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 Here we propose to use of distinct vascularized plates to be used in the 
applications of battery thermal management and electronic cooling. The 
temperatures of battery cells increase during charge and discharge; and elevated 
temperature values in them accelerated degradation and even may trigger 
battery fire because of the thermal runaway. Therefore, thermal management 
system is a necessity for battery packs to increase the battery performance and 
diminish the risk factors in the electric vehicles. Generally, high amount of heat 
is released in the high capacity (>15 Ah) cells in short time interval under fast 
charge/discharge conditions; thus, thermal management of the battery system 
can be achieved with liquid cooling in that situation. A silicon heater system 
which represents the thermal behavior of a battery cell is manufactured based 
on the literature and it is used in experiments. Such a method has not proposed 
up to now in the literature, so the study may be creating a new experimental 
procedure for future studies without the risk of battery fire/degradation to 
uncover even extreme conditions experimentally. Electronic cooling is also in 
prime importance due to enhanced computing requirement of current systems, 
and vascularized plates can solve the hot spot problems occurring with 
decreased energy consumption. According to the results, the cooling capacity of 
the vascularized plates are calculated as 20W, and a battery cell can be kept 
within its optimal operating temperature range when the heat loads up to 30W. 
Also, the temperature uniformity along the surface of mimic of the battery is 
satisfied by vascularized plates. 
 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Recent developments in rechargeable batteries and limited energy sources of the world 
increase the interest of researchers on the electric vehicle industry. Vehicles are 
responsible for 50% of the final oil consumption in the world [1] and seen as one of the 
main sources of air pollution. These are key factors in the progression of electric vehicle 
industry. Developing electric vehicle industry bring out new issues for researchers, i.e. 
safety problems and performance decrements in battery cells due to overheating. Battery 
cell is one of the main and the most vital component in the electric vehicle. The capacity 
and performance of the electric vehicle mostly depend on the battery system, and it is 
responsible for the most of safety problems in the electric vehicle [2-4]. There are various 
types of battery cells and lithium-ion is one of the most commonly used types in electric 
vehicles. It is most popular because of high specific energy density and high specific power 
than others [2].   

A lithium-ion battery cell consists of a negative current collector, a negative electrode, a 
separator, a positive electrode and a positive current collector, respectively [5, 6]. Battery 
cell is the basic component of the electric vehicle. A battery unit consists of many battery 

mailto:erdalcetkin@iyte.edu.tr
http://dx.doi.org/10.17515/resm2022.585ma1121
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cells. A battery module is created by connecting many battery units in serial or parallel 
form and a battery pack is formed by connecting many battery modules [7]. The number 
of battery units in a battery pack is defined with respect to the desired voltage and capacity. 
The heat is generated in battery cell during charging, discharging and in operation. 
Therefore, the temperature of the battery cell increases. The increment in the temperature 
effects the capacity, performance and lifetime of the battery cell [8]. There is not uniform 
heat generation along the battery surface, and it is dense near the tabs. In the design of the 
cooling system for a battery pack, eliminating safety issues due to high temperature values 
(i.e. thermal runaway) and distributing heat uniformly along the battery surface and 
between the batteries in a battery module should be the priority. Vascularized cooling 
channels can be used in the cooling of the battery cells. They are commonly used in the 
cooling of deterministic and random heat loads [9]. Vascularized cooling channels are 
known for their high thermal performance and low energy consumption [10-12].  

Here, a cooling system is developed for a silicon heater system which mimics the 
characteristics of a lithium-ion battery cell (pouch shape). A schematic view of the pouch 
cell is shown in Figure 1. The battery cell separated into two sections: active area and tabs. 
A silicon heater which is sandwiched between the steel plates was used during the 
experiments instead of a real battery cell. Yamada et al. [13] was used electric heater 
instead of real battery in the experiments. However, they were not considered the non-
homogenous temperature distribution along the battery surface and heat generation rate 
change with charge/discharge capacity.  The silicon heater reflects the thermal behavior 
of the battery cell and various heating loads are supplied to it in order to represent heat 
generation rate of a real battery under various charge/discharge rates. Using mimics of 
battery cells in the experimental studies eliminate some challenges associated with real 
battery like short-circuit, explosion, capacity fade and etc. Moreover, designed cooling 
system can be tested under extreme heating loads via silicon heater and will be used for 
electronic cooling.  

 

Fig. 1 A schematic of a lithium-ion pouch cell 

2. Battery Thermal Properties 

In the study, a silicon heater is used instead of real battery cell in the experiment. 
Therefore, the heat generation profile and thermal behavior of the battery cell need to be 
deeply understood to establish mimic the battery cell accurately.  

2.1. Heat Generation in Battery Cells 

The heat generation rate of the battery cell needs to be defined before introducing a cooling 
system for an electric vehicle. There are two main sources of generation in a battery cell. 
First one is the entropic heat, occurs due to the entropy change. The second one is the 
ohmic heat and it occurs because of the current transfer between the internal resistances 
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[7]. The basic equation used in the calculation of heat generation rate in a battery cell is 
shown in Equation 1 [14, 15]. 

 𝑞 = 𝑞𝑖𝑟𝑟 + 𝑞𝑟𝑒𝑣 = 𝐼(𝐸𝑜𝑐 − 𝑉) − [𝐼𝑇
𝑑𝐸𝑜𝑐

𝑑𝑇
]                                                                       (1) 

In Equation 1, q is heat generation rate, I is current (I>0 for discharge and I<0 for charge),  

𝐸𝑜𝑐  is equivalent potential (open circuit voltage), V is cell voltage, T is cell temperature 

and 
𝑑𝐸𝑜𝑐

𝑑𝑇
 is the temperature coefficient. The first term in the Equation 1, 𝐼(𝐸𝑜𝑐 − 𝑉), 

ohmic heat generation (also called as Joule heat or irreversible heat), the second term, 

−[𝐼𝑇
𝑑𝐸𝑜𝑐

𝑑𝑇
], represents the entropic heat (reversible heat) which is created by 

electrochemical reactions.  

Heat generation at the tabs should be added to the Equation 1 to calculate total heat 
generation rate. The heat generation at the connection points is studied in the study of Yi 
et al. [16] and represented by Equation 2: 

 𝑞𝑡𝑎𝑏 = (𝑟 + 𝑟𝑐)𝑖
2                                                                                                (2) 

In Equation 2, i, r and 𝑟𝑐 represent current density, internal resistance and contact 
resistance, respectively. 

To sum up, the heat generation in the battery cell is shown in Equation 3 [17]; 

 𝑞𝑠𝑢𝑚 = 𝑞𝑖𝑟𝑟 + 𝑞𝑟𝑒𝑣 + 𝑞𝑡𝑎𝑏                                                                                                (3) 

The total heat generation in a battery cell can be calculated by using the Equations (1), (2), 

(3), but, some terms in the equations are time dependent, like 
𝑑𝐸𝑜𝑐

𝑑𝑇
, so the change of these 

term with respect to time should be taken from experimental studies. So, if a study will be 
conducted without using a real battery, time dependent parameters should be defined by 
checking the results of experimental studies from literature or calculated using a software 
including battery module. 

2.2. Parameters Effecting Heat Generation Rate in Battery Cells 

Heat generation rate in a battery cell changes with respect to battery type, capacity, charge-
discharge duration and ambient temperature. In addition, chemical reactions occurring 
inside of the battery cell also change the heat generation rate of a battery cell. The heat 
generation rate in a battery cell increases with enhancement in battery capacity [18]. Arora 
and Kapoor [18] compared heat generation rate of three different capacity cells and they 
figure out that heat generation rate is directly proportional to the battery capacity.  

The duration of charge/discharge is symbolized by C. The charging/discharging of battery 
cell is completed in one hour at 1C rate. In a similar manner, C/2 and 2C means that 
charging/discharging will be completed in 2 hours and a half hour, respectively. So, 
charge/discharge duration is inversely related to C rate and high amount of heat releases 
in a short time interval at high C rates. In addition, heat generation rate in a battery cell 
increases logarithmically with increasing C rate [19-21]. 

In the study of Xie et al. [22], the heat generation rate during charging and discharging 
process is compared. The results of the study show that the more heat is released during 
discharging process when compared to charging process. The studies in the literature 
support the situation [17].  

Ambient temperature is another parameter that has a significant effect on the heat 
generation rate. The effect of ambient temperature on the heat generation rate can be 
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explained by the change of battery internal resistances. The internal resistance of the 
battery is high at low temperature values. The heat generation rate is known to increase 
with decreasing electrical conductance at low temperature values. According to studies, 
the heat generation rate is inversely proportional to the ambient temperature [19, 21, 23] 

The heat generation at the connections points (tabs) should be take into consideration in 
the calculation of total heat generation rate. The heat generation in the connection points 
can be observed at module and pack level in the battery systems. In the study of Keyser et 
al. [24], it is indicated that a cell is generated more heat when it is in a battery module 
rather than just a single cell. The heat generation difference between the cell in a battery 
module and a single cell can be reached 30% with respect to the current rate. This situation 
provides evidence as to how total heat generation rate is change in module or pack level. 

2.3. Temperature Distribution on the Battery Surface 

The temperature distribution on the battery surfaces is studied detailly in the literature. 
The heat generation rate is denser near the tabs; therefore, the highest temperature values 
observed near the tabs. There are two main reasons for that situation. First one is the ionic 
distribution between positive and negative tabs. In the study of Li et al. [25], the effect of 
ionic distribution on the heat generation rate investigated numerically. Their results yield 
that heat generation increase with increasing ionic distribution. Second parameter is that 
heat generation at the tabs and it is explained in the heat generation part.  

2.4. Battery Thermal Management  

The capacity and performance of the battery cell are changing with changing operating 
temperatures. There is an optimum working temperature for batteries, and it is changed 
with respect to battery type. Generally, lithium-ion battery cells operate best at 25-40 °C 
[26, 27]. The performance of the battery cell gets worse because of decrease in ion transfer 
at low temperatures (<15 °C). At high temperature values (>35 °C), the chemical reactions 
occur very fast, and it causes a decrease in the lifetime of the battery cell [28]. In addition 
to the operating temperatures, temperature difference along the battery surface and 
between the battery cells in a battery module also affect the battery performance and it 
causes safety problems for the electric vehicles. The temperature difference along the 
battery surface and between the battery cells should be kept lower than 5 °C. Because 
thermal runaway occurs in battery pack at high temperature values accompanying the 
higher temperature differences and may result in fire of the electric vehicle.     

A thermal management system which satisfies the battery requirements in terms of heat 
generation and capacity values should be developed. In the literature, it is stated that air 
cooling is effective when the heat generation rate per cell is lower than 10W [29]. 
Therefore, liquid cooling can be sufficient in the thermal management of a high-capacity 
battery cell operating at high C rate.  

3. Experimental Procedure 

A silicon heater system is used instead of real battery in the experiments. So, a silicon 
heater is manufactured. It is aimed to reflect battery heat generation rates and 
temperature distribution via the silicon heater system. So, the temperature distribution on 
the surface on the silicon heater is defined by benefiting from literature studies such as Wu 
et. al. [30], Murashko et al. [31], and Zhu et al. [32]. According to these studies, the heat 
generation is dense near the tabs, and it becomes less dense far away from the tabs. So, a 
silicon heater yielding non-homogeneous temperature distribution along the surface is 
manufactured. The silicon heater is sandwiched between the metal plates to have same 
thermal conductivity in thickness direction as it in real battery and a mimic of battery cell 
is created. A liquid cooling system is designed to cool the mimic of a battery cell. HEXs 
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having different cooling channel orientations (parallel and hybrid) are used in the cooling 
system. The experimental setup is shown in Figure 2. Metal plates have the thermal 
conductivity of 15 W/mK, which is very close to thermal conductivity of battery cell in axial 
directions (Figure 3). The experimental setup mainly consists of a silicon heater, a power 
supply, mini heat exchangers, a water bath and a data logger. There is a contact surface 
between the HEX and silicon heater to allow heat transfer. The remaining surfaces are 
insulated. The coolant liquid is supplied at the desired temperature by a water bath. The 
flow rate of the coolant is aligned firstly by a needle valve and then measured via a 
flowmeter. The temperature of the coolant liquid at the inlet and outlet of the HEX is 
measured via thermocouples. Also, the temperature of silicon heater is measured by 
thermocouples which are positioned on the surface of the silicon heater system. All the 
measured data are recorded via data logger. 

 

Fig. 2 Experimental setup with its components 

  

Fig. 3 20V Silicon heater and a mimic of battery cell 

4. Results and Discussion 

The silicon heater system under various heating load is cooled by using different HEXs. 
Silicon heater voltage is 20V and maximum power extends up to 50W. The temperature 
and flow rate of the coolant liquid are 15 °C and 0.0218 kg/s, respectively. The power of 
the silicon heater is adjusted to 8W, 17W, 30W and 48W by changing the current value on 
the power supply. In a real battery case, heat generation rate varies under distinct C rates. 
In the silicon heater, heat generation in a real battery under various C rate is reflected by 
supplying various heating load to silicon heater. In the study, two HEXs having different 
heat transfer channel orientations are used: parallel and hybrid. The details of HEXs is 
given in Figure 4 and Table 1 [28]. 
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Fig. 4 Parallel and Hybrid HEXs [9] 

Table 1. Dimensions of the heat exchangers [9] 

# 
𝑑0 

(m) 
𝑑1  

(m) 
𝑑2  

(m) 
𝑑3  

(m) 
L 

(m) 
𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙   

(m) 

Parallel Design 0.004 0.003 - - 0.17 0.15 

Hybrid Design 0.004 0.003 0.0025 0.002 0.17 0.15 

 

 

Fig. 5 Thermal image of the silicon heater surface under 30W heating load 

Infrared thermal imaging of the silicon heater, when the heating load is 30W, is shown in 
Figure 5. According to the Figure 5, the temperature distribution is not uniform throughout 
the surface of the silicon heater as it in real battery case. 

The silicon heater is cooled by parallel HEX and the change of temperature with respect to 
various heating load is shown in Figure 6. According to the Figure 6, the temperature of 
the silicon heater exceeds critical values when the heating load is 30W. Furthermore, the 
temperature of the silicon heater is kept between the operating limits when the cooling 
load is 17W and coolant temperature is 15°C. 
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Fig. 6 The change of temperature on the surface of the silicon heater sytem under 
various heating loads (Coolant liquid: 15 °C) 

The effect of cooling system on the maximum temperature values under 30W heating load 
when the ambient temperature is 30°C, is shown in Figure 7. The maximum temperature 
value reaches up to 45°C in 7.5 min when there is natural convection. In the liquid cooling, 
the temperature of the silicon heater reaches up to 45°C in 15 minutes when the coolant 
temperature is 15°C. The coolant temperature is decreased from 15°C to 10°C to keep 
system temperature below the critical values. According to the Figure 7, the maximum 
temperature values is kept below 45°C at the end of 15 minutes when the coolant 
temperature decreased from 15°C to 10°C. 

