,, is main or initial
hull girder bending moment capacity [34].

2. 4. Bayesian Theory and Inference Method
Bayesian theory can also be generalized from discrete to
continuous problems. Assuming that a set of parameters
(6 Must be inferred, all current knowledge of these
parameters is represented by f'(6), which is called the
prior distribution. The choice of the prior distribution
type reflects the perceptual knowledge associated with
the uncertainty of the parameter before observing the new
event. In fact, it is assumed that this distribution has the
ability to explain the data with some degrees of
uncertainty. Measuring observed data (D) has been done
on a value corresponding to (8). This information can be
used to update the distribution (8) to achieve the posterior
distribution f'' () as follows [35]:

gy = _LOF©)
7O = oy @ras a7

In the above relation, L(0) is the likelihood function 6,
which is proportional to the probability P(D|B), and is
equal to the probability of observing the data D under the
condition 6. The denominator to the right of the above
relation is equal to a normalizing constant value which is
called normalizer. According to this constant, the above
relation is represented as Equation (18) [22]:

f"(0) < L(6)f'(6) (18)
Using the law of total probability of the posterior
predictive distribution for the variable x are calculated on
the basis of the updated variables in Equation (19).

fe@) = [, £ (x|0)f" (6)d6 (19)

In the current study, the posterior distribution has a log-
normal distribution. The univariate log-normal
distribution is equal to [36]:

Fl) = ——exp [ 05 (222)'] 20)

where A and ¢ are the parameters of the log-normal
distribution and are calculated as Equation (21):

= m(1+2
¢= #2) (1)
A=lnp—05¢2

Also, for two-variable log-normal distribution, it can be
written [22, 36]:

1 1
flbn-an) = S e *
) , ) (22)
exp _Z(TpZ)(A — 2pAB + B?)
For A and B, we have:
A= log(pn) =21
&
(23)

_ log(an)-2,
B=""=
Also, 4, 45, {; and , are distribution parameters. The
likelihood distribution in current study has a final value
distribution (extreme value theory) of the first kind. For
this distribution you can write [35]:

fy1l = a—lnexp (— (y;—:") exp (—exp (— Ol_—“")) (24)

an

where p,, and a,are Farin distribution parameters. Also,
the relation between theses parameters and standard
deviation is equal to:
U=y, +057721a,
I (25)
V6

2. 5. Reliability Assessment Based on the
reliability theory, the limit state function can be defined
based on the difference between stress (load) and
resistance [29, 37].

gt)=R-S§ (26)

where g(t) is the limit state function, R is resistance and
R shows stress or applies load. If g(t) >0, the operation
of the structure can be in the safe margin, but if g(t)<O0,
it indicates the failure range. The probability of failure is
expressed as follows:

Pr = P(L(t) <0) 27)

Given the complexity of Equation (27), it will be very
difficult to evaluate and analyze the equation. Therefore,
in order to evaluate and analyze in this case, the reliability
index assessment method can be used.
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3. APPLICATIONS

3. 1. The Model under Study In this study, health
monitoring data, which was scale-tested by body-
mounted sensors in the laboratory, was used to assess
reliability [38]. The specifications of the middle section
of the ship in study for the implementation of reliability
evaluation calculations is shown in Table 2. Auther used
data from the ship's middle section, which included 21
tests at a speed of 35 knots, a temperature of 0°, and seven
sea forces. Each test consisted of approximately 3200 to
4000 samples. There were 73,800 data points in total. The
sample rate was set to 200 HZ. The duration of the test
was around 6.15 minutes. All data was converted, taking
into account the landing scale factor in the ship's actual
dimensions. Bending moment, time and modulus of
section were converted with the scales of 1.0251%, VA
and 0.3462*, respectively. The measured time of the full-
scale experiment was 42.28 minutes. The signals
obtained from the structural health monitoring in the
middle section of the ship are filtered and the high and
low-frequency waves are separated. A developed
extraction algorithm has been used to extract the
maximum moments obtained from the wave cycle [38].

3. 1. 1. Middle Section Resistance Modeling
The bending strength for the initial failure and the
ultimate flexural bending strength are calculated. For this
purpose, the calculations are conducted according to the
random variables, t plate thickness, E elasticity modulus,
gy, yield stress, and o, stiffener yield stress which have
a log-normal distribution with COV of 0.05, 0.03, 0.1 and
0.1, respectively. The amount of residual stress is also
considered equal to 5% of the plate yield stress. For each
sample, the initial and ultimate bending moments of the
failure are calculated and the results of the total moments
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in each case are used for fitting the probability
distribution. This has been repeated for 30 years over a
period of 2 years, each time the web thickness and the
flange stiffener has increased due to the decrease in
thickness caused by corrosion over time. Table 3 shows
the standard deviation and the mean annual normal log
corrosion rate assumed for parameter C1 relative to the
location of the stiffener plate.

3. 1. 2. High-frequency Waves Modeling The
choice of exponential distribution can be criticized since
its value in the most probable case is zero. In fact, for
evaluation and design, the obtained results require
extrapolation to distribute the final values. The values
obtained for the two modes of sagging and hogging are
presented in Table 4.

3. 1. 3. Calculating the Previous Loads The
bending moment due to still and wavy water has been
calculated using the equations provided by the
International Association of Classification Societies
(IACS (95)) [39, 40]. The change of these moments is
calculated by considering the moment caused by still
water and the bending moment caused by the wave with
normal distribution and the first kind of final value with
COV equal to 0.15 for both moments. A summary of
these results is shown in Table 5.

3. 2. Updating Parameters

3. 2. 1. Structural Reliability Assessment
Considering Previous Loads The reliability of
the middle section of the ship is assessed for two modes
of sagging and hogging over a period of 30 years. For this
purpose, the reliability of the structure has been evaluated
using Equation (3). The specifications of the parameters
are presented in Table 6.

TABLE 2. Geometrical profiles of the components [38]

Stiffener number Stiffener plate height

Stiffener plate thickness

Stiffener plate width Flange plate thickness

d(mm) t, (mm) b(mm) ty(mm)

1 125.5 4.4 100.6 5.3
2 200.4 4.3 100.1 5.2
3 250.7 4.8 100.6 5.3
4 206 6.2 102.1 8

5 304.5 5.6 101.3 6.7
6 308.9 6 101.9 8.9
7 258.3 6.1 146.1 9.1
8 349 5.8 127 8.5
9 204.7 7.2 166.1 11.8
10 1735 7.7 203.2 135
11 616.7 13.2 230.1 221
12 616.2 14 325.1 21.6
13 628.4 16.5 327.7 27.7
14 911.4 19.6 418.3 32




M. Sadeghian / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1765-1778 1771

TABLE 3. Parameter C1 for corrosion model in different parts of the ship [17]

Location Mean (mml/year) Standard deviation (mm/year)
Deck plates 0.008125 0.000406
Deck stiffeners 0.008125 0.000406
Wall plates 0.003750 0.000188
Wall stiffeners 0.003750 0.000188
Ship floor plates 0.021250 0.001063
Ship floor stiffeners 0.008125 0.000406

TABLE 4. The final value distribution parameters for high-frequency loads

Loading parameter Mean (N - M) Coefficient of variation Distribution

Sagging 1.183*e+9 0.134 First kind final value

Hogging 1.185*e+9 0.134 First kind final value
TABLE 5. Statistical description and distribution of previous applied loads

Loading parameter Mean (N - M) Coefficient of variation Distribution

Sagging for still water 1.823*e+9 0.15 Normal

Sagging for wave 3.867*e+6 0.15 First kind final value

Hogging for still water 3.283*e+9 0.15 Normal

Hogging for wave 2.729%e+9 0.15 First kind normal value

TABLE 6. Random parameters specifications

Variable Mean Ccov Distribution

Xy 1 0.1 Normal

Xow 1 0.05 Normal

Xy 0.9 0.15 Normal

kq 1 - -

Mg, u 0.15 Normal

M, u 0.15 First kind final value

The reliability index has been calculated based on
previous data. Also, the strength of the structure is
considered for the both initial and ultimate failure modes.
The reliability index obtained from the analysis with
respect to the previous data is shown in Figure 2.

As can be seen, reliability reduces over time because
of the increase in the corrosion rate as well as considering
the fact that the loads applied to the structure are constant
due to the effect of corrosion. The amount of reliability
index in the initial failure mode is less than the ultimate
failure, because in the initial failure made, our criterion
is the failure of the first component. In Hogging mode,
the slope of decreasing the reliability index is higher,
which can be attributed to the magnitude of wave loads
in hogging mode and its incremental effect in this mode.

3. 2. 2. Time-dependent Reliability The final
strength of the ship hull M(u) decreases with time in the
presence of fatigue mechanisms; thus, the probability of
failure is also a function of time. By changing the period
t from 0 to 1, the expected service life, the amount of final
strength reduction can be estimated. Therefore, the
probability of instantaneous failure at a time t, can be
deduced regardless of the ship's conditions in the past,
using Equation (28). However, the successive annual
loads and annual values, the reduction of the final
strength of the ship, are interdependent and must be taken
into account to estimate the reliability. This is done using
advanced or time-dependent reliability estimates based
on conditional probability theory. For continuous
systems, the hazard rate is defined by Equation (28) [41].
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Pr(ti)

h(t) = 1-32 Pp(ti-1)

(28)
where Pe(t;) is the failure probability at ith time. The
value of the probability of instantaneous and time-
dependent failure is shown in Figure 3.

3.2. 3. Updating Parameter pu,, Loading data is
updated considering previous loads and results obtained
from structural health monitoring. For this purpose, the
data is updated using the Bayesian inference method. In
this research, first, the parameter u,, of the final value
distribution is considered as the desired parameter for
updating the load distribution. The MCMC method has
also been used to approximate this parameter with respect
to Bayesian inference. The parameter u,, is presented as
a variable with a log-normal distribution whose mean is
equal to the value of the prior distribution and its standard
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deviation with respect to COV is equal to 10%. The
results obtained from updating the parameter u, are
shown in Figure 4.