 

Fig. 7 The change of temperature on the surface of the silicon heater system with 
respect to type cooling mode and coolant temperatures (Heating load: 30 W) 

In the second part of the experiment, different kinds of HEXs (parallel and hybrid) are used 
under various heating loads. In the following experiments, the coolant liquid temperature 
is fixed at 20°C. Three thermocouples are located on the surface of the silicon heater to 
measure temperature change during the experiments. The temperature of the silicon 
heater keeps below critical values for heating loads 8 W and 17 W when compared to 30W 
heating load, according to Figure 8 (a), (b), (c). The cooling system does not satisfy the 
requirements of the battery system at 30W heating load. The lowest temperature values 
are observed at point 3 which is very close to connection point. In addition, the 
temperature differences between the measurement points are lower than the 5°C. 
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(a) 

 
(b) 

 
(c) 

Fig. 8 The change of temperature on the surface of the silicon heater system for 
various heating loads: (a) 8 W, (b) 17 W and (c) 30 W 

The silicon heater system cooled by parallel design HEX when the heating load is 30W 
(Figure 9). Parallel design gives similar results with the hybrid design. The temperature 
homogeneity is satisfied by two types of HEXs (ΔT<5°C). 
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Fig. 9 The change of temperature on the surface of the silicon heater system for 30 W 
heating load in parallel design HEX 

5. Conclusions 

The heat generation in a battery cell is changed by many parameters such as type, capacity, 
charge/discharge duration and ambient temperature. The performance of the electric 
vehicle is highly affected by operating temperatures. So, the temperature in the battery 
pack should be controlled in order to improve performance and eliminate safety issues. In 
that study, a silicon heater system which represents the thermal behavior of a battery cell 
is developed to design a cooling system for a battery cell. The various heating loads (8W, 
17W, 30W, 48W) are applied to the silicon heater and the cooling capacity of the 
vascularized cooling channels are determined. Parallel and hybrid shape cooling channels 
(categorized with respect to cooling channel orientations) are used in the experiments. 
According to the results, the temperature of the silicon heater is kept within operating 
limits (< 40°C) when the heating loads are 8W and 17W. The temperature homogeneity on 
the surface of silicon heater is satisfied by the cooling channels while the cooling 
requirements is not satisfied when the heating load is 30W. However, the temperature of 
the silicon heater is kept within the operating limits (under 30W heating load) at low 
ambient temperature (18 °C) when the coolant liquid is 10 °C. The study is an only a 
proximity for the cooling system of a battery cell because thermal behavior of a real battery 
cell under various working circumstances cannot be reflected by silicon heater system 
exactly. Some of the examples are chemical reactions occurring in a battery cell and the 
change of heat distribution on the surface of the battery cell by time. These situations are 
not estimated by silicon heater system. However, this method is a good approximation to 
design cooling system for batteries. 
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 Energy harvesting (EH), a fairly recent technological advancement, is the 
technique of capturing and converting environmental energy sources—such as 
load, mechanical vibrations, temperature changes, light energy, wind energy, 
and so on—into extremely small amounts of power within a specified voltage 
range. When there is no accessibility to conventional power sources, energy 
harvesting is employed to power electronic devices. In addition to reducing 
vibration brought on by road imperfections, an energy-harvesting telescopic 
shock absorber can collect energy that would otherwise be wasted in suspension 
vibration. It can act as an energy generator as well as a controlled damper. In 
order to increase the effectiveness of energy harvesting, this research indicates 
analyzing and testing a telescopic shock absorber structure that has the benefit 
of lowering spring vibrations and resisting unneeded spring motion. Focusing on 
energy harvesting and vibration analysis in shock absorbers is the main 
objective of this effort. The first telescopic suspension system, which consists of 
a spring, rack, and pinion, was created using Solid works 20 and then every 
portion was examined using Ansys Workbench. The spring, rack, and pinion 
were then practically constructed on a two-wheel bike using a rack and pinion 
mechanism that was created using 3D printing technology, and testing was then 
done to determine how much energy was harvested in terms of voltage in 
relation to the distance (in kilometers) travelled for different loading conditions 
observed how the voltage can be harvested for conventional two-wheeler and 
Electric Vehicle. Throughout the observation we found that the vibration 
harvesting in Electric bike is low compared to Conventional bike. Finally, the 
unwanted vibrations were harvested and boost up, stored in 5V, 12 V 
rechargeable dead battery which is used to recharge the mobile phone and low 
power electric devices. 

© 2023 MIM Research Group. All rights reserved. 

 
Keywords:  
 

Mechanical Vibrations; 
Electric Vehicles; 
Energy harvesting; 
telescopic Suspension 
system;                         
Air pollutants; 
Electronic devices 

 

1. Introduction 

Automobiles have long been utilized as a form of transportation around the world, but 
their usage of exhaust gas and gasoline has resulted in environmental problems. 
Automobile technologies for environmentally friendly cars, such as electric and hybrid cars 
that use electric energy to alleviate this environmental problem, are actively being 
developed. Fuel economy improvements are always a focus. Energy lost by shock 
absorbers is a significant source of power recovery since only 10–16 % of energy 
production is required to actively propel cars and trucks through road friction with air 
drag [1]. Recent research [2] show that vehicle suspension significantly affects fuel 
efficiency. Regenerative shock absorbers were already developed for more than 20 years 
to make up for the kinetic energy lost by conventional oil shock absorbers.  The two groups 
of regenerative vehicle shock absorbers, the subject of several investigations, can be split 
into two categories. The power from the relative linear movement of magnetic with coils 
is produced by the first, which is founded on a novel linear generating architecture. The 
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second type uses rotational permanent magnetic DC or AC converters to transform linear 
suspension vibration into oscillatory spinning in contrast to linear regenerative shock 
absorbers. Examples of mechanical mechanisms include the hydraulic transmission, ball 
screw, with rack and pinion. 

Up-and-down suspension vibrations are transformed into bi-directional electricity 
generating vibrations by the rotating energy recovery absorber, which then generate 
power. Due to the availability of low-cost, off-the-shelf rotary rotors, they seem to be more 
affordable but also small. However, the unequal oscillation of the motion machinery leads 
to a number of problems, such as inadequate mechanical durability with subpar vibration 
effectiveness. For instance, even with active control at high frequency above 7–10 Hz [7,8], 
the ball screw mechanics investigated in [3-6] have outstanding power density, however 
the absorbers are too rigid to regulate at high frequency because to significant motion 
inertia. As a result, ride comfort is reduced.     To power automobile electronics or recharge 
battery, the voltage should be commutated through an electrical rectifier, as the forward 
voltage of the diodes has a permanent impact on the circuit's effectiveness.  Minimizing 
vehicle energy losses is necessary for increasing fuel efficiency, reducing pollutants, and 
fulfilling the power requirements of other systems [9–11]. In addition to improving engine 
and powertrain efficiency, we may recover energy lost in automobiles by recovering 
wasted heat 3energy [12–14], regenerative braking energy [15–17], including vibrational 
energy on shock absorbers [18, 19].  

Although contemporary regenerative shock absorbers may recover a significant 
proportion of vibration energy, there are several downsides to replacing conventional 
shock absorbers entirely. Various elements in regenerative shock absorbers continue to 
pose problems for researchers. Regenerative shock absorbers can be improved by focusing 
on the two major issues listed below. For starters, regenerative shock absorbers are often 
inefficient and perform poorly in comparison to traditional shock absorbers. Second, the 
uses of recovered energy must be thoroughly investigated. Previous research proposed a 
regenerative shock absorber using a pair of gear rack structures to achieve high efficiency 
and apply to range-extended EVs [20]. Thus, we are using a different material for 
increasing the efficiency of energy harvesting and shock absorbers.  Our proposed 
approach therefore achieves greater energy harvesting with vibration analysis with shock 
absorbers. The paper's primary contribution is: 

• The first telescopic suspension system, which comprises of a spring, rack, and 
pinion, was created in Solid Works 20. This was followed by an investigation of 
several shock absorber materials in Ansys Workbench. 

• A rack and pinion system that was modelled using 3D printing technology was 
used to test the telescopic shock absorber on a two-wheeler and make a 
comparison. 

• Meshing was done in Hyper Mesh software tool for the shock absorbers. 

Finally, our proposed solution outperforms all previous strategies. The research article is 
also included in the next section. Part 2 of the current model survey goes deep. Part 3 
contains information about the proposed structure. Part 4 looks at the experimental 
setting for the proposed approach. Part 5 goes over the design and analysis sections in 
depth. Results and discussion is presented in part 6, Part 7 shows the comparative analysis 
and Part 8 the paper closes. 

2. Literature Survey  

A passive or semi-active electromechanical damper based on the linear electric motor 
using permanent magnets (PMs) whose electric terminals are shunted by a resistance was 
proposed by Karnopp [21]. According to the mechanics of the automobile, the shunt 
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resistance may be used to modify the damping coefficient. To achieve good vibration 
suppression performance with little energy consumption, Suda et al. [22] built an active 
suspension with an energy conversion system as well as a linear DC generator based on 
linear electrodynamic motors. 

Goldner et al [23] just completed a proof-of-concept study to investigate the possibility of 
using an optimised regenerative magnetic shock absorber to produce significant energy 
savings in automobiles. Aside from other potential applications, using such shock 
absorbers could improve energy efficiency in electric vehicles by turning normally 
parasitic mechanical power losses into stored electrical energy, allowing for longer battery 
recharge times. 

The feasibility study of an electromagnetic damper for use as a sensor and actuator in 
automotive suspension applications was finished by Ebrahimi et al [24]. This 
electromagnetic damper is founded on the tubular, linear, brushless DC motor principle 
that operates in three modes: passive, semi-active, and active. The proposed damper, being 
a self-powered active shock absorber, has the capability of acting as both a sensor and an 
actuator at the same time. Even in the absence of external power, the calculated damping 
force appears reasonable for car suspension applications.  

 Zuo et al. [25] constructed and prototyped a linear electromagnetic frequencies harvester 
capable of producing more than 16-64 watts of electricity from all four shock absorbers 
with 0.2-0.5 m/s RMS suspension velocity. These versions can be used as actuators for 
active or semi-active control, but they are mostly used for energy harvesting. Martins et al. 
[26] shown the practicality of electromagnetic active suspensions by pioneering some 
breakthroughs in power devices, permanent magnetic compounds, and microelectronic 
devices. 

Chen and Liao [27], as well as Sapinski [28], designed linear electromagnetic energy 
harvesters to power MR dampers in order to provide active/semi-active control. In order 
to supply energy, the second type of linear regenerative shock absorbers employs rotating 
permanent magnetic DC or AC converters to convert linear suspension vibrations into 
oscillatory spinning. Hydraulic transmission, rack and pinion, and ball screw are examples 
of mechanical systems. A comparison among a linear as well as a rotary shock absorber 
was done by Gupta et al [29]. The energy lost in shock absorbers can be recovered using 
regenerative electromagnetic shock absorbers, it was discovered that the rotary shock 
absorber may possess a higher energy density. 

An energy-regenerative electrical suspension was created by Zhang et al. [30] which uses 
a permanent-magnet direct-current motor, a ball screw, as well as a nut as the motor 
actuator. The ability of the suspension to regenerate and convert vibration energy from 
road excitement into electric energy while keeping outstanding suspension effectiveness 
is its most noticeable characteristic. The performance of the DC motor is evaluated. The 
regeneration and vibration control features are validated through full-vehicle testing on 
the IST Road Lab four post rig. The results of tests conducted with an electrical device that 
acts as a passive suspension mechanism show the practicality of vibration energy 
regeneration.   

Avadhany et al [31] patented that the straight movement of the piston can be turned into 
rotational motion using reasonable pressure driven gear, which drives the rotating engine 
of the generator. The vehicle's shock is lessened by the engine's electromotive power using 
hydraulic transmission. 

Additionally, Choi et al. [32] provide vibration control of an automobile suspension system 
without the use of exterior power sources by using an electrorheological (ER) shock 
absorber that is adjustable as well as activated by an energy generator. The linear motion 
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of the piston is changed into a spinning movement via the rack and pinion operation of the 
ER shock absorber. The rotational motion is accelerated by gears, which subsequently 
turns on a generator to produce electricity. Experiments have demonstrated a significant 
reduction in suspension vibration when the ER shock absorber is activated using the 
suggested regenerative energy method. 

A unique regenerative shock absorber architecture put forth by Zhang and Zuo [33,34] has 
the benefit of significantly increasing energy harvesting effectiveness while reducing 
oscillation-induced impact forces. The model is capable of concurrently analyzing 
mechanical and electrical elements. The MMR shock absorber, which generates more than 
15 Watts of power while travelling at 15 mph on a smooth, paved road using a rack and 
pinion system, is also put through road tests to show its viability. 

The adoption of piezoelectric as well as electromagnetic techniques was suggested by 
Howells CA and Ju S, Ji C-H [35,36] for the conversion of mechanical to electrical energy. 
The piezoelectric design is typically utilized for small-scale vibration harvesting, including 
in milliwatt & microwatt harvesters like those that generate power from the motion of 
human bodies. 

Dr. Seema Tiwari et.al [37] Some operation wastes a lot of fuel energy, which can be 
recovered by using a regenerative suspension system. A regenerative suspension 
framework can successfully retain these vibrations while reducing the amount of energy 
lost to the surrounding. This study examines the most recent studies on regenerative shock 
absorbers. It first investigates the dispersal of energy from cars and then the feasibility of 
recouping this scattered energy using a regenerative shock absorber. It also analyses the 
many unique work done on the regenerative shock absorber. 

Zhanwen Wang et.al [38] proposed a high-efficiency regenerative shock absorber based on 
a pair of ball screws is proposed in this research for range-extended EVs. The vibration 
energy is captured and transformed into electricity, which is then dissipated as heat in the 
suspension system. The suspension vibration input module, transmission mechanism 
module, generator module, and power storage module comprise the regenerative shock 
absorber. The simulation section depicts the force-displacement loop at various 
amplitudes and frequencies, the angular velocity of the generator shaft at sinusoidal 
inputs, and the damping coefficients at various external resistances.  

Cyriacus Okpalike and colleagues [39] proposed to explore the effects of building 
rehabilitation on ventilation and energy savings in Achara layout, Enugu City, Nigeria, a 
qualitative research approach was used. Using a judgmental sampling technique, the 
sample size was determined to be four blocks of flat residential buildings. To collect 
empirical data relating the window system, physical measurements, an observation 
schedule, and oral interviews with site employees focused on window size, area, property, 
and fenestration type were used. The results show a very significant difference in all 
analyzed variables between the as-built and modified window design systems. Its finding 
was based on the fact that a restored structure does not promote adequate natural 
ventilation, requiring more energy for cooling and lighting. 

F. E. Tahiri et. Al [40] This research provides optimal control strategies for a standalone 
Hybrid Power System (HPS) in order to provide sustainable and optimal energy to an 
isolated site while improving electrical energy quality. In addition, a unique control 
approach for maximizing PVS power has been developed in this work. This suggested 
technique, which is based on the combination of the Perturb and Observe (P&O) algorithm 
and the Fuzzy PI Controller (FPIC), outperforms the traditional algorithm P&O, especially 
in the dynamic state. A supervisory control algorithm has been developed to manage the 
energy flows between the hybrid system's devices in order to determine the ideal 
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operating mode in order to provide a continuous supply of the load with minimal battery 
usage. 

A. Laabid et.al [41] The purpose of this article is to examine, evaluate, and develop options 
for integrating hybrid energy sources (Solar Photovoltaic PV/Batteries/Diesel Generator 
(DG)) in mobile service units (MSU) meant to serve rural communities. The initial goal is 
to assess the functioning of two previously deployed solar systems installed on truck roofs, 
with respective outputs of 2.12 and 3.54 kWp. We created a model of the energy conversion 
chain and simulated its behaviour throughout the year. The simulated findings are then 
compared to the measurements taken on-site. Several association possibilities are then 
investigated in order to propose the best combination, taking into account the surface 
available for PV module installation (truck roof), weight, and battery longevity. 

According to the preceding study of shock absorbers on mechanical vibrations, there are 
many constraints for generating high energy harvest. This method offered a strategy that 
is explained in detail in the next section.   

3. Principle and Methodologies of Proposed Technique 

Motorcycles are the main application for a telescopic suspension built of steel and 
aluminium alloy, and because of its weight and shock-absorbing capacity, it is very 
effective. A rack and pinion modelled using 3D printing technology, a shock absorber made 
of spring stainless steel, as well as a dynamo that converts mechanical displacement into 
voltage stored in a rechargeable battery have all been created and attached to both ends of 
the rear wheel of a motorcycle with a gasoline engine.  The circuit also includes a pump up 
device but a diode to boost the voltage of the energy that has been captured so that it can 
be used to power portable devices and signal lights. Results from a comparison of boost up 
voltage are recorded on several roadways, accounting for different loading scenarios such 
as kilometers.  

An experimental procedure using piezoelectric material was also utilized to capture 
vibrations, however it failed due to strong vibrations.  Numerous researchers have 
incorporated energy harvesting absorbers to decrease fuel usage, improve ride comfort, 
and improve road handling using techniques like adjustable damping and variable inverter 
[42–44]. 

 

Fig. 1 Circuit diagram 

The circuit diagram for the proposed approach is shown in Figure 1.  In the illustration, the 
boost converter has two inputs and two outputs. Two outputs are linked to the battery, 
one of which incorporates a diode. Two inputs are transmitted to a medium to create 
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dynamometers. The Solid works 20 version and ANSYS Workbench software were used to 
analyses a 3D model of a telescopic suspension system. Stress analysis has been carried 
out under different load conditions, while material properties of helical compression 
springs for various materials, such as Spring Steel telescopic shock absorbers, have been 
explored.  We concluded by employing these materials that we monitor and harvest the 
voltage in rechargeable batteries, and the boost converter is used to raise the voltage, 
which may be used to power low electrical devices. Our ASTM A313 shock absorber 
material is the optimum material for bikes to load one or more people and performs well. 

4. Experimental Setup 

Figure 2 depicts the proposed method's experimental setup with conventional two-
wheeler and electric vehicle. A diode, dynamometer, battery, and multimeter are set up 
with the rack and pinion in order to calculate the kilometers and load that shock absorbers 
support. Our method's shock absorber is made of a spring-like steel substance that retains 
its elasticity while having exceptional tensile qualities. This compression load shock 
absorber has a 250kg loading capability. We employed this kind of shock absorbers to 
lessen vibration and shock on machinery. The tyres are always in contact with the road 
due to these shock absorbers. As a result, our research shows that mechanical vibrations, 
such as shock absorbers, can be used to harvest energy.    

  

Fig. 2 Experimental setup  conventional Two wheeler (Passion Pro)and Electric 
Vehicle (Hero NYXe5)   

  

Fig. 3 Circuit connected for EV 
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4.1. Components and Its Uses 

The components employed in our experiment are briefly described in this section. Diode 
(4007), rack and pinion, dynamometers, battery, boost converter, multimeter, and other 
components are used in our method. Let's take a quick look at these elements. 

4.1.1. Diode 4007 

Our proposed process uses a diode 4007. The 1N4007 diode is a traditional recovery 
rectifier with a plastic casing. In our proposed solution, this diode is coupled with a rack 
and pinion to handle greater current capacities. Figure4 presents the diode (4007). 

 

Fig. 4 Diode (4007) 

4.1.2. Rack and Pinion 

A longitudinal controller with a rack and pinion consists of a pinion (circular gear) that 
engages a rack (linear gear) to transformation of rotational motion into constant speed. In 
a rack and pinion drive, both linear and spiral gears can be employed. The rack and pinion 
is shown in Figure 5. 

 

Fig, 5 Rack and pinion 

4.1.3. Dynamometers  

A dynamometer, often known as a "dyno," is a machine that simultaneously monitors the 
torque and speed of rotation (RPM) of an engine, motor, or other rotating prime mover to 
determine its instantaneous power, which is commonly shown as kW or bhp by the 
dynamometer. This dynamometer is used by our method to measure mechanical 
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vibrations and to absorb power. The dynamometers utilized in our method are shown in 
Figure 6. 

 

Fig. 6 Dynamometers 

4.1.4. Battery 

In our proposed method we are using 12V (1.3AH) battery. In order to store energy and 
provide a steady supply of voltage, we linked this battery to the diode and dynamometers 
in our experimental setup. The 12V battery for our proposed solution is depicted in Figure 
7.  

 

Fig. 7 12V Battery 

4.1.5. Boost Converter 

Our proposed method consumes LM6009 Boost Converter shown in figure8. A boost 
converter (sometimes called a step-up manipulator) is a DC-to-DC power manipulator that 
increases voltages while depressing power from its source to destination.  

4.1.6. Multimeter 

A multimeter is an instrument for measuring a broad variety of electric characteristics. A 
multimeter that can calculate voltage, resistance, and current is known as a volt-ohm-
milliammeter because it contains voltmeter, ammeter, and ohmmeter operations. Figure 9 
shows our proposed model multimeter. 

We designed our innovative energy harvesting shock absorbers employing mechanical 
vibrations based on all of the above materials. With SOLIDWORKS 20 and ANSYS model 
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methodologies, our method harvests an amount of energy and outperforms all existing 
methods. 

 

Fig. 8 Boost Converter 

 

Fig. 9 Multimeter 

5. Design and Analyzing  

SolidWorks 20 is a top end, parametric, feature-based, solidwork software that was used 
to develop this study. It gives mechanic designers a method for automating mechanical 
design that is founded on built-in intelligence and removes the element of guesswork from 
3D design. 

 

Fig. 10 Exploded and Isometric views 

                                                                                 

Exploded view                                                                         Isometric view 
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Figure 10 shows the exploded and isometric views of our proposed method designed using 
Solid works 20. The rack and pinion, spring steel, top mount, and bottom mount 
components of the proposed approach make up our technique. 

5.1. Design Parameters of Telescopic Suspension System 

5.1.1. Design Specifications of a Shock Absorber 

Our proposed approach includes a telescopic suspension system in which a Spring Body 
Shock Absorber is an integral part along with rack & Pinions with adjustable loading 
capacity is considered. The bike used in our method is Hero Passion Pro Bike 110CC and 
the weight of the bike is 117 kg. The following Table 1 shows the Loading descriptions of 
the weight for our proposed method. 

Table 1. Loading descriptions 

 

Steel and Aluminum Alloy is the Telescopic Suspension Material used in this method. 
Spring material used is Stainless 17-7 ASTM A313 and the type is Helical Closed and 
Ground Type Spring. The proposed parameters and dimensions are displayed in Table 2. 
Also our proposed modelled is designed using these factors. 

Table 2. Proposed parameters and dimensions 

Parameter Dimension 

Weight of one spring 0.3849 kg 

Wire diameter 5mm 

Outer diameter 35mm 

Inner diameter 25mm 

Free length 285mm 

Mean diameter 30mm 

Number of active turns 24 

Total coils 26 

Spring Index  6 

Pitch coil  11.458 mm 

Rise angle of Coils 6.93 Degrees 

Modulus of Rigidity G  75.68 GPa 

Maximum Shear stress  725.8 MPa       

Wahl Correction Factor W   1.253 

Spring Rate K 9.124 N/mm 

Maximum load carrying Capacity  948.278 N 

5.1.2. Design Parameters of Rack and Pinion 

The rack and pinion materials used in this process are Polyacetal and MC Nylon. The length 
of rack is 14cm and the diameter of pinion is 3cm. Teeth on the Rack and pinion is 30 and 

Loading Description Considering load in kg In N 

Weight of 1 person + weight of bike 187 kg 1834.47 N 

Weight of bike + two persons 257 kg 2521.17 
Assuming 60% of overall vehicle weight =154.2kg=1512.7N 
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25 respectively. Linear circle is 3cm with module 1 and pitch circle is 3.5 cm. 154.2 kg is 
the mass to be moved with speed 11.11m/s. Acceleration time t is 5.55 sec and the 
acceleration due to gravity g: 9.81m/sec2. Proposed Variables are shown in Table 3. Our 
technique is modelled using the Poisson's ratio, the load factor, and the lifetime factor of 
the rack and pinion. 

Table 3. Proposed Variables 

Properties Dimensions 

Poisson’s Ratio µ  0.4 

Load factor KA 1.5 

Life time Factor Fn 1.05 

Safety Coefficient SB 1.4 

Linear Load Distribution Factor LKHβ 1.3 

 

Maximum Permissible Feed Force Fu= (m.g. µ +m. a)/1000=2.3KN and Permissible Feed 
Force FU.tab is 9 KN (For Rack &Pinion of module:1 & of Polymer Type) from Atlanta Rack 
& Pinion Drive Calculation Table. Permissible Feed Force is Fu. Per: Fu tab 
/(KA.Fn.SB.LKHβ) =3.13KN. Fu. Per >FU (Condition is fulfilled) for our proposed method.  

5.2. Analyzing Properties  

When loads are applied to a body, the structure deforms as well as the weights' effects are 
dispersed throughout the body. The body enters a condition of equilibrium as a result of 
the internal forces and reactions caused by the external stresses. Meshing is done in our 
method using ANSYS work. 

5.2.1. Meshing 

Figure 11 shows that the Shock Absorber Assembly has been fully mesh. One of the most 
crucial elements in running a precise simulation is meshing. A mesh is composed of 
elements that have nodes in them that represent the geometry's shape. Meshing is done in 
Hyper Mesh. Hyper Mesh is a pre-processing software where you divide the model into 
no. Of elements and nodes for a solver to apply the mathematical functions on it. 

 

Fig. 11 Mesh model for shock absorber 
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5.2.2. Applying Material Properties 

Material properties employed in our technique are shown in table 4 in accordance with 
how it is proposed to conduct the analysis for materials.  

Table 4. Material Properties 

Material 
Density 
Kg/m-3 

Poisson
’s ratio 

Young’s 
Modulus 

MPa 

Tensile 
strength 

MPa 

Yield 
Strength 

MPa 
ASTM A313 7800 0.25 2.04 E + 05 1170 965 

Steel & Aluminum 
Alloy 

5260 0.33 1.3 E + 05 2.43 E + 08 2.43 E + 08 

4The bottom eye is a fixed contact, while the top eye is attached to the axle of the back 
wheel, in which the force is applied, in the actual installation of the shock absorber to a 
two-wheeler. The struts rod is in sliding motion with the upper mounting, as well as the 
spring is constrained within the top and bottom mounts. Our model for a shock absorber 
is proposed using these materials and the attribute values. The next section shows the 
results and discussion of our proposed method.  

6. Results and Discussion 

Results from a comparison of boost up voltage are recorded on various roadways, taking 
into account different loading scenarios such kilometers. The datasets for bike load, 
voltage, and distance travelled are determined by the instances below. 

Conventional Bike (Passion Pro 110 CC) 

Case: 1 

Table 5. Bike Load (117 Kg) + one Person (70 Kg) (Driver) 

S.NO 
Condition(distance 
travelled by bike) 

  Initial Voltage  
(Volts) 

Boost up Voltage 
(Volts) 

1 Rest Condition 0 0 
2 10Km 0.35 -  0.5 V 0 
3 50km 2  - 2.5 V 0 
4 100 km 4 – 5 V 0 – 10 V 
5 150 Km 6 -  7 V 15 – 20 V 

6 200 km 8.5 – 9 V 25 – 30V 

 

Table 5 shows the weight of the bike in kilograms, the initial and boost up voltage in volts, 
and the distance travelled in kilometers. The bike load is 117kg and the loaded one person 
(driver) weight is 70kg. 

Figure 12 depicts a line graph based on the Bike Load and a single person. The bike weighs 
117 kilograms, while the (driver) person weighs 70 kilograms. The kms travelled in 
harvested voltage are 5 and the volt is 1.5V. However, we travelled 26 kilometers with a 
load and increased the voltage by 12V in boost up voltage. X-axis depicts the distance 
travelled and Y-axis depicts the voltage.  

Table 6 illustrates the bike load and the measurements of two people. The bike weight is 
117 kg, with one person weighing 70 kg and the driver weighing 70 kg. The distance 
travelled is in kilometers, while the voltages are in volts. 



Behara and Rao / Research on Engineering Structures & Materials 9(3) (2023) 687-707 

 

699 

Figure 13 depicts a line graph created using the Bike Load and two people. The bike load 
is 117kg, the passenger weight is 70kg, and the driver is 70kg. The combined weight of two 
people is 140kg.  We boost up energy by 37.5 kms with 16V and energy harvesting is done. 
X-axis depicts the distance travelled and Y-axis depicts the voltage.  

Note: Minimum voltage to boost up is to be 5V. 
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Fig. 12 A plotted line graph 

Case: 2 

Table 6. Bike Load (117 Kg) + one Person (70Kg) + Driver (two persons 140kg) 

S.NO 
Condition 
(distance 

travelled by bike) 

Initial Voltage 
(Volts) 

Boost up Voltage 
(Volts) 

1 Rest Condition 0 0 

2 10Km 1.2 -  1.5 V 0 

3 50km 3.5  - 4 V 0 

4 100 km 6.5– 7V 0 – 15 V 

5 150 Km 9 -  10 V 20 -30 V 

6 200 km 10 – 12  V 35 – 40 V 
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Fig. 13 A line graph 
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Electric bike (Hero NYXe5) 

Specifications: Lithium ion 51.2 V,30AH battery 

Case: 1 

Table 7. Bike Load (77 Kg) + one Person (70 Kg) (Driver) 

S.NO 
Condition (distance 
travelled by bike) 

  Initial Voltage 
(Volts) 

Boost up Voltage 
(Volts) 

1 Rest Condition 0 0 
2 10Km 0 0 
3 50km 1-2.5 V 0 
4 100 km 3-4.5 V 0 – 8 V 
5 150 Km 5-7V 10-15 V 

6 200 km 8.5 – 9 V 18-20V 

Figure 14 depicts a line graph created using the Bike Load with one people on Electric 
vehicle. The bike load is 77kg, and the driver weight is 70kg.   X-axis depicts the distance 
travelled and Y-axis depicts the voltage.  

V
O

L
T

A
G

E
 

DISTANCE TRAVELLED IN KMs
 

Fig. 14 A line graph 

Case: 2 

Figure 15 depicts a line graph created using the Bike Load with two people on Electric 
vehicle. The bike load is 77kg, the person weight is 70kg and the driver weight is 70kg.   X-
axis depicts the distance travelled and Y-axis depicts the voltage.  

Figure 16 depicts mobile charging with a harvested stored rechargeable battery. The 
energy captured by the shock absorbers is connected to the cell phone for charging. As a 
result, we can store energy in a rechargeable battery and gain energy to recharge mobile 
phones, outperforming all other methods. 
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Table 8. Bike Load (77 Kg) + one Person (70Kg) + Driver (two persons 140kg) 

S.NO 
Condition (distance 
travelled by bike) 

Initial Voltage 
(Volts) 

Boost up Voltage 
(Volts) 

1 Rest Condition 0 0 

2 10Km 0 0 

3 50km 0-1V 0 

4 100 km 2-3 V 0 – 5V 

5 150 Km 3-5V 5-10V 

6 200 km 5-7V 10-15V 
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Fig. 15 A line graph 

 

Fig. 16 Mobile charging using stored harvested rechargeable battery 

6.1. Modal Analysis 

An elastic structure will oscillate around its equilibrium position if a force is applied to 
initially displace it from its stationary state, and then the force is removed. Free vibration 
is the name given to this sort of oscillation caused merely by the initial disturbance.  
Natural frequencies are frequencies that naturally exist, but their typical values exhibit 
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specific deformation patterns known as mode shapes. The analysis of such free vibrations 
is crucial for determining the system's dynamic response. All materials are tested for their 
first six modal frequencies: 

Table 7. Results of Modal Analysis (Freq-Hz) 

Mode  Frequency 

Mode 1 247.34 Hz 

Mode 2 253.32 Hz 

Mode 3 315.66 Hz 

Mode 4 345.28 Hz 

Mode 5 561.6 Hz 

Mode 6 566.1 Hz 

Table 7 shows the results of modal analysis for our proposed method. At mode 1 our 
material attains 247.34 minimum frequency and at mode 6 we gain maximum of 566.11 
frequency for our material ASTM A313.  

7. Comparative Analysis 

This part compares all the materials used in this method to design the Spring Steel Shock 
Absorber for energy harvesting. We used Spring steel and its dimensions are given in the 
table1. In this method, we used a Von mises stress analysis for analyzing load material.  

Table 8. Loading condition for shock absorber analysis 

S.no Loading Description Considering dynamic load in double In N 

1 Bike load + 1 person 187 Kg  1834.47N 

2 Bike load + 2 person 257Kg 2521.17N 

Assuming 60% of overall vehicle weight =154.2kg=1512.7N. Table 8 shows the loading 
condition for shock absorber analysis. In this table, the load is mentioned in kilograms and 
numbers are mentioned in natural numbers. 

7.1. Von mises Stress Analysis 

Figure 17 shows Von mises stress analysis 3D modeling in Ansys for loading one person 
(1373.4N).  A statistic that determines if a substance may give or fracture is the Von Mises 
stress. It is typically frequently applied to ductility, such as metals. A material will yield, 
according to the von Mises yield criterion, if its von Mises strain during load is equal to or 
higher than that of the yield point of the identical substance under simple tension. Our 
method employs 6.952 max tensile strength for our shock absorbers.  

Figure 18 illustrates the Von Mises stress analysis for loading two persons  
(2521.17N) using the proposed approach. Our proposed solution employs a rack and 
pinion with a maximum yield of 12.762 in the shock absorber.  

7.2. Deformation  

We develop a method termed deformation after comparing loading people in the proposed 
materials. Deformation refers to the change in shape. When enough force is exerted to a 
metal or other structural material, the substance will change shape. Deformation of the 
materials is given as follows. 

Figure 19 depicts the deformation when one person is loaded (1373.4N). We can get a 
maximum of 0.0061586 by loading one person in the shock absorbers.  



Behara and Rao / Research on Engineering Structures & Materials 9(3) (2023) 687-707 

 

703 

Figure 20 shows the derformation of loading two persons in the shock absorber 
(2521.17N). For loading two people in the shock absorber we achieve maximum values of 
0.011305 and minimum values tends to 0. 