According to Figure 4, it can be seen that after
updating pn, the mean of u, has decreased in both
sagging and hogging modes. The loading distribution is
evaluated according to the parameter u,, update (Figure
5).The reliability index was calculated according to the
main load distribution without considering the data
obtained from structural health monitoring in the
previous section, which is again presented in the
following Figure. By updating the load and considering
the structural health monitoring data in evaluating the
reliability index, which includes low- and high-frequency
loads, the reliability index was evaluated in this case and
compared with the previous case (Figure 6).
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Figure 2. Reliability index considering previous loads in sagging and hogging modes
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3. 2.4 Updating Parameter a,, The parameter is 10% with respect to COV. The updated distribution of
a, of the final value distribution with the log-normal the parameter a,, is shown in Figure 7.
distribution has been updated, whose mean is equal to the According to Figure 7, it can be seen that the value of

value of the prior distribution and its standard deviation the parameter a,, has increased after the update. Also, the
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main load distribution and the updated distribution
according to the a,, update are presented in Figure 8.

According to Figure 8, it can be seen that after
updating «,,. the updated loading distribution has a mean
equal to the main distribution, but its standard deviation
has increased. It shows that loading uncertainty has
increased by considering the parameter «,, as the update
criterion. The reliability index is shown in Figure 9 with
respect to the main and updated loading distribution.

According to Figure 9, it can be seen that after
updating a,,, the reliability index has decreased sharply,
which is due to the increase in standard deviation
(increase in distribution range) and the stability of the
mean of distribution.

Sagging
9r 1
]
" Posterior
8r n [ SHM DATA
h — — - Prior
I
c7r 1
B :
b
56r 1y
o 1
2 1
? 5t , ‘I
& '
1
24 o
g N
I
23
54 1
[ ol 1
I
L
1F o
) e
0
Q 0.5 1 15 2 25 3 35

Distribution Parameter o (1 09)

M. Sadeghian / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1765-1778

3. 3. Reliability Assessment of Fatigue The
reliability index of the ship is assesses considering data
obtained from the structural health monitoring using
Equation (4) to (12) and (3) values of « (0.5, 0.75, and
0.9). According to the Figures 10 and 11 are illustrated
above, it can be seen that the probability of fatigue failure
increases over time as well as with an increase in the
value of a.

3. 4. Reliability of the Ship under Simultaneous
Fatigue and Corrosion Damages The
simultaneous impact of these two phenomena on the
reliability of the ship has been evaluated. The results are
presented in Figure 12.
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Figure 12. Reliability of the ship under the impact of fatigue, corrosion (in hogging mode) and the simultaneous impact of fatigue
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4. CONCLUSION

The reliability assessment of the ship structure is
expressed under two factors: fatigue and corrosion
failures-using structural health monitoring data on a
commercial ship. In order to use structural health
monitoring data in assessing reliability, a Bayesian
inference method has been used to update the distribution
of the loads applied to the structure. Given the
distribution of the loads obtained from the equations in
initial and ultimate failure modes, the reliability of the
structure shows that considering the initial failure as an
analysis criterion can lead to conservative results. The
mean value of the distribution of the loads applied to the
structure of the ship is decreased after updating u,, and
a,, parameters, and the value of the standard deviation of
the distribution is updated and slightly increased. It leads
to an increase in reliability in relation to the first case.
The reliability index obtained from the structural fatigue
analysis shows that in the early years of service, the ship
has a very high-reliability index, but over time it has
decreased sharply. Comparing the reliability index
obtained from fatigue analysis with corrosion analysis
shows that structural fatigue can be very dangerous,
because the reliability index obtained from fatigue
analysis is reduced over time with a very steep slope
compared to the reliability index obtained from corrosion
analysis. Also, the evaluation of the reliability index of
the structure indicates that the simultaneous corrosion
and fatigue damages increase the downward slope of the
reliability index over time.
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The natural bitumen coalesced with the sediment in Buton Island, Indonesia, is known as Buton rock
asphalt (BRA). Modified Buton Asphalt (MBA) is one of the latest bitumen processing that extracted
bitumen from BRA and furtherly mixed with petroleum bitumen. In Indonesia drinking bottle is made
by used extensively the polyethylene terephthalate (PET) for domestic consumption. This research used
PET waste of 0.5% to 2.5% of the total weight of aggregates and filler, while MBA was the main binder
to produce AC-WC mixture. One mixture without PET waste and five mixtures containing PET waste
of 0.5%, 1.0%, 1.5%, 2.0% and 2.5% were produced to determine the compatibility of PET with MBA
related to the bonding strength of the AC-WC mixture. Indirect tensile strength test equipped with
deformation measurement devices was carried out with the aim to understand the bonding strength
related to the vertical stress-strain relationship, peak tensile stress, Modulus of elasticity in tension and
toughness index of each mixture. The test results showed that MBA was compatible with blending with
PET waste in producing compacted specimens. The results of quantitative observations showed that the
presence of PET waste made the mixtures better than the mixture without PET in terms of stiffness and
elastic region. The peak tensile stress of mixture increased by 45.2% to 96.8% with PET waste compared
to the mixture without PET. The mixture containing PET waste was 56.09% to 157.18% higher than the
mixture without PET in terms of Et. Toughness index (TI) increased with the use of PET waste up to
2.0%, but was smaller at 2.5% PET waste compared to the mixture without PET waste.

doi: 10.5829/ije.2022.35.09c.14

NOMENCLATURE

SNI Standard National Indonesia ASTM American Standard Testing and Material
BRA Buton Rock Asphalt kPa kilo Pascal

MBA Modified Buton Asphalt N Newton

PET Polyethylene Therepthalate AC-WC Asphalt Concrete Wearing Course

Tl Toughness Index Et Modulus of elasticity in tension

ITS Indirect Tensile Strength LVDT Linear Variable Displacement Transducer

1. INTRODUCTION

Development of transportation networks supported by
rigid pavement, flexural pavement, and others paved road

In recent decades, the population growth has made the
urban areas with transportation infrastructures increase in
size. The sprawl in the size of transportation networks is
a crucial factor in economic development of urban areas.

*Corresponding Author Institutional Email: mubapasra@unhas.ac.id
(M. Pasra)

provides efficient movement of people between different
areas and improves supply chain and goods distribution.
In addition, an increase in vehicle volume is
accompanied by the increase in vehicle axle loads.
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Bonding Strength of Asphalt Concrete Containing Modified Buton Asphalt and Polyethylene Terephthalate Waste: A Case Study of Indonesian
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Related to the conditions mentioned above, it is
necessary to develop reliable road networks with paved
roads to improve safety and comfort when driving.

A reliable transportation network needs to be
supported by a road layer that can bear heavy vehicle axle
loads. In this regards, highway engineers continuously
develop innovations to use materials at affordable prices
to improve the performance of asphalt mixtures.
Intensive efforts to improve the performance of asphalt
mixtures for flexible roads using polymers have been
reported in technical and scientific papers [1-4].
However, there is an additional cost when using virgin
polymer in asphalt modification.

Today, as in many big cities in the world, people in
many cities of Indonesia use plastics, including PET
plastic, increasing from year to year. Plastic is a material
that is difficult to decompose hence it will be stored for
long time in the landfills. The lack of infrastructure to
recycle plastic waste has resulted in a lot of plastic waste
dumping, including PET waste being disposed in the
landfills, frequently dumped into drainage or rivers that
further pollute the surrounding environment.

One of the effective efforts to reduce the
environmental impact caused by plastic waste, inclusive
of PET waste is the utilization of PET waste as a building
material, including as an additive for asphalt mixtures.
PET can be categorized as one of the polymer types [4].
The potential use of PET waste as an additive material
has been studied, where the test results showed the use of
PET waste could improve the performance of asphalt
mixtures such as stone mastic asphalt mixture [5, 6].

In Indonesia, the sustainability of national
transportation infrastructure has become a prominent
issue in recent decades. The effort for sustainability has
driven the reuse of waste material such as PET waste,
thereby decreasing the PET waste dumping and the
consumption of virgin polymer.

At the same time, there are several areas in the
southern part of Buton Regency, Bau-Bau Island,
Indonesia, containing natural asphalt in the form of rock.
A large amount of bitumen has been fused with minerals
to form Buton rock asphalt (BRA), where it is estimated
that the mineral and bitumen amounts are 70 and 30
percents, respectively. The bitumen contained in BRA
has physical properties similar to petroleum bitumen [7,
8]. Continuous efforts are being made to optimize the use
of BRA. The use of BRA in a granular form known as
Buton garnural aspgalt (BGA) has been widely reported
to have favorable compatibility in improving the asphalt
mixtures properties [9-11]. Currently, a number of BRA
processing plants have succeeded in extracting bitumen
from BRA. Modified Buton asphalt (MBA) is the latest
product of BRA processing and development. MBA is
made from bitumen extraction from BRA, which is then
mixed with petroleum bitumen. The use of MBA to
produce reliable hot asphalt mixtures has been widely

reported [12, 13]. However, the compatibility of MBA
with waste materials such as plastic waste needs to be
studied more deeply in relation to the development of
eco-asphalt mixtures that support sustainable technology.

In order to obtain a reliable asphalt mixture at an
affordable price, a design process is needed, which
includes carrying out tests in the laboratory. Many
studies promote indirect tensile strength (IDT) test as
an appropriate laboratory cracking test for part of the
mixture design and production control mechanism. The
failure pattern of asphalt concrete specimens, the
behavior of asphalt concrete under load as degeneration
of the material and the limit of elasticity, can be reflected
by the tensile stress-strain relationship of asphalt
concrete in tensile [14-16].