 

Fig. 17 Von mises stress analysis for loading one person  

 

Fig. 18 Von mises stress analysis for loading two persons  

 

Fig. 19 Deformation for loading one person  
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Fig. 20 Deformation for loading two persons 

8. Conclusion and Future Work 

In this study, we developed a brand-new energy collecting technique depends on shock 
absorbers' mechanical vibrations. This technique demonstrates the detailed difference 
between loading one or more persons in a shock absorber using a displayed line graph. In 
the existing paper, only the harvested power vs load is analyzed, however in our work, we 
monitor and harvest the voltage in rechargeable batteries, and the boost converter is 
utilized to raise the voltage, which may be used to power low electrical devices. Then, to 
compare the Spring steel, we used Solid works 20, 3D printing and ANSYS technology. Our 
study area's major purpose is to concentrate on energy harvesting and vibration analysis 
in shock absorbers. After modelling the shock absorber with Solid works 20, ANSYS 
Workbench was used to analyze the shock absorber for Conventional bike and Electric 
Vehicle for different load conditions over the distanced travelled in Kilometers. Later, the 
shock absorber was tested on a two-wheeler bike using a rack and pinion mechanism. 
Compared to Conventional the vibrations in Electric bike were low so the that energy 
harvesting takes over the long distance. Mesh is performed using ANSYS technology for 
shock-absorber and is also shown in the paper. The modal analysis for our material ASTM 
A313 is also performed from mode 1 to mode 6, and the maximum and minimum modes 
are calculated. Von Mises stress analysis for loading one and two persons and also 
maximum tensile strength is also calculated by using ANSYS method. Deformation is also 
done for loading one and two persons is also calculated in this method. Finally, the 
Vibrations were harvested, boosted up voltage stored in dead rechargeable battery can be 
used to recharge the mobile.  The future scope of the work is to use the piezo electric 
material for vibration energy to the suspension system in convention and EV two wheelers, 
Four wheelers. 
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 The present investigation aims to study the mechanical properties of ZA- 
27alloy/ Molybdenum disulfide composites containing Molybdenum disulfide 
(MoS2) particles of size 40 µm. 1% and 2% of molybdenum disulfide are 
reinforced with ZA 27 alloy (which mainly consists of Aluminium 27%, Copper 
0.5%, Tin 1-2% balance is Zinc) through the stir casting method. In this method, 
MoS2 particles are poured into the molten ZA 27 alloy, for the uniform 
distribution of the particle stirrer used. The results of the present investigation 
showed that as MoS2 composition increased, there were significant monotonic 
increases in the elastic load strength, plastic load strength, ultimate tensile 
strength (UTS) and compressive strength of MoS2-reinforced ZA27 alloy as 
compared to unreinforced ZA 27 alloy. The present work gives explanations for 
these obtained results with the help of Scanning Electron Microscope (SEM) 
images. 
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1. Introduction 

 Among zinc-based cast alloys, the ZA family has enjoyed great popularity in recent years. 
Compared to aluminium-based alloys, The increased strength and lower casting 
temperature of ZA alloys are significant advantages [1,2,3]. It has been proposed that 
adding silicon carbide reinforcement to zinc alloys will increase the alloys' strength-to-
weight ratio and dimensional stability while taking advantage of their low processing 
temperatures and low cost [4]. Similar to graphite, Alumina, and silicon carbide, MoS2 is a 
reinforcing material and can likely be used to strengthen zinc-based matrixes [5]. In recent 
years, remarkable work has happened on MoS2 as reinforced material in the metal matrix 
composite. Molybdenum-reinforced material exhibits good anti-sizing characteristics, low 
friction and less wear [6,7,8]. The MoS2 projected out from the specimen during pin-on-
disc wear testing, from the tribo layer which prevents wear loss of the specimen, as result 
composite presumably imparts enhanced tribological properties, in other words, it acts as 
a solid lubricant. MoS2 particles of sizes ranging from 1µm to 100 µm are generally used 
for dry lubricating purposes. It is also used in an automotive engine, coating rifle barrels 
to easily pass bullets, etc. The presence of MoS2 in the matrix increases the spreadability of 
the oil on the contact surface, thereby reducing the tendency to score or scratch or seize as 
result it is also used as a solid lubricant [9]. The zinc-aluminium alloy ZA-27 with the 
chemical composition mentioned in the abstract was used as the matrix material in this 
study. Among the various ZA alloy series, ZA 27 alloy has the highest ductility and strength, 
excellent wear properties, and good machineability and bearing properties. ZA 27 alloy is 
used for medium load, low speed and moderate temperature applications such as bearings 
and gears. The stir casting method is used in this work, in which MoS2 particles with sizes 
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ranging from 40 µm to 50µm are preheated and added to molten ZA 27 alloy that has been 
heated above its melting temperature. The mechanical stirrer is used for the proper mixing 
of matrix and reinforcement material. The elastic strength, Plastic strength, ultimate 
tensile strength (UTS) and ultimate compressive strength of the composite material and 
unreinforced ZA 27 alloy are studied. The present investigation aims to study these 
properties in the ZA 27 alloy/MoS2 particle composites. 

 2. Experimental Procedure 

 2.1. Preparation of Composite 

To prepare tensile and compressive specimens, the stir casting method has been adopted 
[10]. The measured quantity of ZA 27 alloy was placed in the furnace’s crucible. The 
crucible is heated at a constant temperature of 600oC until the solid ZA27 changes to a 
liquid phase. The molten matrix is brought to a temperature of 485-490oC at which the 
calculated amount of (1% weight of taken ZA 27) preheated MoS2 is poured. At this 
temperature, the mixing of both molten matrix and MoS2  is carried out at the speed of 320- 
340 rpm with the help of a mechanical stirrer for 5 minutes. The molten composite is 
poured into a circular preheated mould of cast iron. The molten metal matrix composite 
inside the mould allowed it to solidify at room temperature. A casted circular specimen 
was taken out from the mould. The same procedure was repeated to prepare ZA 27 alloy 
reinforced with 2% Molybdenum disulfide, but instead of 1% weight of ZA 27 alloy, 2% 
weight of ZA 27 alloy, MoS2 is used. The Same procedure repeats to prepare base ZA 27 
alloy. 

  

Fig. 1 ZA27 without MoS2 moulded 
specimen 

Fig. 2 ZA 27 with 1% MoS2 moulded 
specimen 

2.2. Preparation of Tensile and Compressive Specimens 

Specimens obtained after removal from the mould are shown in Fig. 1 and Fig. 2 From these 
figures, it has been observed that moulded specimens are irregular in shape, and are 
surrounded by an oxide scale. The size of the specimen in terms of length and diameter is 
greater than the required dimension. All moulded specimens are machined and turned as 
per the requirement of ASTM (American Society for testing material) Standards. For the 
tensile test, specimens are prepared as per ASTM E 8 standard [11], the specification of the 
tensile specimen as per ASTM E8 is given in Table 1. schematic representation of the tensile 
specimen is given in Fig. 3 Similarly, for the compressive test, moulded specimens are 
machined as per the ASTM standard E 9 which is the ASTM standard for compressive test 
[12,13]. The compressive specimen should be a 1.5 to 2 length-to-diameter ratio as per 
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ASTM standard E9 A schematic representation of the compressive specimen is given in Fig. 
5 and the prepared compressive specimen as per ASTM standard E9 is shown in Fig. 6. 

Table 1. Specification of tensile specimen as ASTM standard E8 

Specification Dimension(mm) 
G—Gauge length 62.5 + 0.1 

D—Diameter 12.5 + 0.2 
R—Radius of fillet 10 

A—Length of reduced section 75 

 

 

Fig. 4 Prepared tensile specimen as per ASTM standard E8 

O
25

37
,5

 

 

Fig. 5 Schematic representation of 
compressive specimen as per ASTM 

standard E 9 

Fig.  6 Prepared compressive specimen 
as per ASTM standard E 9 

2.3. Procedure to Perform the Tensile and Compressive Test 

At room temperature, both tensile and compressive tests are conducted using the 
universal testing machine. The standard procedure was followed to conduct both tensile 
and compressive tests. 

• The tensile specimen is held between the jaws of the UTM machine in such a way 
that the test specimen is held by both jaws perfectly 
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• The extensometer is fixed within the gauge length marked on the specimen dial of 
the extensometer is adjusted and the dial of the machine scale is set to zero and 
further load indicator also is set to zero. 

• A suitable increment of load selected is applied so that corresponding elongation 
is measured in the case of a tensile specimen and reduction is measured in the 
case of the compressive specimen from dial gauge by keeping the speed of the 
machine uniform to record all displacement points for applied load till break or 
failure of specimen takes place. 

• From each composition, 3 tensile specimens are tested, and from the average 
values of ultimate tensile strength, young’s modulus and plasticity are 
represented in form of a graph. Similarly, from each composition, three 
compressive specimens are tested for compressive strength and the average 
values of the ultimate compressive specimen is calculated. 

• A gradual load in KN is applied in UTM for both tensile and compressive and the 
corresponding displacement in mm is recorded Based on the results obtained 
load v/s displacement graph was plotted to analyze the mechanical properties of 
the specimen both for tension and compression [13,14]. 

3. Result and Discussion 

Young’s modulus in terms of elastic load, ductility (in terms of plastic load) or plastic load 
ultimate tensile strength (UTS) in terms of breaking load and ultimate compressive 
strength in terms of breaking load are determined for the ZA 27 alloy and ZA 27 alloy 
reinforced with 1% and 2% MoS2 with help of a universal testing machine. For each 
composition, three tensile and compressive specimens are tested to find out the tensile and 
compressive strength the of specimen respectively. The average value of three tests is 
taken for each composition. The repeatable results are obtained. The individual results do 
not deviate more than 5% from their mean value. All mentioned parameter results are 
represented graphically from Fig. 7 to Fig. 10 

3.1 Elastic Behavior 

Average three values of elastic loads are plotted for both ZA 27 base alloy and 1%, as well 
as 2% MoS2, reinforced ZA27 alloy as shown in Fig. 7. Generally, young’s modulus is 
defined, as stress is proportional to strain within the elastic limit. the specimen comes to 
its original position after the removal applied load, that load is called elastic load. In the 
current study, for the applied load, if zero deflection is shown on the extensometer, that 
load is referred to as elastic load. From the plotted graph shown in Fig. 7, it can be seen 
that the elastic load range increases for an increase in the quantity of MoS2 in ZA 27 base 
alloy. It can be observed from Fig. 7, ZA 27 reinforced with 1% of MoS2 has 3 times elastic 
strength compared to the base ZA 27 alloy. Similarly, ZA 27 reinforced with 2% of MoS2 
showed four times the elastic load applied as compared to unreinforced ZA 27 alloy. 

3.2. Plastic Behavior 

Average three values of plastic loads are plotted for both ZA 27 base alloy and 1%, as well 
as 2% of MoS2, reinforced ZA27 alloy as shown in Fig 8. load at which specimen does not 
return to its original size after removal applied load, such load is called plastic load. plastic 
load of ZA 27 base alloy and ZA 27 reinforced with 1% and 2% of MoS2  are given in Fig. 8. 
In the present research work, the load at which the specimen starts to elongate which can 
be indicated through deflection in the extensometer which is fixed to the tensile specimen 
during tensile testing. Such load is referred to as plastic load. It can be seen from Fig. 8, ZA 
27 alloy has experienced a plastic load of around 4000N, ZA 27 alloy reinforced with 1% 
of MoS2 has experienced a plastic load of around 7900N which is twice that of the base ZA 
27 alloy. ZA 27 alloys reinforced with 2% MoS2 have experienced a plastic load of around 
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9800N, which is around 3 times greater than ZA 27 base alloy. This substantial increase in 
ductility is probably because zinc, with its compact hexagonal crystalline structure, is a 
relatively brittle material in the solid state, while added MoS2, as an effective solid 
lubricant, facilitates the movement of grains, along with the slide planes, a similar 
observation made while graphite is added instead of MoS2[15]. 

 

Fig. 7 Change of elastic behaviour of ZA 27 alloy with the addition of MoS2 particle 

 

Fig. 8 Change of plastic behaviour of ZA 27 alloy with the addition of MoS2 particle 

3.3. Ultimate Tensile Strength 

Average three values of ultimate tensile loads are plotted for both ZA 27 base alloy and 1%, 
as well as 2% of MoS2, reinforced ZA27 alloy as shown in Fig. 9. Ultimate tensile load is the 
maximum load applied to a specimen during tensile testing, at which the testing specimen 
will break. The ultimate tensile load of ZA 27 base alloy and ZA 27 reinforced with 1% and 
2% of MoS2 are given in Fig  9. In the present work, the load at which the specimen breaks, 
that load is referred as the ultimate tensile load. It can be observed from Fig.  9, ZA 27 alloy 
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is broken at a load of around 22500N, ZA 27 reinforced with 1% MoS2 is broken at a load 
of around 25500, and ZA 27 alloy reinforced with 2% MoS2 is broken around 28400N. It is 
observed from Fig.  9 that the Ultimate tensile strength of ZA 27 alloy increased with an 
increase in the composition of MoS2. This increase in tensile strength may be due to the 
MoS2 particles acting as barriers to dislocations in the microstructure as a similar 
observation made by other researchers. [16,17,18] 

 

Fig. 9 Ultimate tensile strength of ZA 27 alloy with addition of MoS2 particle 

3.4 Ultimate Compressive Strength 

Fig.  10 is a graph showing the effect of MoS2 content on the compressive strength of cast 
ZA-27 base alloy. Effects of elasticity, plasticity and ultimate tensile strength of ZA 27 alloy 
and ZA 27 reinforced with 1% and 2% of MoS2 are discussed in the previous section. It can 
be seen from Fig. 10 that as the MoS2 content increases, the compressive strength of the 
composite material increases significantly. As the MoS2 content is increased from 0% to 
2%, the compressive strength increases by about 45%. As in the case of UTS described 
above, this increase in compressive strength may be due to the MoS2 particles acting as 
barriers to dislocations in the microstructure as the same thing was observed by the other 
researcher for graphite reinforcement, the same explanation can be given as explained for 
ultimate tensile strength [16,17,18]. 

3.5 SEM Analyses  

The SEM images of the middle portion of a tested surface of ZA 27 alloy, ZA 27 alloy 
reinforced with 1% MoS2 and ZA 27 reinforced with 2% MoS2 are shown in Fig.  11(a, b, c). 
All SEM images are taken at the magnification of 200X.  It can be seen in Fig.  11(a), a 
relatively large void is formed on the surface of the tensile tested specimen for the base 
ZA27 alloy. A weak spot within the specimen will create a small internal void when a tensile 
load is applied. As the load rises, this void will progressively get bigger. The material cross-
section area cannot withstand high loads when the internal resistance of the specimen 
exceeds the applied load and the specimen ultimately fails by ductile fracture as a result of 
significant plastic deformation and the formation of a micro void. After reinforcement of 
1% MoS2 in ZA 27 alloy, there is a change in the size of the void can be seen in Fig.  11(b). 
It showed that due to the addition of MoS2 particle, the size of the void decreased between 
ZA 27 particles, and the more refined structure of ZA 27 alloy can be seen from the same 
Fig.  11(b), further increase in the percentage of MoS2 to 2% further reduction in size and 
depth of void of ZA 27 alloy can be seen in Fig. 11 (c). So, SEM images give more support to 
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the interpretation given for all tensile results. To check the presence and distribution of 
MoS2 inside the ZA 27 alloy EDX analysis is carried out which is shown in Fig.  12.  

 

Fig. 10 Ultimate compressive strength of ZA 27 alloy and its MoS2 reinforcement 

 

(a) SEM image of ZA 27 alloy without reinforcement 

 

(b) SEM image of ZA 27 alloy with 1% of MoS2 
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(c) SEM image of ZA 27 alloy with 2% of MoS2 

Fig. 11 SEM images 

 

Fig. 12 EDX image of the distribution of MoS2 in ZA 27 base alloy 

4. Conclusions 

The ZA 27 alloy possesses excellent physical, mechanical and tribological properties such 
as low weight, high strength, excellent foundry castability fluidity, good machining 
properties, low initial cost, and environmentally- friendly as compared to plastics, cast 
iron, or even steels when being applied under conditions of high mechanical loads and 
moderate sliding speeds under moderate operation temperatures. Many researchers tried 
to improve its mechanical, tribological and other physical properties trough reinforcing it 
with various reinforced materials such as silicon carbide, graphite, zircon, Manganese, 
Magnesium, Aluminium oxide, short glass fibre, Titanium and titanium diboride etc. Some 
Researchers tested the same ZA 27 alloy by subjecting it to various heat treatment 
processes to check the change in its mechanical properties. In the present investigation, 
important mechanical properties such as tensile strength and compressive strength of ZA 
27 alloy and ZA 27 alloy reinforced with one percentage (1%) and two per cent (2%) of 
MoS2 were investigated. To get repeatability, each composition is tested three (3) times. 
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The comparative studies were carried out with unreinforced ZA 27 base alloy with ZA 27 
alloy reinforced with 1% and 2% MoS2 particles. Mechanical analyses or tensile and 
compressive analyses indicated that the presence of the MoS2 particles in the Zinc 
aluminium alloy remarkably changed through reinforcing 1% and 2% amounts of MoS2. It 
was found that increasing the MoS2 content within the ZA-27 matrix results in significant 
increases in the elasticity or elastic strength, plasticity or plastic strength, ultimate tensile 
strength and ultimate compressive strength. This change in the result is completely 
attributed to the presence of MoS2 inside the ZA 27 alloy. Scanning Electron Microscopic 
images showed the changes in surface structure and decrease in the size of voids due to 
the addition of MoS2 particles and the Energy Dispersive X-ray (EDX) image showed the 
distribution of reinforced particles inside the ZA 27 alloy. Both SEM and EDX images also 
support the explanation of the positive effect of MoS2 particles in the Mechanical properties 
of ZA 27 alloy.  Compressive strength is increased as a result of MoS2 particles acting as 
barriers to dislocations occurring due to the application of compressive load. So, it can be 
concluded that MoS2 particles positively influence the tensile and compressive properties 
of ZA 27 alloy.   The good mechanical characteristics of MoS2 and their adequate facial 
interaction with the matrix surface can be used to explain this behaviour. 
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 Poly(vinyl chloride) (PVC) is difficult to process because of its low thermal 
stability. Therefore, stabilizers are used. Epoxidized vegetable oils are 
environmentally friendly stabilizers, but they degrade at high temperatures, 
causing the polymer to become brittle and discolored. Also, unreacted double 
bonds in it can reduce the compatibility between plasticizer and PVC, causing 
greater migration of plasticizer from PVC. This study focuses on the evaluation 
of the effect of phosphite and urea derivative stabilizers against epoxy stabilizers 
on the thermal degradation of PVC and plasticizer diffusion from PVC. Plastisols 
were prepared by mixing plasticizers (di-octyl terephthalate and di-2-ethyl-
hexyl phthalate), primary, and secondary stabilizers (epoxidized soybean oil 
(EPSO), epoxidized linseed oil(ELO), tri-phenyl phosphite(TPP) and diphenyl 
urea(DPU)) into PVC. Plastigels were cured and thermally aged. Thermal 
degradation in terms of color changes, oxidation index, and polyene 
concentration was investigated by using colorimetry, Fourier Transform 
Infrared Spectroscopy (FTIR) and Ultraviole (UV)-visible spectroscopy, 
respectively. As a result, phosphite and urea derivative stabilizers provided 
better long-term stability than the EPSO. However, EPSO was more affected by 
the plasticizer migration than the others. An effort has been made in this study 
to shed light on the improvement of the thermal stability of PVC by means of non-
toxic secondary stabilizers. 
 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Poly(vinyl chloride) (PVC) is amongst the most widely used polymers worldwide since it 
is unique properties and low cost [1, 2]. However, PVC is difficult to process due to the high 
melt viscosity and rigid chain structure caused by polar chlorine atoms. As a result, the 
processing temperature increases and its thermal stability decreases [3-5]. Before its 
processing temperature reached, it will release hydrogen chloride (HCl) gas resulting in a 
performance decline [6]. The decomposition product, HCl, accelerates the degradation and 
plays a role in the autocatalytic process [7]. Degraded PVC is characterized by intense 
discoloration caused by the formation of conjugated double bonds (polyenes). When PVC 
has 4, 6, 8, and 11 polyenes in its chain, it color appears light yellow, yellow, orange, and 
red, respectively [8-10].  This problem can be solved by the use of plasticizers and thermal 
stabilizers [5, 11]. Stabilizers provide thermal stability by the absorption and 
neutralization of HCl gas, and thus prevents or delays the degradation process [7]. 
Conventional primary stabilizers such as calcium/zinc (Ca/Zn) stabilizers are widely used 
for thermal stabilization. However, it causes some problems in the long-term stability of 
PVC due to zinc chloride (ZnCl2) formed during the process and can catalyze the 
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degradation of PVC. This causes a sudden zipper dehydrochlorination [6, 12].  When 
primary stabilizers and secondary stabilizers are used together, their stabilizing effects 
increase [6]. Ca/Zn stabilizers are supported by epoxidized vegetable oils as secondary 
stabilizers or by co-stabilizers because of their non-toxic structures [11, 13, 14]. 
Epoxidized vegetable oil based from renewable bio-resources, which are epoxidized 
triglyceride oils from rubber seed oil, sunflower oil, soybean oil, linseed oil, epoxidized 
cardanol, epoxidized triglyceride oils and oleic acid polyester with their low toxicity, they 
attract attention as PVC stabilizers or plasticizers [4, 5, 15]. The researches on epoxidized 
vegetable oils and their synergism with metal carboxylates for stabilization have been 
reported [3-5, 11, 16-19].  Ferrer et al. al., (2010) showed that PVC-based formulations 
containing different amounts of EPSO improved compatibility and thermal stability. They 
stated that the thermal stability of materials depends on the plasticizer concentration [11].  
Karmalm et al., (2009) tested the effectiveness of EPSO as the primary plasticizer for PVC. 
They compared the stabilization of materials with different conventional stabilizers. They 
reported that the addition of traditional stabilizers for instance Ca/Zn-stearate, reduced 
the stability of PVC-EPSO [17]. Benaniba et al., (2003), studied PVC stabilization of 
epoxidized sunflower oil (ESO) with Ca/Zn stearate. They calculated the induction and 
dehydrochloride initial rates of dehydrochlorination before depletion of the stabilizers. 
The addition of this stabilizers increased the induction time and decreased the 
dehydrochlorination rate. The effectiveness of ESO found to depend on the amount of 
epoxy groups in the molecule and the high epoxy groups increased efficiency [18].  Scheme 
1 represented the reaction with PVC in the presence of metal salts of epoxy thermal 
stabilizers [20]. Epoxy groups act as HCl scavengers and getting excellent thermal stability 
to PVC [5]. EPSO stabilization involves a reaction between the epoxide ring of EPSO and 
HCl. Then labile chlorine atoms return into the polymer chains. This reaction prevents 
further dehydrochlorination at high temperatures [17]. 

 

Scheme 1. Schematic representation of the reaction between epoxy thermal stabilizer 
with PVC in the presence of metal salts 

Such functional copolymers provide a strong auxiliary effect to the Ca/Zn-stabilizer system 
on the stabilization of PVC. This effect increasing with increasing hydroxy or epoxy group 
content. [13] but also problematic due to the tendency to degrade, causing the polymer to 
become brittle and discolored during heat aging. Also, many of vegetable oils are include 
of oleic, linoleic and linolenic acids containing conjugated double bonds. These oils are 
triglyceride mixtures formed by different unsaturated fatty acids [21]. The benefit of 
phosphite stabilizers is to prevent the chemical compounds resulting from chlorine 
disintegration, from causing color distortion and turbidity in the polymer. However, when 
organic phosphites used alone, they can cause metal chloride formation. Therefore, they 
used with metal heat stabilizers to prevent this. The most known organic phosphites are; 
triphenylphosphite and tris (nonylphenyl) phosphate [22]. Organic phosphites, reacts with 
hydroperoxides generated from the thermooxidative degradation of the polymer. The 
phosphite stabilizers can also act as metal-complexing agents. Therefore, phosphites 
classify as secondary antioxidants in these applications [23]. The effect of thermal stability 
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of organic phosphites showed in Scheme 2 [24]. Some phosphites increase the efficiency 
of other thermal stabilizers with anti-rust effect. 

 

Scheme 2. Schematic representation of the thermal stability of organic phosphites 

Urea derivatives have proven to be effective stabilizers for PVC when used with primary 
thermal stabilizers for PVC stabilization [25]. Phenyl urea and phenyl urea derivatives 
have a variety of functional groups that can interact with the evolved HCl gas released from 
degraded PVC. Due to their ability to form stable complexes with various metal ions, they 
react with metal chloride by-products formed during the thermal degradation of PVC 
stabilized with metallic stabilizers [19]. Urea derivatives act according to the mechanism 
in Scheme 3. 

 

Scheme 3.  Schematic representation of the thermal stability of α-phenylindole and 
urea derivatives 

The presence of clorine in PVC resin increases the interchain attraction that makes PVC 
rigid and stiff [26]. Plasticizers are added to resin to lowering glass transition temperature 
(Tg) and break up chain-chain interactions, leading to flexibility [4, 5, 26-28]. Low 
molecular weight monomeric plasticizers derived from phthalic acids are the most widely 
used plasticizers [26, 28]. Because of the high migration to contact media, some 
plasticizers, in particular phthalates, especially diethylhexyl phthalate (DEHP), (dioctyl 
phthalate, DOP), which are commonly used in PVC formulations has been questioned due 
to their potential toxicity risk to human health and the environment, food contaminations 
as well as deformation of material due to losing its flexibility [3, 4, 11, 14, 27, 28]. 
Therefore, many of the phthalate esters were restricted in the world are listed in the 
Substances of Very High Concern (SVCH) by European Chemicals Agency (ECHA). 
Therefore, there is a need for greener and safer alternatives [4, 5, 26, 29] or plasticizer 
migration must be controlled [28]. However, their plasticisation performance are similar, 
dioctyl terephthalate (DOTP) is less volatile than DEHP [5, 29]. DOTP are used for main 
fields of applications as coatings, floorings, electric connectors etc. As far as currently 
known, DOTP has no carcinogenic, or developmental effects [29].  As a result, PVC, is 
difficult to process, due to its low thermal stability. This problem is solved the use of 
stabilizers. Epoxidized vegetable oils are environmentally friendly but, it is problematic as 
it degrades at high temperatures, causing the polymer to become brittle and discolored 
upon thermal aging. Also, unreacted double bonds in it can reduce the compatibility 
between PVC and plasticizer, causing greater migration of the plasticizer from the PVC 
matrix to the environment. This study focuses on the evaluation of the effects of the 
phosphite and urea derivative stabilizers against epoxy stabilizers on the thermal 
degradation of plasticized-PVC (p-PVC) films and plasticizer diffusion from films. EPSO, 
ELSO, TPP and DPU were used as secondary stabilizers for p-PVC formulations and their 
thermal stabilization behaviour were investigated. The p-PVC films were prepared with 
DOTP and DEHP as plasticizers and their plasticizer diffusion efficiencies were 
investigated also. EPSO and DEHP were used for comparison at the same conditions in the 
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study. Thermal aging studies were carried out in an oven at 100 and 150ºC up to 420 
minute. This study focused on the decomposition of the films and plasticizer migration out 
of the films into air. Oxidation index were determined by FTIR spectroscopy. Stabilization 
behaviour as color changes and dehydrochlorination were investigated by colorimetry, 
and, UV-visible spectroscopy respectively.  Diffusion coefficients of plasticizers were 
calculated from mass loss of the films. Conjugated double bonds (CDB) were determined 
by UV spectroscopy and degradation kinetics of the films were evaluated. The novelty of 
this study is the comparison study of the effect of phosphite and urea derivative stabilizers 
against epoxy stabilizers on the thermal degradation of PVC and their effect of migration 
of plasticizers to air from plasticized PVC composite films for use in flexible PVC cable 
sheath applications. 

2. Materials and Methods 

2.1. Materials 

Emulsion-type PVC was purchased from Petkim Co., Aliağa, Izmir, Turkey. Dioctyl 
terephthalate (DOTP), dioctyl phthalate (DOP) ((di-2-ethyl hexyl phthalate (DEHP)), CaSt2, 
ZnSt2, epoxidized soy bean oil (EPSO), epoxidized linseed oil (ELSO), tri phenyl phosphite 
(TPP), diphenyl urea (DPU) were supplied by Sigma Aldrich, Germany. The additives and 
their molecular formulas are given in Table 1. 

2.2. Methods 

The experimental method mainly involves the preparation of p-PVC films by gelation of 
prepared plastisols, their thermal degradation under controlled conditions and the 
assessment of degradation and degradation kinetics by means of instrumental methods as 
well as the plasticizers migration and diffusion kinetics through mass loss measurements. 

2.2.1 Plastisol Preparation 

Plastisols were produced by mixing 60 parts of plasticizer (DOTP and DEHP), 5 parts of 
secondary thermal stabilizers (EPSO, ELSO, TPP and DPU), and 3 parts of Ca-Zn St2 mixture 
as primary stabilizers with 100 parts of PVC, on the mass basis.  Formulations of the films 
and their codes are given in Table 2. Samples containing EPSO and DEHP (EP-DE) were 
used for comparison. 

2.2.2 Plastigel Preparation 

P-PVC films which have 150μm thickness were drawn from plastisol and cured under the 
same conditions, as in our previous study [29]. 

2.2.3 Thermal Degradation Studies 

P-PVC films were cut into about 4x4cm2 pieces and were heat treated at 100 and150°C in 
an oven up to 420 minutes. 

2.3. Analysis Methods 

2.3.1 Spectroscopic Analysis 

Oxidation index values were analyzed using Perkin Elmer (Spectra 100) FTIR 
spectrometer.  

Light absorbances of the films were determined by using a Perkin Elmer (Spectra 100) UV 
spectrophotometer.   

Raman spectra of thermally degraded p-PVC films were recorded using a WITech alpha 
300R Raman Microspectrometer. Diffraction grating was used in conjunction with air-
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cooled DPSS laser source excitation up to 100mW at 532nm. The Raman spectra were 
acquired from 500 cm-1 to 3500 cm-1.  Raman analyzes were made by Atatürk University 
East Anatolia High Technology Application and Research Center, DAYTAM, Erzurum, 
Turkey. It has OECD ILU (GLP) conformity certificate. 

Table 1. Additives used in the study 

Material  
Chemical 
Formula 

Molecul 
Weight, g/mol 

Molecular Formula 

Polivinyl chloride, 
PVC,  PETKIM 
Emulsion type 

-(C2H3Cl)n- 
97300-
110643 

 

Dioctyl terephthalate, 
DOTP 

C24H38O4 391 

 

Diethylhexyl 
phthalate, DEHP 

C24H38O4 390 

 
Calcium stearate, 

CaSt2 
C36H70O4Ca 607 

 

Zinc stearate, ZnSt2 C36H70O4Zn 632.3 

 

Epoxidized soybean 
oil, EPSO (Epoxy 
value % 6.8-7.1) 

C57H98O12 975.5 

 
Epoxidized linseed 

oil, ELSO 
  

 

Triphenyl phosphite, 
TPP 

C18H15O3P 310.3 

 

Diphenyl ürea, DPU C13H12N2O 212.3 

 
2.3.2 Colorimetric Analysis 

Yellowness index of the films were measured by placing the tip of the measuring head of 
B&W Tek Glacier X Model Color Spectrophotometer. 
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Table 2. Sample codes with respect to the variables as secondary thermal stabilizers and 
plasticisers in formulations of p-PVC plastisols 

 
Secondary thermal stabilizer 

Plasticizer/ Film codes 

DOTP DEHP 

Epoxidized soybean oil, EPSO EP -DO EP-DE 

Epoxidized linseed oil, ELSO EL -DO EL-DE 

Triphenyl phosphite, TPP TP-DO TP-DE 

Diphenyl urea, DPU DP-DO DP-DE 

3. Theoretical 

3.1. Determination of Oxidation 

The oxygen diffused into the polymer during decomposition reacts with the free radicals 
inside, causing further oxidation. As a result, the oxidized surface layer becomes thicker. 
This thickening is also assessed via the oxidation index (OI), which is determined using 
infrared spectroscopy. 

OI values were calculated by using Eq (1) considering the absorbance of carbonyl band 
(C=O) around 1720 cm-1 and the absorbance of a reference group of -CH2- at 1363 cm-1, 
1420 cm-1 or 2920 cm-1 band [9]. 

𝑂𝐼 =
𝐴𝐶=𝑂

𝐴𝑟𝑒𝑓

=
𝐴[1722 𝑐𝑚−1]

𝐴[2920 𝑐𝑚−1]
× 100 (1) 

3.2. Following of Polyene Formation by Spectroscopic Method 

Thermal stabilization behaviour in terms of concentration of polyenes formed due to the 
released HCl during thermal treatment were determined by spectroscopic technique. 
Concentration of polyenes were calculated using light absorbance by UV-visible 
spectroscopy [30]. There is a wide absorption peak at 200-350 nm for PVC in the UV 
spectrum. Dehydrochlorination rate can be determine using molar absorption coefficients 
from the concentration of conjugated dienes in the range of 268–447 nm in the UV 
spectrum [9]. Polyenes absorb light of a certain wavelength (λ) with a certain molar 
absorption coefficient (ξλ). 

The number of double bonds of the different lengths of polyenes were given in literature 
[31]. The concentrations of polyene sequences, Cn (mol/L), calculated by using Eq (2). 

 𝐶𝑛 = 𝐴
(𝜉 × b)                   ⁄  (2) 

Where; A is the absorbance, b (cm) is the thickness of the films, ξλ (L/mol cm) is the molar 
absorption coefficient. 

3.3. Kinetic Evaluation of the Dehydrochlorination 

The distribution values of n number of polyene sequences after dehydrochlorination is 
determined from its absorption spectra. The mol fraction of polyene sequences containing 
n conjugated double bonds are determined as Eq (3); 
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𝑁𝑛 =
𝐶𝑛

𝐶
 (3) 

Where C is the concentration of vinyl chloride repeat units in films. Nps is the mol fractions 
of polyene sequences and Ndb (ND) is the mol fractions of the polyenes, are given by Eq (4) 
and Eq (5), respectively; 

𝑁𝑝𝑠 = ∑ 𝑁𝑛 (4) 

𝑁𝑑𝑏 = ∑ 𝑛 𝑁𝑛         (5) 

This is a first order reaction [32], Eq (6) was obtained; 

− ln(1 − 𝑁𝑑𝑏)  = 𝑘1 × 𝑡                                                                                                                                                                (6) 

Where k1 is the reaction rate constant, t is time, and Ndb is the mol fraction of polyenes.   
Plotting -ln (1-Ndb) versus time lines the rate constants can be determine [9]. 