One of Indonesia’'s most widely used road surface
layers is Asphalt Concrete Wearing Course (AC-WC).
This study used one of the local resources that have been
developed in the form of MBA with PET waste as
materials for making AC-WC. In order to understand the
compatibility of PET waste with MBA concerning the
bonding strength of the AC-WC mixture, one mixture
without PET waste and mixtures containing PET waste
from 0.5% to 2.5% by total weight of aggregates and
filler (with 0.5% increments) were considered.
Furthermore, this present study carried out ITS test,
which was equipped with a set of LVDTs to quantify the
bonding strength of AC-WC mixtures. The report
presented in the present study focused on bonding
strength in terms of the relationship of tensile stress-
strain, tensile strength, modulus of elasticity in tension
(Et) and toughness index. The present experimental
investigation based on the ITS test was conducted to
comprehend the influence of MBA and PET waste
concurrently in the hot mixture asphalt production (AC-
WC).

2. MATERIALS AND METHODS

2. 1. Modified Buton Asphalt MBA that was
obtained from a national refinery was used to fabricate
asphalt concrete specimens. MBA is fairly recent
production in which bitumen extracted from BRA was
mixed with petroleum bitumen, and it was introduced in
several national road pavement constructions in recent
years.

The physical properties of the reference MBA are
presented in Table 1 and fulfill by Indonesia requirement
for road construction.

2. 2. PET Waste Figure 1 (a) displays the used
PET bottle as a source of PET in this study. PET bottles
were cut into small pieces to facilitate mixing with other
materials when producing hot mixture asphalt. Figure 1
(b) shows the small sheets of PET waste obtained from
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TABLE 1. Physical properties of the MBA

Property Test Value
Penetration before loss (mm) 53.00
Softening point (°C) 53.60
Ductility at 25°C, 5cm/minute (cm) 128.50
Flash point (°C) 286.00
Specific gravity 111
Penetration after loss (mm) 95.80
Weight loss (TFOT) 0.20

(b) Small sheets of PET
waste

(a) Used PET bottle
Figure 1. PET waste

the used bottle. The natural state, glass transition
temperature and softening point of PET were a semi-
crystalline resin [17-19] about 70°C and 260°C,
respectively [20-22]. The average size of small pieces
which are cutted by 5-10 mm.

2. 3. Aggregates and Filler Two fractions of
crushed river stone were used as coarse aggregate, viz
coarse aggregate with diameter 5-10 mm and with
diameter 10-20 mm, respectively. (coarse aggregate pass
sieve No. %” and retained on sieve No. 4). Coarse
aggregate with diameter of 10 — 20 mm had water
absorption of 2.04%, saturated surface dry density of
2.67 and abrasion of 24.26%, respectively. Coarse
aggregate with a 5 — 10 mm diameter had a water
absorption of 2.03%, saturated surface dry density of
2.66 and abrasion of 25.32%, respectively. The stone dust
obtained from the river rock crushing process was used
as fine aggregate and filler, respectively. Stone dust (fine
aggregate pass sieve No. 8 and retained on sieve No. 200
(0.075 mm) that used as fine aggregate in this study had
a water absorption of 2.18%, saturated surface dry
density of 2.63 and sand equivalent of 89.63%,
respectively. Stone dust used as filler (pass sieve no. 200)
in this study had water absorption of 2.28% and saturated
surface dry density of 2.65, respectively.

2. 4. Material Preparation Preliminary research
based on Marshall properties resulted the optimum level
of MBA in the mixture without PET was 6.25% by
weight of the mixture. MBA content of 6.25% by weight
of the mixture was maintained for all mixtures in this
experimental study. Table 2 shows the combination of
aggregates, filler and PET waste. The use of PET waste
was from 0.5 to 2.5% of the total weight of the aggregates
and filler. The use of PET waste was taken into account
to adjust the combined composition of aggregates, filler,

TABLE 2. The combination of aggregate, filler and PET waste

Aggregate, filler and

PET Waste content (g)

MBA

Without PET 0.5% (5.63 g) 1.0% (11.259) 15% (16.88g) 2.0% (22509) 2.5% (28.13 g)

3/4"

172" 45.03 44.47 4391 43.34 42.78 42.22
3/8" 102.03 101.47 100.91 100.35 99.78 99.22
No. 4 259.04 258.48 257.91 257.35 256.79 256.23
No. 8 228.79 228.23 227.67 227.11 226.54 225.98
No. 16 168.10 167.53 166.97 166.41 165.85 165.28
No. 30 88.50 87.94 87.38 88.82 86.25 85.69
No. 50 58.05 57.48 56.92 56.36 55.80 55.23
No. 100 54.02 53.45 52.89 52.33 51.77 51.20
No. 200 26.65 26.09 25.52 24.96 24.40 23.84
Filler 94.79 94.23 93.67 93.10 92.54 91.98
MBA 75.00 g

Total (Aggregate, filler, 1,200 g

MBA and PET waste)
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and PET waste. The combined composition of aggregates
and filler changes according to the amount of PET waste
content in the mixtures, but overall it does not change the
composition of AC-WC mixture.

MBA, PET waste, aggregates and filler were mixed
with the dry method. The mixing method in this study
follows previous research and can be found elsewhere
[5]. The asphalt mixtures without and with PET waste
were prepared and compacted in the laboratory for
indirect tensile testing. Marshall hammer was used with
seventy-five blows on each side of top and bottom to
produce a compacted specimen with a diameter of 101.5
mm and height of approximately 65 mm [22]. In general,
three IDT specimens were tested to characterize the bond
strength of each mixture design. Prior to testing, all
specimens were immersed in water at room temperature
for 24 hours, weighed, and subsequently immersed in
water at 60°C for 30 minutes.

2. 5. Indirect Tensile Strength Test The ITS
test was carried out by applying an increasing monotonic
load at a rate of 50 mm/min, which acts along the
diameter of the specimen. A load cell was used to
measure the load applied to the specimen. Displacements
was measured using two LVDTs mounted vertically on
the specimen. Load and displacements were monitored
and recorded continuously using a computer-connected
data logger. ITS (o) was determined using Equation (1).
Strain was obtained using Equation (2). The stress-strain
relationship was obtained by using widely available
software in the market. Figure 2 shows ITS test
equipment. Vertical strain were derived via two linear
variable differential transducers (LVDTs) measuring
platen to platen displacement. The recording equipment
consists of digital interface unit (data logger) connected
to a computer that utilized to monitor and record data
from the load actuator and LVDTSs.

_ 2P
C= — 1)
where :
o = Maximum stress component in the x  direction on
the vertical line (kPa)
P = Applied vertical load (N)
d = Diameter of the specimen (mm)
t = Thickness of the specimen (mm)
A1+ A2

_&F) )

8 =
v d

where :

ev = Vertical strain (mm/mm)

Al = Displacement of the right part of the specimen (mm)
A2 = Displacement of the left part of the specimen (mm)
d = Diameter of the specimen (mm)

Figure 2. Indirect tensile strength test equipment

2. 6. Toughness Index (TI) Research conducted
by others [13-16] used the results of the ITS test to
determine the toughness index (TI) to characterize the
fatigue resistance of asphalt mixtures. Tl is determined
using the Equation (3).

The TI values can be used to describe the behavior of
the material post-peak stress until it reaches complete
failure.The amount of stress-strain energy required to
accomplish the failure of the material is denoted by TI.

There is no post-peak load if the Tl value is zero, and
represents a brittle material. The TI was calculated using
the following Equation (3) from a typical stress—strain
diagram as shown in Figure 3 where, Tl = toughness
index, Ae = area under the stress— strain curve up to strain
(e, Ap = area under the stress—strain curve up to strain gp,
ep = horizontal strain corresponding to the peak stress,
and ¢ = horizontal strain at the point of interest. For this
study, most of the specimens pointed a maximum of 3%
strain rate therefore, a strain level was selected at point
of interest for calculating the TI.

_Ae—-Ap

TI 3)

€—€p

ITS

Stress

im

o

£-£p
Figure 3. Toughness index

Strain
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3. RESULTS AND DISCUSSION

3. 1. External Appearances of Compacted
Specimen As mentioned earlier, that the melting
temperatures of MAB and PET are very different, it is
very important to evaluate the compatibility between the
two materials early. In this study, the initial stage of
evaluating the compatibility between PET waste and
MBA was visual observation during mixing. It can be
observed that even mixing occured hence the aggregates
can be covered with MAB in the mixture without PET
waste, as well as even mixing can be achieved in all
mixtures containing PET waste, where there were no
visible lumps of PET waste moreover without bleeding
and segregation.

After compaction process and removed from the
mold, the external appearances of specimens were
observed to evaluate the compaction result. It can be
observed that all specimens containing PET waste and
without PET waste were successfully compacted without
bleeding, as well as no visible segregation in the form of
lumps of fine aggregate at specific points. Coarse
aggregate skeletal with mastic containing MBA, PET
waste, fine aggregate and filler was well bonded through
the compaction process which was indicated by the
absence of peeling of coarse aggregate or fine aggregate
and no cracks due to compaction. After being removed
from the immersion bath, the specimens were visually
checked for external appearances to evaluate the
compaction results and the effects of immersion for 24
hours at room temperature of 25 °C, followed by
immersion at water with at temperature of 60 °C for 30
minutes.

3. 2. Stress-Strain Relationship under Tensile
Figure 4 shows the stress-strain relationship of mixtures
used MBA as the main binder and containing PET waste
and without PET waste due to tensile loads. All mixture
containing PET waste from 0.5% to 2.5% have steeper
slope than the mixture without PET waste. This finding
shows that the stiffness of the mixture becomes better
with the presence of PET waste in the mixture compared
with that without PET waste.

At the relationship between tensile stress and vertical
strain of mixture without PET, it can be seen that the
upward path formed concave part which indicates the
settling of the specimen when responding the load, where
no appearance of the concave upward path of the
mixtures containing PET waste. This explains that mastic
asphalt made of MBA and PET waste provided better
stiffness compared to mixture made only of MBA.

The relationship between stress and strain due to
tensile load in mixture containing PET waste of 0.5%,
1.0%, 1.5%, 2.0% and 2.5% formed straight line up to

1400

1200 4

S
3
3

=]

(=3

(=]
L

600 -

Tensile stress (kPa)

400 4

200 4

0

[*]
oo 4

0 10

4 6
Vertical strain (%)
Figure 4. Tensile stress and vertical strain relationship

55%, 58%, 60%, 62% and 55% of the peak tensile
stress, respectively. The elastic area is reflected by the
linear portion of the tensile stress-strain curve. The
presence of PET waste from 0.5 to 2.0% resulted tend to
increase the linear area and then decline at 2.5% of PET.

3. 3. Peak Indirect Tensile Stress (Indirect Tensile
Strength) Figure 5 compares the average indirect
tensile values of the mixtures without PET waste and
containing PET waste considered in the present
experimental program. The error bars presented represent
one standard deviation for each mixture. The value of the
indirect tensile strength of mixture without PET waste
was 620 kPa while for mixture containing PET waste of
0.5%, 1.0%, 1.5%, 2.0% and 2.5% was higher about
45,8%, 69.52%, 84.03%, 98.06% and 71.93%,
respectively. In addition, after the inclusion of PET from
0.5% to 2.0%, the indirect tensile strength value rises
until it attains the peak point, after which it begins to
decline at 2.5% of PET waste.

As the above figure depicts, after the inclusion of PET
from 0.5% to 2.0%, the indirect tensile strength value

1800
1600

1400 4
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1000
800 1
600 A
400
200
04 T T T T T
0,0 0,5 L0 15 2,0 25

Plastic PET waste content (%)
Figure 5. Peak indirect tensile stress

Tensile stress (kPa)
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rises until it attains the peak point, after which it begins
to decline at 2.5% of PET waste. The decrease in tensile
strength at the 2.5% PET content may be attributed to the
excessive PET waste enlarge the surface area that needs
to be covered with MBA-based mastic, which further
reduces the thickness of MBA-based mastic that bonds
the aggregates.

As clearly measured in Figure 5, an increase in the
value of the indirect tensile strength of the mixture
containing PET waste of 0.5%, 1.0%, 1.5%, 2.0% and
2.5% toward the mixture without PET waste was 45.2%,
69.4%, 83.9%, 96.8% and 71%, respectively. The finding
contributes insight that the incorporation of PET waste
positively influenced the bonding strength of asphalt
mixture related to indirect tensile strength.

3. 4. Tensile Modulus Elasticity (Et) Figure 6
shows the relationship between waste PET content and
the average value of the modulus of elasticity in tension.
It can be observed that the average value of the modulus
of elasticity in the tension of mixture containing PET
waste of 0.5%, 1.0%, 1.5%, 2.0% and 2.5% was 56.09%,
92.22%, 149.06%, 157.18% and 53.66% higher than that
of without PET waste. This can result from the higher
bonding strength of the mixtures containing PET
compared to that without PET waste.

3. 4. Toughness Index (TI) Figure 7 displays the
TI index of each mixture that represents the residual
bonding strength to carry tensile loads until fracture
occurs at post-peak tensile stress. The Tl value of the
mixture containing 2.5% PET waste was less than that
without PET, while the TI value of the mixtures
containing 0.5% to 2.0% PET waste was increased
between 0,77% - 9,3% than the mixture without PET
waste. The result confirms that the bonding strength of
mixtures containing waste PET provided higher cracking
resistance than that without PET waste regarding the post
peak tensile stress features.

It can be observed that the average of the peak indirect
tensile stress, tensile modulus elasticity and toughness
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Toughness Index

index of asphalt mixture increased until it raised the
maximum value, which corresponds to 2% of the PET
content, and then it decreased slightly at 2.5% of the PET.
It can be stated that the optimum value of adding
waste PET is up to 2.0% to increase the bonding strength
of the asphalt mixture made with MBA. The decrease in
bonding strength with the addition of PET to 2.5% is
based on the fact that PET changes at a temperature of
around 70°C and has a high melting point of about 250°C
while the maximum temperature for producing hot mix
asphalt is around 180°C hence the PET in the mixture is
still maintained in the semi-crystalline resin nature with
little deformation. So in this study, an increase in the
surface area due to addition of PET up to 2.5% caused a
decrease in the thickness of the layer covered by MBA
which reduces the bonding strength between MBA based
mastic and coarse and fine aggregates. The results
obtained by the study indicate that the physical
characteristics of MBA are similar to petroleum bitumen
which has the strength to cover and bind waste PET with
in turn to increase the adhesive or bonding strength
between mastic and aggregates and this result in line with
the research conducted by Ahmadinia et al. [5-6] that
used PET to improve mechanical properties of petroleum
bitumen based stone mastic asphalt (SMA) mixture.

4. CONCLUSIONS

This paper experimentally evaluated the influence of

tensile load on bonding strength of asphalt concrete

containing MBA and PET waste. From the test results
some important finding is concluded as follows:

1. The relationship between tensile stress and strain in
the vertical direction shows that PET waste produced
the mixture better than the mixture without PET in
terms of stiffness and elastic region. Peak tensile
stress (tensile strength) is higher 45.2% to 96.8%
with waste PET compared to the mixture without
PET. The mixture containing PET was higher 52.9%
to 151.9% than the mixture without PET in terms of
tensile modulus of elasticity. T increases with PET



M. Pasra et al. / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1779-1786 1785

waste up to 2.0%, but is smaller at 2.5% PET waste
compared to a mixture without PET waste.

This condition that observed in the experimental
results showed that PET waste contributed positively
to an increase in indirect tensile strength value.
Besides, increased indirect tensile strength also can
occur due to the modified Buton asphalt integrated
adequately with PET waste to improve bonding
strength between aggregate and mastic.
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ABSTRACT

Engineered cementitious composites (ECC) is a recent construction material with better properties than
conventional concrete. Currently, post-earthquake, fire in a building is one of the most serious disasters.
The amount and size of sand used in ECC are important parameters for the performance under thermal
conditions. Micro silica sand is utilized in the majority of ECC experiments related to thermal response.
The study aim is to explore the impact of river sand (RS) on the ECC performance exposed to elevate
temperatures up to 800°C, through a series of experimental tests on compressive strength, mass losses,
ultrasonic pulse velocity (UPV) and microstructure. For this purpose, mixes were prepared with the
incorporation of RS with varying particle sizes (2.36mm, 1.18mm, 0.60mm) instead of micro silica sand.
There’s no spalling in ECC containing RS of varying particle sizes. The compressive strength, mass loss
and UPV all reduced with increasing temperature, according to the findings. However, RS-ECC
performs better with 0.60mm than 1.18mm and 2.36mm RS.

doi: 10.5829/ije.2022.35.09c.15

1. INTRODUCTION

ECC is also known as Strain Hardening Cementitious
Composites (SHCC) due to its high ductility in tension
[1]. Micro silica sand is used in the majority of PVA-ECC
and is of 200 microns size [2]. It is expensive and
difficult to obtain, using local river sand of normal size
would allow ECC to be used in more practical
engineering applications while saving both material cost
and manufacturing cost [3, 4]. In terms of environment,
it is advantageous to use waste materials like waste
polymers and recycled aggregate [5].

In recent years, numerous researchers have conducted
studies on the performance of ECC under high
temperature. The components used (fly ash, PVA fiber
and aggregate) have an effect on how well ECC performs
after a fire. Additionally, variations in fly ash amount,
fiber percentage, and fiber type, ECC’s performance at
high temperatures may vary. According to Lachemi and
Li [6], the use of PVA fiber improves eliminates
explosive spalling. Also, the fire resistance of ECC is
improved with the addition of fly ash. The authors also

*Corresponding Author Institutional Email:
snaveen.phd2019.ce@nitrr.ac.in (S. Naveen)

noted that when the temperature approached 400°C, the
majority of the fibers melted [7]. Liu et al. [8]
investigated residual properties and spalling resistance of
ECC using class C fly ash rather than class F fly ash with
PVA and steel fibers. Pourfalah [9] found that utilizing
steel fibers increased the integrity of ECC exposed to
high temperatures. According to Liu and Tan [10] adding
two types of fibers (PVA and steel) is also helpful at
preventing explosive spalling of ECC at high
temperatures. The improvement is also observed in
concrete as well like self-compacting concrete containing
steel and hybrid fibers has higher mechanical properties
and spalling resistance with temperature increase [11].
Wang et al. [12] briefly highlighted improved residual
compressive strength under high temperatures with basalt
and PVA fibers. Concrete with polypropylene fiber has a
higher relative compressive strength than concrete
without fibers [13]. Existing research also investigated
the effect of the curing period, duration of temperature
exposure and specimen type of ECC. Compared to air
cooled, water quenched specimens developed better
mechanical properties [14]. ECC has a high spalling

Please cite this article as: S. Naveen, G. Bhat, Effect of Elevated Temperature on Engineered Cementitious Composites using Natural River Sand,
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resistance even after six hours of exposure to 600°C [15].
The residual characteristics of ECC are not influenced by
the size of the specimen [16].