3.4. Determination of Polyene Number Using Raman Spectroscopy 

For excitation wavelengths from 425 nm to 625 nm to estimate the excitation wavelength 
for which the optimum resonance effect occurs derived an equation Eq (7) [33] as below. 

λ = 700 − 537.7 x exp(−0.0768 x n)  (7) 

where, λ is excitation wavelength (nm) and n is the number of conjugated double bonds. 

The other equation is related the wavenumber (cm-1) of the C=C stretching vibration 
between n (Eq (8)) [34]. 

υ1521= 1461+151.2 x exp(−0.07808 x n) (8) 

3.5. Determination of Yellowness Index by Colorimetric Method 

Color changes observed according to the numbers of polyenes formed from polymer 
degradation were determined by using tristimulus values of color. When PVC degrades as 
a result of thermal treatment, yellowing occurs.  The coloration caused by the formation of 
polyenes is determined by the spectroscopy technique. The yellowness index (YI) is a 
measure of color change compared to a white standard. PVC color is calculated with L*a*b* 
color coordinates (tristimulus values) (Eq (9)) [35]. 

𝑌𝐼 = (0.72𝑎 + 1.79𝑏) × [100
𝐿⁄ ] (9) 

3.6. Determination of the Plasticizer Migration 

Aging of p-PVC involves dehydrochlorination, oxidation and loss of plasticizers by 
migration processes. When analyzing the migration of the plasticizer, it is necessary to 
analyze the diffusion through the polymer matrix to the surface of the material and the 
transporting from the surface to the surrounding environment [29]. For analyzing the rate 
of migration, diffusion coefficient would be desirable by Fick’s law. Diffusion coefficient of 
the plasticizers calculates from the corresponding mass loss data when the other 
evaporating or decomposing components are negligible [29]. Eq (10) is able to explain the 
migration of plasticizer from p-PVC films [36]. 
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𝑀𝑡 

𝑀∞
= (4/𝑙) × (𝐷 𝑡/𝜋)0.5 (10) 

Where Mt and M∞ are the measured mass of plasticizer diffused at time t and after time 
infinite, respectively, D is the diffusivity and l is the film thickness.   

4. Results 

The stabilizing efficiency of secondary stabilizers, the formation of polyene sequences, the 
yellowness index, and structural changes were evaluated. The degradation kinetics of the 
films were evaluated. 

4.1. Evaluation of the Structural Changes and Oxidation 

During the decomposition, oxygen diffuses into the polymer, and the polymer is oxidized 
by the formation of free radicals. The oxidation is observed through the increase in OI 
values by the FTIR spectroscopy technique. Fig. 1 depicts the FT-IR spectrum of the films 
during heat treatment at 150oC for 420 minutes between 1800-1400 cm-1 wave numbers.  
The intensity of the 1570 and 1530 cm-1 bands belonging to the thermal stabilizers 
generally decreased after heat treatment due to their consumption. The bands at around 
1720 cm-1 belong to the carbonyl C=O vibrations of an ester plasticizer [29], and the 
decreasing peak height suggests the migration of the plasticizer by heat treatment in all 
films. However, in the films containing epoxy soybean oil (EP-DO and EP-DE) the peak 
height was reduced less than in the other films. When the effect of different thermal 
stabilizers on the migration of plasticizers is examined for DOTP and DEHP-containing 
films, the order of decrement of the ester peak during heat treatment is as follows: DP-DO 
= EL-DO = TP-DO> EP-DO and DP-DE= TP-DE= EL-DE> EP-DE, respectively. The oxidation 
index (OI) values given in Table 3 were calculated from the ratio of absorbance values of 
the 1720 cm-1 carbonyl peak to the absorbance values of the reference group at 2920 cm-

1 using Eq (1). 

 

Fig. 1 Change of 1720 cm-1 peaks of p- PVC films with temperature for 420 minutes 
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Table 3.  OI values of the films during heat treatment 

 

Change in OI values during the heat treatment process belongs to the plasticizer migration 
and degradation. Diffusion and carbonyl formation are two competing processes; while 
plasticizer diffusion results in decrementing carbonyl, its formation results in the 
increment of the same peak. This can be explained by the loss of ester resulting from 
plasticizer migration and the carbonyl formed as a result of decomposition on the same 
peak. Therefore, the observation of ester loss and carbonyl formation on the same peak 
made it difficult to explain the change in OI with heat treatment. 

4.2. Evaluation of Polyene Formation by UV-Visible Spectroscopy 

Polyolefins are permeable in the UV zone. They give absorbance in the UV region 
depending on the color change after degradation. HCl is released by the 
dehydrochlorination of PVC during the heat treatment. Conjugated double bonds formed 
after degradation give maximum absorbance in the UV spectrum in the wavelength range 
of 268-447 nm.  Between these wavelengths, namely at (268, 304, 334, 364, 390, 410, 428, 
and 447 nm), 3-10 conjugated polyenes are formed. The ratio of absorbance (A) values to 
1100 nm reference absorbance (A1100) values normalized the change in film thicknesses by 
heat treatment.  Aλ/A1100 and polyene number during heat treatment at 100 and 150oC are 
depicted in Fig. 2 and 3, respectively. The number of polyenes increased with heat 
treatment. Three conjugated polyenes were observed at 268 nm wavelength even at 100oC 
and 3-10 double bonds were observed at 150oC. Although there are no major differences 
as compared to the one with DEHP, the film with DOTP formed a somewhat higher amount 
of shortest polyenes upon heat treatment. Diphenyl urea having a film had divergence from 
the others with lower absorbance, that is, a lower amount of conjugated double bonds. It 
was observed that the samples with the highest triple conjugated bond at 268 nm at 100oC 
are EL-DE and TP-DE, and at 150oC it is EP-DE. For the strongest heat treatment (at 150oC, 
420 min), the lowest absorbance having sample was the one containing DP-DE, while the 
highest total absorbance having sample was the one containing EP-DO. While the order of 
the UV absorbance at 268-447 nm wavelength of the plasticizers DOTP>DEHP and of the 
secondary heat stabilizers is EPSO> ELSO> TPP> DPU, respectively. Fig. 4 shows the UV–
vis relative total absorbances of the samples. 

An increase in the slope of the relative UV absorbance curves of the films is due to the 
formation of polyene by heat treatment. The number of polyenes increases with heat 
treatment. Although total absorbance values increased in all films with heat treatment, the 
least change was observed in the film containing EL-DE, and the highest change was 
observed in the film containing EP-DO. The order of the UV total absorbance at the 268-
447 nm wavelength of the plasticizers is as DOTP> DEHP. For the high heat treatment (at 
150 oC, 420 min), the lowest total absorbance value was observed in the sample containing 
DP-DE, while the highest was observed in the sample containing EP-DO. The order of the 

Time. min.     0  120  240   360   420  120  240   360   420 
    Films  OI (at 100oC) OI (at 150oC) 
EP-DO 173.7 174.3 158.2 186.2 152.8 189.5 140.3 146.4 176.0 
EL-DO 207.9 216.5 211.5 212.6 213.4 216.5 156.0 44.7 46.3 
TP-DO 217.8 224.9 190.8 234.8 228.5 263.9 154.7 47.3 47.5 
DP-DO 193.2 254.6 230.8 226.4 224.2 256.8 149.3 34.6 41.5 
EP-DE 176.7 205.1 203.4 186.8 184.9 205.0 203.4 186.8 184.9 
EL-DE 185.3 189.0 188.5 203.7 184.0 174.8 142.6 41.5 37.7 
TP-DE 200.9 229.0 186.1 233.9 233.5 234.7 66.1 42.8 48.7 
DP-DE 192.9 175.2 172.8 177.5 167.6 151.9 33.4 39.1 51.2 
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total absorbance values for secondary heat stabilizers is ELSO > TPP > EPSO > DPU and 
EPSO > ELSO ≈TPP > DPU at 100 and 150oC, respectively. Diphenyl urea having film had 
divergence from the others with lower absorbance, that is, lower conjugated double bond 
amount. The stability of phenyl urea derivatives is high due to their chemical structure, 
which includes two amide linkages, two aromatic rings, a phthalimide moiety, and various 
substituent groups known to be thermally highly stable [37]. 

 

Fig. 2 Aλ/A1100 values of the films at 100oC (n; number of conjugated polyene at 
specified wave lenght [31] (for 120, 240, 360, and 420 minutes) 

 

Fig. 3 Aλ/A1100 values of the films at 150oC (n; number of conjugated polyene at 
specified wave lenght) 
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Fig. 4 Total relative absorbance values of P-PVC films 

4.3. Evaluation of the Polyene Concentrations of Degraded p-PVC Films by 
UV/Visible Spectrum 

Polyene concentrations, Cn (mol/L), were calculated by using Eq (2).  In Table 4, the 
polyene concentrations of the films were given. The mol fraction of polyenes at each n 
value and the mol fractions of conjugated double bound (xcdb) were given in our previous 
study [9]. The concentration of the polyenes formed after degradation in films increased 
with temperature. The concentration of polyenes formed in heat-treated films up to 420 
minutes at 150oC at 268 nm wavelength (the number of conjugated dienes formed at this 
wavelength is three) in the UV spectrum was mostly observed in films containing EP-DE. 
Whereas it was observed that they were the lowest in EL-DO-containing films. However, 
the highest increase in triple conjugated double bond concentrations compared to the 
initial values was observed in EP-DO film, while the least increase was observed in DP-DE 
film. The order of the increment of the concentration at 268 nm wavelength for the films is 
as follows: EP-DO> TP-DO> EL-DO> EL-DE> EP-DE> DP-DO> TP-DE> DP-DE. The order of 
the increment of the concentration at 268 nm wavelength for the films in terms of 
plasticizers is DOTP> DEHP. Fig. 5 shows the total concentration of the polyenes. With the 
increase in heat treatment time and temperature, the total concentrations of polyenes 
observed in the wavelength range of 268-447 nm in all films increased. The total 
concentration of polyenes formed in the films at 150oC for 420 minute remained in the 
range of 14-22 10-3 mol/L. In general, the total concentration of polyenes formed as a result 
of degradation was higher in films containing DOTP than in films containing DEHP 
plasticizers. The order of the total polyene concentration of the films is as follows: EP-DO> 
TP-DO> EP-DE> TP-DE> DP-DO> EL-DE> EL-DO> DP-DE. Mohamed et al. (2014) suggested 
that the stabilizing effect of various maleimido phenyl urea stabilizers is due to a radical 
mechanism that blocks the single electron sites formed in PVC chains [38]. 

4.4. Degradation Kinetics for Dehydrochlorination Reaction of PVC 

The mol fractions of polyene sequences formed after degradation were determined from 
their UV spectra. These values for each films containing n polyene (Nn) were determined 
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by using Eq (3). Mol fractions of polyene sequences and double bonds (Nps and Ndb) were 
calculated by using Eq (4) and Eq (5). These values were given in Table 5. Then, the 
degradation rate constants for each film were calculated at 15 (oC up to 420 minutes by 
using Eq (6). Thermal dehydrochlorination is a first order reaction [9]. Therefor Eq (6) was 
used for the reaction rate constant calculation. The polyene formation rate constants for 
each film were determined by plotting -ln (1-Ndb) versus time lines. The 
dehydrochlorination rate constants (Table 6) were calculated using the slope of these 
curves (Fig. 6). Polyene formation rate constants calculated from the slopes of the lines in 
Fig. 6. These are between 1.68*10-4-2.34*10-4 min-1 at150oC (as given in Table 6). The 
degradation rate constant of the film containing EPSO is higher than that of the other 
stabilizers. 

Table 4. Concentration of polyenes, Cn*103, mol/L  

Polyene concentration, Cn *103, mol/L 
N, number of 

polyene 
rayısı 

3 4 5 6 7 8 9 10 
 

T, oC 
             

A 
Film  

A268 A304 A334 A364 A390 A410 A428 A447 ∑ 𝐶𝑛 × 103, 𝑚𝑜𝑙/𝐿 

25 
EP-
DO 

5.93 2.65 0.41 0.34 0.25 0.24 0.17 0.15 10.14 
100 9.40 3.66 0.65 0.53 0.40 0.38 0.28 0.24 15.54 
150 10.05 4.83 2.87 1.48 0.80 0.59 0.36 0.26 21.24 
25 

EL-
DO 

5.99 1.92 0.39 0.32 0.24 0.23 0.17 0.14 9.4 
100 8.03 3.86 0.73 0.61 0.45 0.43 0.31 0.26 14.68 
150 9.25 4.44 1.08 0.69 0.42 0.35 0.23 0.18 16.64 
25 

TP-
DO 

6.68 2.50 0.47 0.39 0.30 0.29 0.21 0.18 11.02 
100 9.55 2.88 0.62 0.51 0.38 0.37 0.27 0.23 14.81 
150 11.12 5.34 1.37 0.90 0.57 0.48 0.32 0.25 20.35 
25 

DP-
DO 

7.92 3.54 0.70 0.59 0.45 0.43 0.32 0.27 14.22 
100 9.18 2.87 0.70 0.58 0.44 0.42 0.31 0.26 14.76 
150 9.71 4.67 1.91 1.37 0.86 0.70 0.46 0.36 20.04 
25 

EP-
DE 

9.63 1.04 0.51 0.41 0.30 0.29 0.21 0.18 12.57 
100 10.61 1.31 0.64 0.51 0.38 0.36 0.26 0.23 14.3 
150 12.04 3.67 1.63 1.08 0.67 0.55 0.36 0.28 20.28 
25 

EL-
DE 

8.38 0.97 0.48 0.38 0.28 0.27 0.19 0.16 11.11 
100 11.01 1.10 0.56 0.44 0.33 0.31 0.23 0.19 14.17 
150 11.01 3.80 1.63 1.05 0.63 0.50 0.32 0.25 19.19 
25 

TP-
DE 

9.88 1.00 0.51 0.40 0.30 0.28 0.20 0.17 12.74 
100 11.22 1.15 0.58 0.46 0.34 0.33 0.24 0.21 14.53 
150 11.68 3.70 1.70 1.13 0.70 0.59 0.39 0.30 20.19 
25 

DP-
DE 

9.18 1.51 0.82 0.67 0.51 0.49 0.36 0.31 13.85 
100 9.63 1.42 0.76 0.61 0.46 0.44 0.32 0.28 13.92 
150 9.92 2.84 1.36 1.02 0.67 0.56 0.38 0.30 17.05 
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 Fig. 5 Total concentration of polyenes at (a) 100oC and (b) 150oC for 420 
minute 

 

Fig. 6 Time dependence of the mole fraction of polyenes 
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Table 5. Mol fraction of the polyene sequences for each films at 150oC 

Film 
code 

time
.min

. 