The earlier research on the impact of high
temperatures on ECC using micro-sized sand has yielded
important insights (110-300 microns). However,
characterization of the mechanical behaviour of fiber
reinforced cementitious composites under high
temperature is developed, in that quartz sand is used
instead of micro silica sand [17]. Another study
performed on high strength ECC under impact of
elevated temperatures, RS of 2 mm particle size is used
[18]. One more study conduced on effect of elevated
temperatures on nano-silica-modified self-consolidating
ECC, as a fine aggregate RS of an average size of 450
microns is used [19], but the effect of various particle
sizes at high temperatures has not been well understood.
Based on the aggregate type and particle size, as well as
the curing procedure, the size and connectivity of pores
in a gel network may change [20]. Several studies have
already pointed out the relation between the aggregate
type and particle size [21]. Changes in aggregate also
contribute to the overall loss of structural safety. The
strength reduction depends on the specimen’s moisture
content, cement paste and aggregate [22]. Therefore, it is
crucial to consider the impact of local RS particle size
under fire. However, research on the RS-ECC with
different particle sizes of RS under high temperatures is
not conducted so far.

The objective of the current study is to assess the
performance of RS-ECC under high-temperature for that,
experimental research is done to determine how the ECC
performs both before and after temperature exposure. In
particular, UPV, mass loss and compressive strength are
assessed. A Scanning Electron Microscope (SEM) is also
used to analyze the microstructure of the composite.

2. EXPERIMENTAL PROGRAM

Figure 1 describes the flow chart of the current study and
characterization methodology. For compressive strength
test, 70.7 mm x 70.7 mm x 70.7 mm size cube, a 500 mm
x 100 mm x 100 mm prism for flexural test are used. The
flowability test is conducted to investigate the fresh
characteristics of ECC.

2. 1. Materials and Specimen Preparation
ECC mixes are produced from Ordinary Portland Cement
(OPC) 43 grade, Class F FA and RS confirms to zone Il
is used. Table 1 displays the chemical composition of
binder materials and RS. In this study, Polyvinyl Alcohol
(PVA) fibers with a diameter40 microns, length 12 mm
and volume fraction of 1%, were utilized. Also, PVA
fibers have elastic modulus (40.0 GPa), elongation (6%).

Preparation of
Material
Mix design of Testing of ECC
. Ecc | Teingof |
Fresh properties Hardened
of ECC properties of ECC

Re'sidual
Compressive
strength at room,
200, 400, 600,
800°C

Flowability

. Compressive
strength

2. Mass loss

3. Ultrasonic

Pulse Velocity

(UPV)

Micro structure

Characterization

Scanning Electron
Microscopy
SEM

Figure 1. Flow chart of current study

To achieve the appropriate flow of mixes, a
superplasticizer (Polycarboxylic type) is added.

2. 2. Specimen Preparation In the ECC mix
design, the mix proportion of a standard ECC mixture
M45 (Table 2) is adopted acorrding to literature [23]. In
all the mixes, the particle sizes of RS were varied
(2.36mm, 1.18mm and 0.60mm). The volume percentage
of fibers is used only 1% for all mixes, higher content
may leads to fiber clumping due to the larger aggregate
size used in the current study. water content and
superplasticizer is adjusted according to local ingredient
condition and to achieve good fiber dispersion. A
standard ECC mixing process is used in the production
of ECC mixes [24]. The specimens were demoulded after
48 hours and cured in water before being tested.

2. 3. Elevated Temperature Exposure The RS-
ECC specimens are heated in a muffle furnace once water
curing is completed. The exposure temperatures are
200°C, 400°C, 600°C and 800°C [6] and the time of
exposure is determined according to 1SO 834 guidelines

TABLE 1. Chemical composition of binder materials and RS
from Energy-Dispersive X-ray Spectroscopy (EDS)

Chemical
Composition CaO Al,O; SiO, MgO Fe,0; K,O NaO
(Wt%)

Cement 68.62 471 1511 132 3.84 255 0.83

Fly ash 136 2523 62.84 0.61 4.68 243 0.13

River sand 221 1147 6765 031 7.10 9.68
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TABLE 2. Mix proportion

Volume
Mix Mix proportion (% by weight of cement) ratio
(%)
Cement Fly Water River Superplasticizer PVA
ash sand
MOECC
23] 1 12 066 08 0.013 2
M1 1 12 064 08 0.015 1
M2 1 12 064 08 0.015 1
M3 1 12 064 08 0.015 1

[25]. MOECC (reference mix) and in the Mix the M letter
indicates particles size T letter indicates the exposure
temperature. For example, M1, M2 and M3 are Mix with
2.36mm, 1.18mm and 0.60mm passing RS and TO, T1,
T2, T3 and T4 represent 28°C, 200°C, 400°C, 600°C and
800°C respectively.

3. RESULTS AND DISCUSSION

3. 1. Flowability The spreading flow of RS-ECC
reduced when the gradation varied from 2.36mm to
0.60mm in flowability tests for the three-particle size
distribution of RS. Table 3 summarized the percentage
drop in flowability concerning M1. Due to the increased
specific surface area of finer RS, the flowability of RS-
ECC decreases when the particle size of RS is lowered
(M3). It’s worth mentioning that the superplasticizer
dosage is kept constant to assess the influence of RS on
flowability. The spread flow achieved by M1, M2 and
M3 is similar to that described by Huang et al. [26]. The
flowability of ECC normal [27] is lower than the RS-
ECC in current study the difference may be due change
in aggregate size and fiber content.

3. 2. Compressive Strength Figure 2 depicts
the change in strength as a function of RS particle size.
The strength of M3 is greater than that of M1 and M2.
The enhancement of compressive strength is improved
by finer RS particles. The possibility for fiber

TABLE 3. Flowability of RS-ECC

Mix Flowability Percenta_ge variation
(mm) concerning M1 (%)

ECC normal [27] 180

M1 210 0

M2 195 7.142

M3 185 11.90

agglomeration reduces as the aggregate particle size
decreases. Given that 0.60mm, RS particles are
significantly smaller than 2.36mm and 1.18mm RS
particles, 0.60mm presented a lower probability of fiber
agglomeration, which results in a weak area within the
composite. Furthermore, because of its small particle
size, 0.60mm may act as a filler material, thus enhancing
particle packing and the matrix’s microstructure. As a
result, improvements in the strength of RS-ECC at all
ages may be possible [28]. After 90 days the strength of
M3 is 63.898 MPa. ECC employing micro silica sand
achieved a similar result, according to Liu et al. [29] and
Sherir et al. [30]. The strength of RS-ECC is higher than
ECC normal [31], the reason may be due to change in
fiber content and aggregate size.

3. 3. Ultrasonic Pulse Velocity For all, the
quality grading of all RS-ECC mixes meets 1S 13311:
1992 criteria. Table 4 shows that the UPV of M3 is
slightly higher as compared to M1 and M2. The RS-ECC
increases from a particle size of 2.36mm to 0.60mm as
the particle size of the sand gradation gets finer. M3
increased UPV may be related to its better compactness.

3. 4. Experimental Results After Temperature
Exposure

3. 4. 1. Mass Loss and Appearance Figures 3
and 4 show the mass loss of the RS-ECC specimens, it is

70

[T Compressive strength (MPa) at 28 days|
[ Compressive strength (MPa) at 90 days|

Compressive strength (MPa)
N w £y a D
o o o o o
1 1 1 1 1

N
=)
1

M1 M2 M3 ECC normal
Mix
Figure 2. RS-ECC Compressive strength and ECC normal
at room temperature

TABLE 4. UPV and the percentage variation of RS-ECC at
room temperature

Percentage (%) variation

Mix UPV (m/s) in days concerning M1 in days
28 90 28 90

M1 3854 3862 0 0

M2 3867 3883 0.337 0.543

M3 3911 3918 1.478 1.450
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noticed that when the temperature rises, the weight of all
RS-ECC specimens decreased. Dehydration happened as
the temperature increases, and moisture escapes from the
matrix. As a result, the specimen undergoes internal
damage and weight loss. Up to 800°C, considerable
weight loss occurred is seen for all the mixes. Due to the
denser formation in the cementitious system, which leads
to decreases hydrates decomposition rate, mass loss is
lower than higher particle sizes at all exposure
temperatures for 28 and 90 days [18]. Due to reduced
water in the microstructure of RS-ECC, mass loss is
somewhat lower at 90 days than 28 days [32].
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Figure 3. Mass loss of RS-ECC of 28 days after temperature
exposure

—&— M1T0, M1T1, M1T2, M1T3, M1T4
204 M2T0, M2T1, M2T2, M2T3, M2T4
—&— M3T0, M3T1, M3T2, M3T3, M4T4
_a
e
=
154 o N
g -
2 10
g
=
5 -
/"
0 -—/”‘/ . . .
0 200 400 600 800

Temperature (°C)
Figure 4. Mass loss of RS-ECC at 90 days after temperature
exposure

(a) (b)
Figure 5. The appearance of RS-ECC after temperature
exposure: A 28 days; B 90 days

3. 4. 2. Compressive Strength at Various
Temperatures Figures 6 and 7 demonstrate the
variations of normalized residual compressive strength
(Ncs) of RS-ECC at 28 and 90 days. Ncs is expressed by
Cs, 1/ Cs, where Cs, 1 is the residual strength of the
specimens after exposure to different temperatures, and
Cs is the compressive strength at 28°C. The strength of
RS-ECC increased (7% and 4%) at 200°C and 400°C
after 28 days. In other study the phenomenon is obtained
[33]. It is due to accelerated pozzolanic reaction, but for
90 days it shows 6.8% and 10% reduction in strength.
When the specimens were exposed to 600°C the RS-ECC
mix retained 76% and 63% of Compressive strength,
while the residual strengths are 43% and 36% at 800°C at
28 and 90 days. The decrease in strength is due to melting
of fibers, partial dehydration of C-S-H occurs between
200°C to 400°C. The dehydration of hydration products,
enhanced micro-cracking and coarsening of the pore
structure are the major causes of the rapid decrease in Ncs
between 400°C and 600°C [32]. The bonding between the
aggregates and the hydration products is deteriorated
significantly [34]. The major reason for the loss in
compressive strength after exposure to 600°C is both the
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physical transformation of the matrix and the chemical
transformation of the hydration products [14]. Another
cause might be that, due to the higher particle sizes,
thermal incompatibility is expected more severe in the
mix with 2.36mm and 1.18mm RS, resulting in more
micro-cracks and a lower strength after exposure [35]. At
varied temperature exposure for 28 and 90 days, the
lower particle size of RS has greater normalized strength
than the higher particle size of RS.