N3*104  
N4*1

04 
 

N5*104 
 

N6*1
04 

 

N7*104 
 

N8*1
04 

 

N9*104 
 

N10*104 
 

Nps*10
4 

Ndb*10
4 

EP -DO 0 7.34 3.28 0.51 0.42 0.31 0.30 0.22 0.184735 12.56 48.57 

 120 7.54 3.62 0.40 0.28 0.19 0.18 0.13 0.112418 12.47 45.94 

 240 8.22 3.95 1.12 0.63 0.35 0.27 0.17 0.131063 14.85 57.36 

 360 9.41 4.52 1.85 1.05 0.58 0.44 0.27 0.200257 18.32 73.86 

 420 11.12 5.34 3.18 1.64 0.88 0.65 0.40 0.287200 23.50 98.28 

EL -DO 0 7.34 2.36 0.48 0.40 0.30 0.28 0.20 0.173983 11.53 44.12 

 120 7.59 2.06 0.23 0.17 0.13 0.12 0.09 0.076427 10.46 36.58 

 240 7.98 2.27 0.37 0.27 0.19 0.18 0.13 0.110738 11.50 41.55 

 360 8.60 3.84 0.90 0.57 0.35 0.29 0.20 0.155737 14.91 57.21 

 420 9.83 4.72 1.15 0.73 0.44 0.37 0.25 0.195383 17.69 68.77 

TP-DO 0 7.34 2.75 0.52 0.43 0.33 0.31 0.23 0.196947 12.11 47.05 

 120 7.54 2.04 0.30 0.23 0.18 0.17 0.13 0.108669 10.69 38.49 

 240 8.10 3.15 0.72 0.46 0.28 0.24 0.16 0.123662 13.22 49.76 

 360 8.54 4.10 1.02 0.67 0.42 0.35 0.23 0.178177 15.49 60.61 

 420 9.41 4.52 1.16 0.77 0.48 0.40 0.27 0.212139 17.23 67.86 

DP-DO 0 7.34 3.28 0.65 0.55 0.42 0.40 0.29 0.251949 13.18 52.98 

 120 7.65 2.70 0.58 0.47 0.35 0.34 0.25 0.215568 12.56 49.05 

 240 7.92 3.81 0.88 0.64 0.40 0.34 0.23 0.182921 14.40 56.68 

 360 8.88 4.27 1.21 0.85 0.54 0.45 0.29 0.224912 16.71 67.10 

 420 10.49 5.04 2.06 1.48 0.93 0.75 0.50 0.383177 21.62 91.57 

EP-DE 0 7.34 0.79 0.39 0.31 0.23 0.22 0.16 0.137323 9.58 35.19 

 120 7.75 0.66 0.30 0.24 0.18 0.18 0.13 0.110908 9.55 33.77 

 240 8.54 0.92 0.40 0.29 0.21 0.20 0.15 0.127120 10.84 38.75 

 360 9.49 1.80 0.79 0.51 0.30 0.25 0.16 0.122712 13.42 49.42 

 420 11.59 3.54 1.57 1.04 0.64 0.52 0.34 0.265530 19.52 77.46 

EL-DE 0 7.34 0.85 0.42 0.33 0.24 0.23 0.17 0.144207 9.73 36.03 

 120 7.86 0.57 0.26 0.21 0.15 0.15 0.11 0.095499 9.41 32.62 

 240 8.16 1.25 0.53 0.35 0.24 0.22 0.15 0.130552 11.02 40.30 

 360 9.33 1.75 0.75 0.48 0.30 0.26 0.18 0.143454 13.19 48.85 

 420 10.90 3.76 1.62 1.03 0.62 0.49 0.32 0.246071 18.99 75.63 

TP-DE 0 7.34 0.75 0.38 0.30 0.22 0.20 0.15 0.125160 9.46 34.44 

 120 8.04 0.51 0.25 0.20 0.15 0.15 0.11 0.097244 9.50 32.81 

 240 8.88 1.75 0.74 0.47 0.30 0.26 0.18 0.144458 12.72 47.37 

 360 10.29 2.57 1.13 0.73 0.45 0.38 0.25 0.195817 16.00 61.60 

 420 11.97 3.79 1.74 1.16 0.72 0.60 0.40 0.307941 20.68 83.21 

DP-DE 0 7.34 1.21 0.65 0.54 0.41 0.39 0.29 0.251487 11.09 44.50 

 120 8.60 1.75 0.92 0.75 0.56 0.54 0.39 0.342034 13.86 57.13 

 240 9.10 2.37 1.15 0.86 0.56 0.48 0.33 0.265470 15.13 61.14 

 360 10.69 3.02 1.53 1.12 0.72 0.61 0.41 0.321782 18.42 75.35 

 420 12.66 5.19 2.48 1.86 1.22 1.02 0.69 0.554517 25.67 110.75 
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Table 6. Polyene formation rate constants 

p-PVC films k1*104, min-1 R2 

EP-DO 2.34 0.91 

EL-DO 1.69 0.98 

TP-DO 1.77 0.52 

DP-DO 2.18 0.82 

EP-DE 
EL-DE 
TP-DE 

 

1.69 0.78 

EL-DE 1.68 0.77 

TP-DE 1.95 0.90 

DP-DE 2.25 0.82 

4.5. Degradation of PVC Using Raman Spectroscopy 

Raman spectroscopy is a very useful technique for detecting polyenes in PVC. Degraded 
PVC contains polyene sequences of various lengths, which chain lengths of 10–30 exhibit 
various absorption bands in the spectrum [34].  Typically, the wavenumbers of the CC and 
C=C stretching vibrations are denoted as 1122 and 1500 cm-1, respectively [33, 34]. These 
corresponds to polyene sequences in the Raman spectrum of p-PVC films shown in Fig. 7. 
Therefore these peaks reflect PVC degradation. Measurements were obtained by dividing 
the absorbance peak at 1122 cm-1 by the peak at 2911 cm-1, which is unaffected by 
degradation due to C-H to eliminate effects of film thickness and instrument variation on 
this peak value [33]. An increase in the peak intensities of C-C and C=C was observed with 
heat treatment. However, due to strong Raman scattering due to darkening of the color of 
the samples at high heat treatment time, the spectrum was as in Fig. 7 (c). Using Eq (7), it 
is found that polyene sequence lengths for excitation wavelengths from 425 to 625 nm 
correspond to 9 to 26 [33] . In this work, for the laser light wavelength of 532 nm, polyene 
lengths were 15. Calculations were made for this polyene length.  When 1122 cm-1 peak (C-
C) was divided by 2911 cm-1 reference peak (C-H), 92.5 % increase in peak intensity was 
observed as a result of heat treatment at 150oC for 240 minutes. When 1500 cm-1 peak 
(C=C) was divided by 2911 cm-1 reference peak (C-H), 79.3 % increase in peak intensity 
was observed as a result of heat treatment at 150oC for 240 minutes. 

4.6. Evaluation of Discoloration of the Films 

The colors of the films were evaluated by the yellowness index (YI) measurements (Eq (9)) 
calculated using Tristimulus (L.a.b) values. Fig. 8 shows the YI values of the films at 100 
and 150oC. The yellowing of the films indicates that dehydrochlorination has taken place 
with the formation of polyenes. Color changes were observed in all films as a result of 
decomposition due to the increase in heat treatment time and temperature. This can be 
seen from the increase in the YI values. The YI values of all films increased with heat 
treatment. In general the YI values and YI increments of films containing DOTP as a 
plasticizer were higher than those containing DEHP. The order of the YI values at 150oC for 
420 minutes was determined to be DP-DO> DP-DE> TP-DO> TP-DE> EP-DO> EL-DO> EL-
DE> EP-DE. The order of the YI increment at 150oC for 420 minute is as follows: EP-DO> 
EP-DE> EL-DE> TP-DO> DP-DO> TP-DE> DP-DE.  EPSO including films that consisted of 
the highest number of polyenes, had YI values were also high. However, the film including 
diphenyl urea consisted of the lowest number of polyenes. According to the initial values, 
the highest increment in yellowness index values during the long heat treatment process 
was observed in the film including EPSO. The lowest increment in yellowness index values 
during the long heat treatment process was observed in films including DPU (Fig. 9). The 
photographs of films given in Fig. 10 showed the discoloration on the films, which were 
plasticized with two different plasticizers and contained four different secondary 
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stabilizers during heat treatment. No significant change in the color of the films was 
observed at low temperatures, while no darkening was observed at 150oC. The films began 
to turn yellow and brown during heat treatment. The types of stabilizers have shown a 
difference. After 150°C 240 minutes, yellowing was observed on the films due to heat 
treatment. During the 150oC 240-minute heat treatment, the maximum yellowing was 
observed in films containing EPSO, while the least yellowing was observed in ELSO, 
including films. The film containing ELSO did not show early color change compared to 
other films. The yellowing of the films proves that dehydrochlorination occurs via polyene 
formation. In many applications, in addition to thermal stability, stability against 
discoloration caused by the action of light is desirable. Butler et al. (1968) have found that 
monophenyl urea and diphenyl urea have a good light stabilising effect [39]. 

 

Fig. 7 Resonance Raman spectrum of thermally degraded p-PVC film (DP-DO) a) before 
heat treatment b, and  c) after heat treatment at 150oC for 240, and 420 minute, 

respectively (using 532 nm laser). 
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Fig. 8 YI values of the films (a) at 100oC and (b) at 150oC 

 

Fig. 9 YI increment (% ) values of the films during thermal treatment(a) at 100oC and 
(b) at 150oC 
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Fig. 10 The photographs of the films during heat treatment 

4.7. Determination of Mass Loss and Diffusion Coefficient 

When the plasticized PVC films are exposed to air, mass loss occurs by evaporating the 
plasticizer from the surface. The mass loss of the films having DOTP and DEHP during the 
heat treatment at 100 and 150oC are given in Fig. 11 (a) and (b), respectively. Since the 
amount of the initial primary and secondary stabilizers are very low, 5% and 8.3% of the 
plasticizer mass, respectively, in the formulation used herein, and they have very high 
molar masses, their contribution to mass loss due to the consumption of heat stabilizers is 
negligible [40]. However, long heat treatments at high temperatures cause decomposition, 
most likely due to the consumption of heat stabilizers. Therefore, it is suggested that the 
mass loss of the films during short to medium heat treatment periods depends mainly on 
the evaporation of plasticizers [29]. The mass loss of the films increased with heat 
treatment. While the mass loss for EP-DO, EL-DO, TP-DO, DP-DO having films for 420 
minutes at 100oC are 0.8, 0.5, 0.9, and 1.0 %, those at 150oC 11.7, 8.4, 12.9, and 12.0 %, 
respectively. While the mass losses for EP-DE, EL-DE, TP-DE, and DP-DE having films for 
420 minutes at 100oC are 1.0, 0.9, 1.6, and 0.8 %, those at 150oC 20.2, 18.3, 23.2, and 23.5 
%, respectively. The mass loss of the films containing DEHP was higher compared to the 
DOTP-containing films. Considering the effect of secondary thermal stabilizers on the mass 
loss of the films, it was observed that films containing tri phenyl phosphite (TP) were 
higher at high temperature than others, whereas the films having epoxidized linseed oil 
(EL) were lower. The order of the mass loss was determined as TP-DO> DP-DO> EP-DO> 
EL-DO at 150oC for DOTP-containing films.  Similarly, the order of the mass loss is TP-DE≥ 
DP-DE> EP-DE> EL-DE for DEHP-containing films at 150oC. For examining the migration 
behavior of plasticizers from p-PVC films into air, diffusion coefficients were calculated by 
plotting against Mt/M∞ versus t0.5 at 100oC and 150oC, as given in Fig. 12 (a) and (b), 
respectively. From the slope of the linear part of this graph, the diffusivity of the molecules 
diffused from the polymeric membrane is also calculated. Diffusion coefficients calculated 
from Eq (8) are given in Table 7. The effective diffusivity of plasticizer increased with heat 
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treatment. The migration of plasticizers from films containing DEHP was higher than that 
of DOTP- containing films. Parameters such as molar mass, polarity of molecules, nature 
and amount of plasticizer, contact medium, and temperature affect plasticizer migration 
[29, 41]. Table 1 shows the molecular structure of plasticizers. DOTP is an aromatic 
terephthalate plasticizer, while DEHP is an aromatic ortho phthalate. Although DOTP and 
DEHP have the same molar mass, the planar spatial arrangement of DOTP likely makes it 
more compatible with PVC polymer chains. Therefore, the mass loss of DOTP film is 
thought to be less than that of DEHP [29]. Considering the effect of secondary thermal 
stabilizers on the effective diffusion of plasticizers from p-PVC films, it was observed that 
diffusion coefficients of the films having triphenyl phosphite (TP) were higher than the 
others at high temperatures. Whereas the films having epoxidized linseed oil (EL) were the 
lowest. Due to the linear structure of ELSO, it is thought to result in lower plasticizer 
diffusion. Plasticizer migration from the films having DEHP was higher than that from the 
films having DOTP.  For example, while the effective diffusion coefficient of the p-PVC films 
at 150oC is 1.4 x 10-14 m2/sec for EP-DO, and 4.0 x 10-14 m2/sec for EP-DE. The order of the 
diffusion coefficients was determined as TP-DO> DP-DO> EP-DO> EL-DO at 150oC for 
DOTP containing films as plasticizers.  Similarly, the order of the diffusion coefficients was 
determined as the TP-DE> DP-DE> EP-DE> EL-DE at 150oC for DEHP- containing films as 
plasticizer. The diffusivity values belonging to the films subjected to 100oC thermal 
treatments also have the same order. Although they have a similar chemical formula, the 
use of DOTP as a plasticizer instead of DEHP due to its linear structure would be 
advantageous in terms of plasticizer migration in PVC. Because the films are identical, the 
diffusivity results are in line with the mass loss, except for differences arising from the type 
of plasticizer and secondary heat stabilizer. 

 

Fig. 11 The mass loss of the films 

Ekelund et al. (2008) reported that the diffusion of plasticizer from PVC films to air was 
controlled by diffusion, where the evaporation rate was independent of plasticizer amount 
at low temperatures [42].  When examined in terms of thermal stability, DPU and TPP 
showed higher stability than EPSO and ELSO due to the phenyl rings in their chemical 
structures, while the linear structures of EPSO and ELSO ensured less plasticizer migration 
from PVC when examined in terms of the effects of thermal stabilizers on plasticizer 
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migration. However, the phenyl groups in the structures of DPU and TPP opened the 
interchain spaces, causing more plasticizer migration. 

 

Fig. 12 Fractional loss of the films at (a) 100oC (b)150oC  

Table 7. Diffusion coefficients of P-PVC films 

4. Conclusion 

 PVC is difficult to process due to its relatively high processing conditions and low thermal 
stability. The use of plasticizers and thermal stabilizers solves this problem. Epoxidized 
vegetable oils are known to be co-stabilizers for PVC resins, environmentally friendly, and 
good nominees for PVC secondary stabilizers. However, they are problematic and tend to 
deteriorate as they cause the polymer to become brittle and discolored at high 
temperatures. Also, unreacted double bonds in epoxidized vegetable oils reduce 
compatibility between PVC and plasticizer. This may cause more plasticizer to migrate 
from the PVC matrix to the surrounding environment. This study focuses on the thermal 
stabilization efficiency of phosphite and urea derivative-based stabilizers that are non-

T, oC 100 150 

Film Codes De*1016, m2/s R2 De*1016, m2/s R2 

EP-DO 0.7 0.8 141.1 0.9 

EL-DO 0.2 0.7 55.1 0.8 

TP-DO 0.8 0.8 174.3 0.9 

DP-DO 1.1 0.8 154.5 0.9 

EP-DE 1.3 0.9 399.7 0.9 

EL-DE 0.6 0.8 322.1  0.9 

TP-DE 3.4 0.8 535.0 0.9 

DP-DE 0.3 0.6 525.2 0.9  
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toxic against epoxy-based stabilizers on the thermal degradation of p-PVC films. As a result, 
phosphite and urea derivative-based stabilizers generally provided better long term 
thermal stability than epoxidized vegetable oils stabilizers. Diphenyl urea, relative to all 
other thermal stabilizers, showed higher long-term stability than the other stabilizers in 
terms of the number of polyenes, concentration of polyenes, and yellowness index. 
Diphenyl urea has a variety of functional groups that can interact with the evolved HCl gas 
obtained from degraded PVC. It is recommended to use e-PVC in 0.3-0.5 part [25]. In this 
study, diphenyl urea was used in 3 parts for 100 parts of e-PVC. It performed better than 
other stabilizers, even 10 times over the specified amount. Therefore, it will be 
economically beneficial if it is used in lower amounts. In addition, it is also advantageous 
that it represents a class of compounds with a wide variety of biological properties, such 
as bactericidal, fungicidal and anticancer activities. However, epoxidized vegetable oil 
stabilizers generally more affected by the prevention of plasticizer migration than 
phosphite and urea derivative-based stabilizers. 

The findings of this study and the publication of these results will contribute to studies on 
improving the thermal stability of PVC with different stabilizers, solving the structural 
degradation problem of PVC, PVC stabilization and plasticizer diffusion. 
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 Two types of pozzolanic materials nano-clay (NC) and waste glass powder 
(WGP) have been utilized in this work, which has been carried out in three 
stages. The first stage is to partially replace the cement with nano-clay (2.5, 5, 
7.5, and 10%). The second stage is replacing cement with 15% of the waste glass 
powder, and the third and final stage is partially replacing the waste glass 
powder partially with nano-clay (2.5%NC+12.5%WGP, 5%NC+10%WGP, 
7.5%NC+7.5%WGP, and 10%NC+2.5%WGP). The results were evaluated by 
studying the rheological and mechanical properties of self-compacting concrete 
(SCC) for each stage to find out the best replacement ratio for the best properties. 
The results of the tests on the fresh concrete showed that the nano-clay reduces 
the fluidity and flowability of the mixtures, while the addition of glass has almost 
no effect. While the addition of glass and NC leads to an additional decrease in 
the flowability of the mixture. From the results of mechanical properties, it was 
found that the mix with 2.5% NC and 12.5% WGP gave the highest strength. 
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1. Introduction 

In 1988 in Japan the Self-compacting concrete (SCC) was first been applied by Okamura to 
avoid the problems related to the concrete structures’ durability caused by the lack of 
skilled builders to provide sufficient compaction [1]. This concrete can be considered the 
most sustainable type of concrete for complex shapes and elements and use under difficult 
conditions [2]. SCC can spread and fill all corners and all parts into complex forms of 
formwork under its weight and can be fully compacted without external vibration even 
with congested steel reinforcement. SCC is known as an innovative production of flowing 
concrete due to its excellent properties which provide many benefits. Concrete can be 
classified as SCC when the desired features of rheological behavior are achieved as 
stipulated in EFNARC Guidelines [3]. In addition, SCC provides significant benefits in 
improved construction productivity, reduced placing cost, good surface finish, short 
mandatory casting time, reduced labor cost as well as no noise pollution, excellent build 
quality, and ease of casting even with reinforced steel’s encapsulation areas, which are 
allowing more of options in the design of building systems [4, 5].  