Figure 8 compares the normalized compressive
strength of standard M45 ECC collected from literature
[6, 16, 36]. The difference in strength is due to the fiber
content up to 400°C, after 400°C the difference in
strength is comparable with the reference literature with
micro silica sand.

3. 4. 3. Stress-strain Curves The ultimate stress
decreased as the temperature increases, especially when
the temperature is above 400°C (Figure 9). As expected,
the post-peak stress drops rapidly as the exposure
temperature rises, as predicted, resulting in a smaller
post-peak area under the curve. When the exposure
temperature reaches 800°C, this behaviour becomes
clearer. RS-ECC specimens failed immediately after
reaching their maximum stress. This means that when the
exposed temperature rises, the ductile characteristic of
RS-ECC tends to become brittle nature.

3. 5. Ultrasonic Pulse Velocity at Various
Temperatures Figures 10 and 11, show the
normalized residual Ultrasonic Pulse Velocity (Nuv) of
RS-ECC after being exposed to various temperatures.
The value of Nuv is expressed by Uy, 1/ Uy, where Uy, 1
is the residual Ultrasonic Pulse Velocity of the specimens
after exposure, and Uy is the Ultrasonic Pulse Velocity at
room temperature. The Nyv decreased from 200°C to
800°C for all mixes, indicating that more defects and
pores are formed by the decomposition of hydrates and
melting of PVA fibers [17]; but, lower loss in UPV is
observed for smaller particle size.
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3. 6. Microstructure of Composite Under SEM,
Figure 12 shows the microstructure of post-exposure
samples. It is evident that, as a result, the shrink PVA
fibers separated from the matrix after exposure to 200°C,
showing the burning behaviour of PVA fibers,
weakening the interfacial transition zone, which might be
the cause of performance loss at the macroscale. Fibers
are no longer visible as the heating temperature increases
to 400°C; Instead, needle-like channels developed in the
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© (d)
Figure 12. Transformation of PVA fibers in RS-ECC after
exposure to various temperatures: A 200°C; B 400°C; C
600°C; D 800°C

PVA fiber sites. These channels offered additional
pathways for water evaporation and energy dissipation,
which contributed to the avoidance of spalling,
longitudinal empty channels may function as an initial
flaw in RS-ECC, facilitating the development of
microcracks [18].

In Figure 13, it is observed that due to thermo-
physicochemical reactions beyond 600°C, irregular bush-
like structures are visible. Interestingly, the channels
eventually fill with newly produced compounds,
potentially affecting the Pore coarsening effect of
cementitious composites at high temperatures. The
connections and frictional forces are considerably
decreased, resulting in severe damage to the strength of
RS-ECC [18]. The FA had completely melted when the
temperature reached 800°C. In the microstructure, more
micro-pores from the inner FA are exposed, and
dehydrated C-S-H gels, which are completely covered in
melted FA, are not visible. The microstructure is
seriously deteriorated as a result of the melting of the FA
and decomposition of the C-S-H gels, resulting in
strength and UPV reduction, increased mass-loss rates of
RS-ECC [17, 33].

(d)
Figure 13. Microstructure of RS-ECC at various
temperature exposures: A 200°C; B 400°C; C 600°C; D
800°C

4. CONCLUSIONS

The effects of varying particle sizes of river sand on the

flow behavior of RS-ECC in a fresh state, as well as

mechanical performance at room and elevated
temperatures, are investigated. The conclusions are
drawn based on study:

1. The flowability of RS-ECC is reduced for smaller
particle size as compared with larger particle sizes at
a constant rate of superplasticizer.

2. The compressive strength of RS-ECC mixes
increased with both curing ages. But the strength is
observed in with smaller particle size as compared
with larger particle sizes at room temperature. With
tan increase in temperature, the strength is reduced
for all particle sizes, but strength loss is lower for
smaller particle sizes. No spalling is observed in all
RS-ECC mixes.

3. The UPV at room temperature showed slight
increase for the mix with smaller particle size in
comparison with larger particle sizes. Whereas at
higher temperatures for smaller particle size lower
loss in UPV is observed.

4. The colour of RS-ECC changed from darker at
200°C to yellowish grey at 800°C, the appearance of
specimens is comparable at both 28 and 90 days.

5. At different exposure temperatures, the mass-loss
increased for all RS-ECC mixes. Among all the
lower mass loss is observed in the mix with smaller
particle size.

5. CONTRIBUTIONS

In summary, the RS-ECC developed in this study, In the
area of concrete structural engineering, certain reliable
and useful experimental data is also useful to researchers
and structural engineers. This would provide some
theoretical background for repairing concrete structures
at high temperatures. The research results are also
favorable to researchers and practical engineers in the
subject of ECC fire proofing.

6. LIMITATIONS

The study is considered to evaluate the residual strength
under compression with lower PVA fiber content.

The study results are suited for air cooled contained
instead of water quenching after temperature exposure.

7. FUTURE WORK RECOMMENDATIONS

The following issues should be investigated on how
elevated temperatures affect RS-ECC:
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The influence of increased fiber content on RS-ECC with
different particle sizes on mechanical characteristics both
before and after exposure.

The impact of high-temperature on properties of hybrid
fibers on RS-ECC with different particle sizes.
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ABSTRACT

Dumped construction waste (municipal solid waste) is a major threat to the environment in recent
times due to its abundance in generation resulting from increased construction activities. Perhaps, the
scarcity of construction materials is also alarming due to urbanization necessitating an alternative
suitable material. Concerning the above complications, this research encompasses the sustainable use
of concrete fractions of the construction waste as a suitable replacement for natural fine aggregate
(NFA) termed fine recycled aggregate (FRA). However, the use of FRA disrupts the concrete
properties due to a weak interfacial transition zone (ITZ) ensuing from the adherence of cement
particles and finer dust particles. This study investigates the effective utilization of FRA through the
mortar mixing approach (MMA) technique with varying percentages of FRA. The optimum proportion
of FRA as a substitute to NFA was observed to be 30%, with an increase in the concrete strength by
7.85%, while it decreased by 23.5% with 100% of FRA at 28 days. Through MMA, the strength of
concrete was increased by 9.93%, while it is decreased by 19.45% with 100% of FRA at 28 days. The
stiff concrete matrix developed as a result of MMA tends to strengthen the ITZ and improve the
strength of concrete.

doi: 10.5829/ije.2022.35.09c.16

1. INTRODUCTION

The generation of construction wastes

& fine) in concrete owing to its increased porosity
ensuing from the smeared cement particles [4-6]. The

is rapidly behaviour of recycled aggregate (both coarse & fine)

increasing, which necessitated the option of recycling
and reuse. European Aggregate Association (EAA)
reported that nearly 843 metric tons of construction
wastes were generated in 2016, and China reported 2.14
metric tons of construction wastes in 2018 [1, 2]. Also,
30 to 40% of construction and demolition (C&D) wastes
among other municipal states, the European union (EU)
reports 36%, and the USA reports nearly 67% [3]. Such
generated C&D wastes are dumped in the landfills
causing environmental degradation. In recent times, the
use of FRA as a suitable alternative to NFA is
increasing to overcome the effect of its scarcity and in
the production of sustainable concrete. However,
several research have described the adverse impacts of
utilizing construction wastes as aggregates (both coarse

*Corresponding Author Institutional Email:
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depends on percentage replacement, size fraction, super
plasticizers, source etc.

Concerning to optimal replacement of FRA,
Ozbakkaloglu et al. [7] replaced NFA with 97% of FRA
and 3% of brick aggregates and observed that
substitution of FRA exceeding 25% affects the concrete
properties due to its increased porosity. Similarly,
Martinez et al. [8] utilized 50, 75 and 100% of recycled
concrete, mixed and ceramic fractions as a substitute to
NFA and inferred that all three aggregates posses’
inferior density and higher water absorption (5 to 10%)
compared to NFA resulting in sub-stranded concrete
properties. However, the study suggests that conforming
to the limitations framed by the manufacturers can
increase its possibility of utilization even up to 100%. It
could be observed that percentage replacement of FRA
tend to vary depending on the type of recycled
aggregate and its absorption capacity. To counteract the

Please cite this article as: J. Sivamani, Sustainable Utilization of Dumped Concrete Wastes as Fine Aggregates in Concrete- An Experimental
Study, International Journal of Engineering, Transactions C: Aspects, Vol. 35, No. 09, (2022) 1795-1802
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effect of higher absorption of FRA on concrete
properties. Cartuxo et al. [9] used high range
superplasticizers with 0, 10, 30, 50 and 100% of FRA
and infer that with 100% of FRA, slump was increased
to 16%, bulk density was reduced to 3.7%, strength was
reduced to 29% and shrinkage was reduced to 57%.
However, with the use of high range water reducers, the
study observed an improvement in the behaviour of
above-mentioned properties due to the compensation of
water requirement by FRA with the addition of
superplasticizers. However, zhao et al. [10] prepared
recycled aggregate concrete with 0/0.63, 0.63/1.25,
1.25/2.5, 2.5/5 mm fractions of FRA at 0.5 and 0.6 w/c
and concluded that higher fineness in FRA resulted in
higher water absorption by FRA and thus inferior
properties to concrete. Anastasiou et al. [11] observed
that optimized utilization of FRA from construction
wastes improves the properties of the concrete which in
way promotes sustainability in the field of construction.
Also, the study observed that higher water absorption by
FRA (8%) reduces its replacement level in the concrete.

Vinay Kumar et al. [12] found that the use of FRA
beyond 20% reduces the workability and strength of the
recycled aggregate concrete (RAC), and in such cases,
higher dosage of superplasticizers is required to achieve
equivalent slump and better strength. Lizancos et al.
[13] analyzed the kinetics of elastic modulus of RAC
and its relationship with the strength and reported a
negative influence of FRA on the elastic modulus at
first 12 hours followed by an equivalent rise in the
substitution of FRA with the loss of elastic modulus of
the RAC. With respect to the source of collection, Pedro
et al. [14] investigated the behaviour of RAC with FRA
collected from laboratory and pre-casting plant and
observed that increase in substitution of FRA decreases
the strength of the RAC irrespective to the source. Fan
et al. [15] collected FRA from diverse sources and
found that in all cases, with an increase in the FRA, the
slump of the RAC decreases, wherein the slump of the
RAC reduces from 210 mm to 185 mm. Pereira et al.
[16] observed that the reduction in the strength of RAC
was counteracted with the addition of superplasticizers,
even with higher substitution of FRA. The effect of a
decrease in the workability of RAC due to an increase in
the porosity of FRA was offset by inclusion of
superplasticizers.

Al Hasan et al. [17] investigated the practical
implications of recycled materials observed that use of
75% of RCA with 15% of polymer promote sustainable
eco-friendly roads with enhanced properties. From the
literature review, it is found that all the dependent
parameters of recycled aggregates tend to affect the
properties of concrete due to the weak ITZ resulting
from the higher porosity of FRA.

So, various advanced mixing techniques were
developed to overcome the effect of higher porosity of

recycled aggregates. Tam et al. [18] proposed a two-
stage mixing approach (TSMA) and observed that the
strength of RAC was improved by 12.2% and 6.09% at
28 and 56 days. The study infers that thin slurry
developed impregnates into the microcracks on the
surface of RCA, filling the pores, improving the ITZ of
the RAC, and thus resulting in better strength than
normal mixing approach (NMA). Similarly, Tam et al.
[19, 20] performed studies with TSMA and observed
better properties in RAC even with 100% of recycled
aggregates. Kong et al. [21] developed triple mixing
approach (TMA) and double mixing approach (DMA)
and found that the workability of RAC was equivalent
to normal aggregate concrete (NAC), and the strength of
RAC was reduced only by 19.4% with DMA and
12.02% with TMA. Liang et al. [22] proposed advanced
mixing techniques and observed that RAC
manufactured at 0.43 w/c by sand enveloped mixing
approach (SEMA) and 0.49 w/c by mortar mixing
approach (MMA) exhibit improved strength to RAC
even with 100% of RCA.

Thus, it could be observed that advanced mixing
techniques tend to improve RAC properties deprived of
any treatments to recycle aggregates. However, the
above mixing techniques were performed only with
RCA, and no studies infer the influence of advanced
mixing techniques with FRA. Thus, the present study
investigates the properties of RAC with 0%, 10%, 30%,
50%, 70%, and 100% of FRA manufactured by MMA.
The behaviour of concrete with different proportions of
FRA manufactured by NMA and MMA was
investigated by mechanical properties such as
compression, tension, flexural and elastic modulus at 7,
14 and 28 days.

2. METHODOLOGY

43 grade ordinary Portland cement (OPC) as per 1S 269
(2015) was used as binding material in the study. The
properties of OPC determined as per IS 4031 (1988) are
summarized in Table 1. The NFA was collected and
sieved to 1.18~2.36 mm and NCA was quarried and
sieved to 10 mm~20 mm sizes. The specific gravity and
water absorption of NCA were found to be in the range
of 2.59~2.71 and 0.15%~0.19%. The concrete fractions
of the construction wastes were collected from the
demolished building at the institution, crushed using a
jaw crusher, sieved to 1.18 mm~2.36 mm, and used as
FRA. Figure 1 depicts the appearance of FRA and NFA
used in the study. It could be observed that the surface
of FRA was highly rough and angular compared to
NFA. The gradation curves of NFA and FRA are shown
in Figure 2. The physical properties of NFA and FRA
determined as per 1S 383 are given in Table 2. It is
found that except for water absorption, all the
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characteristics of FRA were found to be within the BIS
limitations. The presence of excess silt content (>5%)
and smeared cement mortar increases the porosity of
FRA [23-25], hence the FRA was surface saturated
prior to its utilization in the concrete.

TABLE 1. Properties of OPC

TABLE 2. Properties of fine aggregates

TESTS NFA FRA
Relative density 2.65 25

Water absorption (%) 0.87 6.93
Bulk density (kg/m?) 1560 1456
Fineness modulus 3.15 3.79
Silt (%) 2.38 5.67

TESTS RESULTS
Initial set (s) 1500
Final set (s) 34500
Compressive strength (kg/cm?) 439.90
Consistency (%) 28.6

(b)
Figure 1. Visual appearance (a) NFA (b) FRA
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2. 1. Concrete Mixtures and Testing of Specimens
In this study, NMA and MMA technique was adopted to
manufacture M20 grade concrete. Figure 3 shows the
illustration of the NMA and MMA adopted in the study.
The NFA was replaced by 0%, 10%, 30%, 50%, 70%,
and 100% of FRA by its weight in the concrete. The
quantities of raw materials required for the preparation
of concrete mixtures are given in Table 3. The
workability of the concrete mixtures with NFA and
FRA was determined as per IS 1199 (1999). The
compression, tension, flexure and elastic modulus of
hardened concrete were evaluated with 100 mm cubes,
100 mm x 200 mm cylinders, and 500 mm x 100 mm x
100 mm prisms at 7, 14, and 28 days as per IS 516
(1959) in triplicate. After the respective ages, the
specimens were tested in 1000 kN supporting universal
testing machine (UTM) loaded at a 0.5 mm/min rate.

TABLE 3. Mix proportions (1-NMA; 2- MMA)

3

Materials (kg/m’)

F-0 F- F- F- F- F-100
Cement 372 372 372 372 372 372
NFA 829 746.1 580.3 4145 2487 0
FRA 0 82.9 248.7 4145 580.3 829
NCA 1015 1015 1015 1015 1015 1015
w/c ratio 0.5 0.5 0.5 0.5 0.5 0.5
Mixing 1,2 1,2 1,2 1,2 1,2 1,2

Density 2295 2221 2208 2197 2173 2164

30 sec 90 sec

@
90 sec 90 sec

| Cement + NFA l—’| FRA + NCA H Fresh concrete
F F

‘ 25% of water |

(b)
Figure 3. Schematic illustration of mixing approach (a) NMA
(b) MMA

| 75% of water ‘




1798 J. Sivamani / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1795-1802

3. RESULTS AND DISCUSSIONS

3. 1. Characterization of Aggregates Figure 4
shows the XRD images of FRA used in the study. As
we know, in NFA, the optimal compound would be
quartz (SiO) that reacts with the calcium compounds
from the cement to form C-S-H and that enhances the
concrete's strength. In case of FRA, apart from the
presence of quartz, traces of Portlandite (CH) and
CaCOs3 owing to the smearance of cement mortar on the
FRA were identified. Figure 5 shows the microstructure
images of NFA and FRA magnified at 2um. The
observations on the microstructure image of NFA
indicate irregular, angular and spherical-shaped
particles. The observations on the SEM image of FRA
indicate high angular shaped particles with pores and
microcracks on the surface due to the different stages
involved in crushing the large size concrete boulders
into finer fractions.

3. 2. Workability The workability of the
concrete mixtures is shown in Figure 6. The workability
of the concrete reduces with increment in the percentage
of FRA. This is due to the incidence of excess fine
particles and adherence of mortar, thus increasing the
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\cmz Calcite
o
E(OE Quartz
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w Portlandite L h
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2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 4. XRD pattern of FRA

(b)
Figure 5. SEM images (a) NFA (b) FRA

FRA's porosity and decreasing the workability of the
concrete mixes [26, 27]. So, the FRA was pre-saturated
for 24 hours and dried up for 5 hours to attain surface
saturated dry density condition. Upon pre-saturation,
improvement in the workability of the concrete was
observed. The pre-saturation of FRA prevents the
additional water absorption by the FRA particles during
concrete mixing. With MMA, the workability of the
concrete tends to improve further. This is because the
stiff less-porous mortar developed due to MMA coats
the FRA particles, impregnates and seals the
microcracks on the adhered surface of FRA particles.
This, in turn, reduces the additional water requirement
by FRA particles during mixing and thus improving the
workability.

3. 3. Mechanical Properties The mechanical
properties such as compressive strength, split tensile
strength, flexural strength and elastic modulus
determined at 7, 14 and 28 days for NMA and MMA,
data are stated in Tables 4 and 5.

3. 3. 1. Improvement in Mechanical Properties
Figure 7 shows the percentage improvement in the
mechanical properties of MMA mixes compared NMA

120
ENMA mMMA

) S
& 153

Slump (mm)
(=)
=]

40

20

0 10 30 30 70 100
FRA (%)

Figure 6. Workability of concrete mixes
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Figure 7. Improvement in the mechanical properties at 7 and
28 days (a) Compressive strength (b) Tensile strength (c)
Flexural strength (d) Elastic modulus

mixes. The mechanical properties of the concrete reduce
with increase in the replacement of FRA. The optimal
proportion of FRA in the concrete was found to be 30%.
The compressive strength of F — 10 and F — 30 was
7.05% and 8.57% higher than F — 0 at 7 days and 9.48%
and 9.93% higher than F — 0 at 28 days. This is due to
the higher angularity of FRA and effective particle
packing of FRA with NFA [24]. However, the
replacement of FRA beyond 30% decreases the strength
of FRA mixes. The compressive strength of F — 50, F —
70, and F — 100 were 15.81%, 22%, and 23.50% less
than F — 0 at 28 days. Such reduction is owing to the
increased perviousness of FRA ensuing from the
presence of smeared cement particles and high dust
content [13, 22, 28]. However, with MMA, the
compressive strength of the FRA mixes is found to be
more than NMA mixes. The compressive strength of F —
10 and F — 30 mixes prepared by MMA was found to be
16.41% and 17.04% higher compared to F — 0 mix
prepared by NMA at 7 days and 17.25% and 17.89%
higher compared to F — 0 mix prepared by NMA at 28
days. Similarly, the compressive strength of F — 50, F —
70, F — 100 mixes prepared by MMA was only 6.15%,
12.96%, 15.09% less than the F — O mixes prepared by
NMA at 28 days.

The tensile strength of F — 10 and F — 30 was 4.48%
and 5.64% higher than F — 0 at 7 days and 6.52% and
6.93% higher than F — 0 at 28 days. However, similar to
compressive strength, substitution of FRA beyond 30%
reduces the tensile strength of FRA mixes also. The
tensile strength of F — 50, F — 70, and F — 100 were
10.89%, 14.85%, and 16.17% less than F — 0 at 28 days.
The smearance of cement particles on the FRA
increases its porosity and thus reducing the split tensile
strength of the concrete [12, 15]. Nevertheless, with
MMA, the tensile strength of the FRA mixes is found to
be more than NMA mixes. The strength of F — 10 and F
— 30 mixes prepared by MMA was found to be 11.02%
and 11.69% higher compared to F — 0 mix prepared by
NMA at 7 days and 11.91% and 12.42% higher
compared to F — 0 mix prepared by NMA at 28 days.
Similarly, the strength of F — 50, F — 70, F — 100 mixes
prepared by MMA was only 4.29%, 8.91%, 10.23% less
than the F — 0 mixes prepared by NMA at 28 days.

The flexural strength of F — 10 and F — 30 was
3.63% and 4.50% higher than F — 0 at 7 days and 4.91%
and 5.14% more than F — 0 at 28 days. However, similar
to compressive strength, replacement of FRA beyond
30% decrease the flexural strength of FRA mixes. The
flexural strength of F — 50, F — 70, and F — 100 were
8.26%, 11.36%, and 12.40% less than F — O at 28 days.
The microcracks on the adhered surface of FRA absorb
more water and thus leaving only less water for concrete
mixing. This reduces the workability of the concrete and
thus affects the flexural strength of the FRA mixes [26,
29]. Though with MMA, the flexural strength of the
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TABLE 4. Mechanical properties for NMA

FORA S_IC_ZSE/’I\IPGR_II_EHSS('I\;/E@ TENSI LI(EN?;';ENGTH FLEXUR?'\I;;;;RENGTH ELASTIC MODULUS (GPa)
0 7days 14days 28days 7days 14days 28days Tdays 14days 28days Tdays l4days 28days
0 20.68 27.48 30.55 2.34 2.82 3.03 3.18 3.67 3.87 22.74 26.21 27.64
10 22.25 30.37 33.75 245 3.02 3.24 3.30 3.86 4.07 23.58 27.55 29.05
30 22.62 30.52 33.92 248 3.03 3.25 3.33 3.87 4.08 23.78 27.62 29.12
50 17.41 23.14 25.72 2.08 252 2.70 2.92 3.37 3.55 20.86 24.05 25.36
70 16.13 21.63 24.07 1.98 241 2.58 2.81 3.26 343 20.08 23.25 24.53
90 15.82 21.11 23.46 1.95 2.37 2.54 2.78 3.22 3.39 19.89 22.97 24.22
100 20.68 27.48 30.55 2.34 2.82 3.03 3.18 3.67 3.87 22.74 26.21 27.64
TABLE 5. Mechanical properties for MMA
FRA S$§2/,'\IP§TE|_S|S(:\>I/PE® TENSILE STRENGTH (MPa) FLEXUR’?&S;RENGTH ELASTIC MODULUS (GPa)
0 7days 14days 28days 7days 14days 7days l4days  28days 7days 7days 7days l4days
0 20.68 27.48 30.55 2.34 2.82 3.03 3.18 3.67 3.87 22.74 26.21 27.64
10 22.25 30.37 33.75 2.45 3.02 3.24 3.30 3.86 4.07 23.58 27.55 29.05
30 22.62 30.52 33.92 2.48 3.03 3.25 3.33 3.87 4.08 23.78 27.62 29.12
50 17.41 23.14 25.72 2.08 2.52 2.70 2.92 3.37 3.55 20.86 24.05 25.36
70 16.13 21.63 24.07 1.98 241 2.58 2.81 3.26 3.43 20.08 23.25 24.53
90 15.82 2111 23.46 1.95 2.37 254 2.78 3.22 3.39 19.89 22.97 24.22
100 20.68 27.48 30.55 2.34 2.82 3.03 3.18 3.67 3.87 22.74 26.21 27.64

FRA mixes is found to be more than NMA mixes. The
strength of F — 10 and F — 30 mixes prepared by MMA
was found to be 8.62% and 9.14% higher compared to F
— 0 mix prepared by NMA at 7 days and 8.94% and
9.36% more compared to F — 0 mix prepared by NMA
at 28 days. Similarly, the flexural strength of F — 50, F —
70, F — 100 mixes prepared by MMA was only 3.10%,
6.45%, 7.75% less than F — 0 mix prepared by NMA at
28 days.

The elastic modulus of F — 10 and F — 30 was 3.59%
and 4.38% higher than F — 0 at 7 days and 4.87% and
5.11% more than F — 0 at 28 days. However,
replacement of FRA beyond 30% decreases the elastic
modulus of FRA mixes. The elastic modulus of F — 50,
F — 70, and F — 100 were 9.17%, 12.34%, and 13.87%
less than F — 0 at 28 days. The smearance of old mortar
on the FRA disrupts its adherence with the new matrix,
reducing the stiffness and thus reducing the elastic
modulus of the concrete. When the concrete mixes are
prepared by MMA, the elastic modulus of the FRA
mixes is found to be more than NMA mixes. The elastic

modulus of F — 10 and F — 30 mixes prepared by MMA
was found to be 8.53% and 8.71% higher compared to F
— 0 mix prepared by NMA at 7 days and 9.01% and
9.73% more compared to F — 0 mix prepared by NMA
at 28 days. Similarly, the elastic modulus of F — 50, F —
70 and F — 100 mixes prepared by MMA was only
3.14%, 6.72%, 7.94% less than F — 0 mix prepared by
NMA at 28 days.

Various studies infer that inferior quality of FRA
was due to its higher perviousness ensuing from the
smearance of cement particles on the surface of FRA.
So, the FRA was pre-saturated and even after pre-
saturation, higher perviousness of FRA weakens the ITZ
of the concrete and thus affecting the properties of
concrete. However, even after pre-saturation, no
improvement in the properties were observed as in
previous studies [8, 15] and so the concrete mixtures
were prepared by MMA. Liang et al. [22] developed the
MMA approach for RCA wherein a stiff non-porous
matrix was developed under two stages of mixing,
filling the microcracks on the surface of RCA. The same



J. Sivamani / IJE TRANSACTIONS C: Aspects Vol. 35, No. 09, (September 2022) 1795-1802 1801

technique was implemented in this study with FRA
particles. Upon mixing, it is observed that the stiff non-
porous matrix formed during the first stage covers the
FRA particles added during the second stage and finally
develops a dense concrete structure with fewer voids.
The hardened concrete prepared by MMA was
evaluated for its compressive strength, split tensile
strength, and flexural strength at 7, 14, and 28 days. The
results indicate the optimum replacement of FRA as
30% for both NMA and MMA mixes. However, at all
replacement percentages and various curing period,
MMA mixes show improved properties than NMA. This
is attributed to the densification of ITZ in RAC mixes
owing to MMA. The FRA concrete mixes comprise
dual ITZ, the former among the new matrix and FRA
and the latter among the old matrix and the new matrix.
Since the latter is the weakest zone with micro-cracks
that affect the concrete's strength, the MMA technique
was developed. The MMA approach develops a solid
matrix that enhances the weak ITZ and thus improves
the hardened properties of the concrete.

4. CONCLUSIONS

The effect of NMA and MMA on the properties of FRA

concrete was studied, and the results were compared

with NFA concrete. Nevertheless, higher porosity of

FRA resulting from increased replacement affects the

properties of the concrete. Based on the investigation,

the following conclusions are drawn as follows:

1. All the properties of FRA were equivalent to NFA,
whereas the water absorption of FRA (6.93%) was
87.44% higher than the NFA (0.87%) owing to the
adhered mortar and thus affecting the concrete
properties.

2. The optimal proportion of FRA for NFA in the
concrete was observed to be 30% afar it the affects
the properties of the concrete.

3. An increase in the substitution of FRA affects the
workability of the concrete, owing to its inferior
properties ensuing from the smearance of cement
particles on its surface. Even though the workability
of MMA mixes reduces with an increase in the
FRA, but the values are higher than NMA mixes.

4. The compressive strength, tensile strength, flexural
strength and elastic modulus of concrete mixtures
with optimal percentage of FRA prepared to MMA
was 17.04%, 12.42%, 9.36% and 9.73% more
compared to the NMA at 28 days. However, with
100%, the properties of MMA mixed was reduced
by only 15.09%, 10.23%, 7.75% and 7.94% at 28
days.

5. The concrete manufactured by MMA technique
perform better in terms of fresh and hardened

properties than NMA mixes at various replacement
levels and curing ages.

This study could provide a clear evident on
enhancement in the RAC properties by variation in the
mixing approaches even at high replacement of FRA.
Further research on its durability aspects would promote
the utilization practice of FRA in industries and thus
counteracting the consequence of shortage of river sand
and ensuing the sustainability in the construction.
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