The total annual output of domestic and industrial waste is increasing more and more due 
to the increase in population and development in the industrial sector. This waste 
represents a significant pollution source that requires increased attention to find efficient 
ways to get rid of it [6]. Sustainable building means creating and managing an integrated 
system for the environment and health as a result of efficient resource management and 
environmental protection [7].  

Nowadays, the environmental trend aims to exploit waste as a total or partial substitute 
for raw materials in the construction industry. This provides many advantages in 
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developing sustainable systems and not only ensures waste consumption but also provides 
a cleaner and greener environment at an economical cost [8, 9]. One of the main problems 
facing the production of SCC is the high production cost because of the need for a high 
cement content and chemical additives and the environmental problems caused by 
significant emissions, especially carbon dioxide (CO2) resulting from cement 
manufacturing [10]. 

This issue can be solved by partially replacing cement with alternative materials such as 
waste glass powder, and thus it is possible to reduce the use of cement and at the same 
time reduce waste glass and achieve double environmental benefits. Recently there have 
been some investigations on the use of ground glass powder in the construction industry 
as a partial substitute for cement [6]. To some extent, recent work has indicated that 
discarded glass when grounded into small-size particles (≤ 75 μm) had a high response to 
pozzolanic activity and provided a higher level of hydration products and a more uniform 
distribution [7]. When the calcium hydroxide Ca(OH)2 from cement hydration combines 
chemically with the pozzolanic materials that have a large amount of SiO2 like waste glass 
powder, cementitious compounds known as C-S-H (calcium-silicate-hydrate) gel are 
formed, which can enhance the strength of concrete [8]. According to a different 
experiment, the ultimate load of beams with 10% and 15% waste glass powder increased 
by +4 to 39% in situations where reinforcement beams were present. This led to more 
brittle behavior because WGP concrete had a higher compressive strength [9]. Researchers 
found that at age of 28 days after water curing, the compressive strength of specimens with 
10%, 15%, and 20% of WGP increased by 27.62%, 41.46%, and 20.18%. While, these 
specimens showed an increase of 22.11%, 41.75%, and 21.36% at 56 days, and 27.05%, 
30.81%, and 17.2% at 90 days. But the 25% of WGP reduced compressive strength by 
14.34%, 20.5%, and 19.41% at 28, 56, and 90 days, respectively, compared with referenced 
mixes [10,11]. In another research, the pozzolanic behavior of glass powder was 
investigated at concentrations of 0, 5, 10, 15, 20, and 25% by cement weight. The results 
showed an average of 16% increase in compressive strength [12]. Vanjare and Mature [13] 
produced an SCC by incorporating ground glass powder, to encourage its application in on-
site construction. They pointed out that replacing cement with glass powder contributed 
to reducing raw materials in the SCC and creating a healthy green environment. Rahman 
et al. [14] studied the combined effect of using two types of industrial wastes in concrete 
which include glass powder and granular steel slag also as substitute materials for cement 
and fine aggregate on the fresh and hardened characteristics of SCC. The cement has been 
replaced partially with glass powder by 20%, 30%, and 40% of the weight of cement. Fine 
aggregate substitutes for fine slag aggregate were 40%, 60%, and 80%.  The results 
indicated that the workability of the mixtures improved with the presence of glass powder, 
while the increased amount of steel slag led to a decrease in their workability. The results 
also showed that compressive strength, modulus of elasticity, and flexural strength were 
increased with a 20% cement replacement with glass powder. However, there is a 
downward trend in these properties with increasing glass powder ratio at a constant ratio 
of steel slag. Liu [15] utilized two types of ground glass of different colors were used: white 
glass and green glass. The cement replacement rates were 5%, 10%, 5%, and 10% while 
the sand replacement rates were 5%, 10%, 4%, and 9%. Liu concluded that an SCC with 
new desirable properties could be produced by incorporating approximately 104 kg/m3 
of glass waste, replacing 10% of the cement and sand.  

An important part of the widespread acceptance of nanotechnology provides improved 
system reliability, extends functionality beyond traditional applications, and reduces cost, 
size, and energy consumption.  

The incorporation of nanotechnology into the field of materials facilitates an increase in 
the durability of materials and provides materials with superior performance. It also 
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allows for more efficient use of natural resources and achieving the properties of the 
necessary materials with minimal effort [16]. Pozzolanic materials such as nano-silica, 
nano-alumina, and nano-clay (NC) are characterized by Pozzolanic reacting with CaOH 
producing additional C-S-H gel that increases the strength of the mortar or concrete. [17, 
18]. Niewiadomski et al. studied the effect of nanoparticles with different amounts of SiO2, 
TiO2, and Al2O3 nanoparticles on the microstructure of SCC. They found an improvement 
in the microstructure, toughness properties, and a higher density microstructure [15]. Al-
Ani [19] utilized nano-clay (NC) from the local Iraqi natural kaolin clay in SCC production. 
The study was conducted using three different proportions of NC as a partial cement 
substitution (2%, 4%, 6%) with the use of quicklime powder (QLP) with (50, 75, and 100) 
kg. The results showed that the addition of NC alone has a greater effect on SCC samples 
than reference SCC without any addition of NC and QLP. The best value was obtained for 
SCC with 6% NC. The addition of NC and QLP has a noticeable effect on strength and 
durability properties. It found that using 4% NC with 100 kg QLP could improve the 
workability, strength, and durability of SCC. Hosseini et al. [20] showed through their 
experimental work that the addition of NC up to 1% resulted in a decrease in the flow 
diameter spread in the slump test. Also, an increase in flow time (for the V -funnel flow and 
slump flow tests) was noticed indicating an increase in the viscosity of the fresh SCC. 
According to test results, 0.5% NC gave the highest strength at both 7 and 28 days of water-
curing treatment. But 0.25% of NC content gave the highest compressive strength at 56 
days of water-curing treatment. By adding 0.25, 0.50, 0.75, and 1.00% NC to the reference 
SCC mixture, the water penetration depth was decreased by 17, 27, 39, and 43%, 
respectively. This means improving the durability of SCC mixtures and acting as dense 
barriers against the penetration of chemical solutions. Researches show a scientific debate 
about the global warming phenomenon. One of the main reasons for this phenomenon is 
carbon dioxide emissions.  

As mentioned earlier, the cement industry accounts for about 5-8 of the total global CO2 
value. One of the main disadvantages of SCC is the need for a large amount of cement 
according to EFNRAC, the recommended amount is 400-600 kg/m3 to achieve the required 
rheological properties, which in turn increases the risks of environmental pollution 
because of increases the amount of carbon dioxide emitted [21]. It has been found that 
incorporating alternative materials into concrete is a successful way to reduce cement and 
thus reduce carbon dioxide emissions. In this current work, the focus was on three-point:  

• Using nano-clay as a partial replacement for cement 
• The use of 15% waste glass powder as a partial substitute for cement in concrete 

mixtures. 
• Used a combination of waste glass powder and nano-clay by replacing 15% glass 

powder partially with nano-clay. 

2. Materials and Methods 

2.1. Materials  

Ordinary Portland cement (OPC) with fineness and specific gravity of 325 m2/kg and 3.15 
respectively, was utilized for casting all the concrete mixtures. The chemical properties 
from the XRF test for cement are illustrated in Table 1, which satisfied the Iraqi 
specification No.5/1984 [22].  

The raw material for Iraqi natural kaolin clay is abundantly available in the quarries of 
Wadi Houran in the western desert of Anbar Governorate. When this clay is been burned 
at 700 ° C for two hours, it turns into metakaolin. Its effectiveness can be increased by the 
ground of the metakaolin to particle size up to the nanoscale and obtained nano-clay (NC). 
Al-Ani [19]  showed in her study the possibility of producing NC from Iraqi metakaolin and 
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using it effectively in SCC. The NC used in this work was verified by a particle size 
distributions test (PSD) and scanning electron microscopy (SEM) test, as shown in Figures 
1 and 2, respectively. one can see that the particle size of NC is not homogeneous as 
illustrated by the PSD test results and a wide range of shapes from irregular, spherical 
particles and agglomerates to rounded nanoparticles were noticed as illustrated in the 
SEM test result. The XRF test results to illustrate the chemical composition of NC is listed 
in Table 1. The pozzolanic activity of NC was found to be 106.46 at 28 days. So, NC used in 
this work meets the ASTM C618-12 [23] requirements for pozzolanic materials. 

Table 1. The main chemical composed from XRF test results for cement, NC, and WGP 

Oxide 
composition 

Cement Nano-clay powder Waste glass 
powder 

CaO 65.26 < 15 1.460 
SiO2 20.11 50 79.400 

Al2O3 6.42 42 0.822 
Fe2O3 3.37 <0.5 0.204 

 

               Fig. 1 Particle size distribution for NC 

 

Fig. 2 SEM test for NC 

To prepare glass powder, the waste of broken window glass was collected from glass sell 
shops, and after the collection was completed, the steps for preparing glass powder began 
as follows: First, wash the collected glass to clean it from dust or any other substance, and 
then crush it into fine aggregate. Finally, it was ground into a fine powder and passed 
through the No. 200 sieve, as illustrated in Figure 3. The waste glass powder (WGP) was 
verified by XRF (see Table 1), PSD, and SEM tests, as shown in Figures 4 and 5, respectively. 
The pozzolanic activity of WGP was found to be 92.07 at 28 days. So, WGP used in this work 
meets the ASTM C1240-05 [24] requirements for pozzolanic materials. 



Dahamm et al. / Research on Engineering Structures & Materials 9(3) (2023) 743-761 

 

747 

 

Fig. 3 Glass powder preparation stages 

 

Fig. 4 Particle size distribution for WGP 

 

Fig. 5 SEM test for WGP 

An aqueous solution of polycarboxylic (sika discrete – 5930) type F was used as a 
superplasticizer, which meets the ASTM C 494 limitation [25]. Tap water was used for the 
mixing and curing process.  

Natural local sand of 2.5 fineness was used as a fine aggregate. The specific gravity of used 
sand  was 2.62 , while percentage of sulfur trioxide (SO3%), and the absorption ratio were, 
0.1%, and 0.13%, respectively, and these properties were all within the limits of Iraqi 
Standard No. 45/1984 [26]. 
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Crushed gravel was used in this work with a maximum size of 10 mm as coarse aggregate 
and has a specific gravity of 2.67.  while SO3%, and the absorption ratio for used coarse 
aggregate were 0.05%, and 0.3%, respectively, and these values were all within the limits 
of the Iraqi specification No. 45/1984 [26]. The sieve analysis of fine and coarse aggregates 
is listed in Table 3. 

Table 3. Sieve Analysis of All Used Aggregate 

Sieve size (mm) 
Cumulative passing % 

Coarse aggregate Fine aggregate 

12.5 100 100 

10 86.76 100 

4.75 14.12 95.3 

2.36 0.6 85.9 

1.18 - 77.3 

0.6 - 62.4 

0.3 - 16.8 

0.15 - 2.0 

0.075 - 0.005 

 

2.2. Mix Proportion, Procedure and Tests   

The EFNARC Guidelines [3] were utilized as a reference for designing the reference 
mixture (without NC or WGP). Experimental mixes were made in the laboratory to design 
the reference mix, which was achieved by trial-and-error method to obtain the best 
concrete mix design and the best rheological properties of SCC without separating and 
bleeding, the quantity of mixes constituted are listed in Table 4. 

Ten mixes with the same water/binder ratio of 0.365 and a superplasticizer dose of 0.86% 
by weight of the binder were prepared for the current investigation. The mixes included 
one reference mix, four sets were completed by partially substituting the cement with 
various amounts of NC ranging from (2.5 to 10 percent) by weight, one mix with 15% waste 
glass powder, and four sets were completed by partially substituting the cement with 
various amounts of NC and waste glass powder, as shown in Table 4.  Cement is added to 
the mixer after the coarse and fine aggregates have been combined for 30 seconds. How to 
include nanoparticles into concrete mixtures without affecting their original composition 
and physical qualities is one of the most essential aspects to take into account. In this work, 
a wet mixing approach was used, in which NC was gradually added to the concrete mixture 
after being completely mixed for two minutes with some mixing water. The remaining 
water was used to dissolve the superplasticizer. After the superplasticizer was gradually 
added, the mixture was mixed for an additional three minutes to achieve complete 
dissolution, Figure 6 illustrated the mixing process. 

The flow capacity of the SCC was evaluated by measuring slump flow diameter (mm), T500 
(the time at flow diameter be 500 mm) (sec), V-funnel (sec), and L-box test. For evaluating 
the ability to pass with the appropriate viscosity that is needed for the fresh mix to remain 
homogeneous in its composition, a segregation test was adopted, see Figure 7. The results 
of fresh tests were compared with the limitations of EFNARC standards [3]. 

For each mix, three 100×100×100 mm cubes for compressive strength based on BS EN 
12,390–3 [30], three prisms of 100×100×500 mm sizes for the modulus of rupture test 
based on ASTM C78-15a [31], three cylinders of diameter 100 mm and height 200 mm for 
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splitting strength based on, ASTM C496-C [32], and three cylinders of diameter150 mm 
and height 300 mm for modulus of elasticity ASTM C469-14 [33], were made. The 
mechanical properties tests are illustrated in Figure 8. 

Table 4. Mixes proportions for one cubic meter 

Mixes  
Cement  

kg 

Nano-
clay 
kg 

Waste glass 
powder  

kg 

FA 
kg 

CA 
kg 

Water 
kg 

Sp 
kg 

0NC0WGP 465 0 0 870 800 175 4 

2.5NC0WGP 453.375 
11.62

5 
0 870 800 175 4 

5NC0WGP 441.75 23.5 0 870 800 175 4 

7.5NC0WGP 430.125 
34.87

5 
0 870 800 175 4 

10NC0WGP 418.5 46.5 0 870 800 175 4 
0NC15WGP 395.25 0 69.75 870 800 175 4 

2.5NC12.5WGP 395.25 
11.62

5 
58.125 870 800 175 4 

5NC10WGP 395.25 23.5 46.5 870 800 175 4 

7.5NC7.5WGP 395.25 
34.87

5 
34.875 870 800 175 4 

10NC5WGP 395.25 46.5 23.5 870 800 175 4 
NC: Nano-Clay, WGP: Waste Glass Powder, 0NC0WGP: refer to 0% NC and 0% WGP  
SP: Superplasticizer, FA: Fine Aggregate, CA: Coarse Aggregate 

 

All specimens were cast for each mix and poured into moulds without using any vibration.  
Before this, all casting moulds are cleaned, and the internal surfaces are lubricated with a 
suitable liquid. All specimens were prepared at the laboratory conditions with a 
temperature of 20±2°C and a relative humidity of 60±5%.   After casting, the concrete 
samples were covered with nylon plates in the laboratory for 24 hours before being 
demoulded and transferred to a water-curing tank for 28 days.   All specimens are tested 
after 28 days of curing. 

 

Fig. 6 Mixing processes 
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“  

Fig. 7 Fresh Properties’ Tests 

3. Results and Discussion 

3.1. Rheological tests results 

3.1.1. Flow diameter, T500, and V-funnel fresh tests 

Figure 9 shows the slump flow diameters (SFDs) for each SCC mix. According to EFNARC 
guidelines [3], the SFD results for all SCC mixes were divided into the SF2 and SF3 groups. 
Additionally, the SFDs results showed that the reference mix (0NC0WGP), 2.5NC0WGP, 
0NC15WGP, and 2.5NC12.5WGP belonged to the SF3 classification and the highest 
recorded value was 780 mm for 0NC0WGP.  

In SCC mixes with NC alone, the SFD values decrease from 780 mm for 0NC0WGP to 708 
mm for the 10NC0WGP mix. Figure 10 shows the recorded time required to reach a flow 
diameter of 500 mm i.e. T500 in a second. The higher recorded value was 3.45 sec. for the 
10NC5WGP mix and the lower value was 1.95 for 0NC0WGP. According to these results, all 
mixes lie in VS2 classification except the 0NC0WGP mix, which lies in VS2 classification. 
Where the VS1 and VS2 presented viscosity classes expressed by T500.  

Figure 11 shows the recorded time required to pass through V shape funnel in a second. 
The higher recorded value was 23.6 sec. for 10NC5WGP mix and the lower value was 8 sec. 
for 0NC0WGP. According to these results, all mixes lie in the VF2 classification The reason 
why the SFDs for NC mixes are smaller than the SFD for the control mix while T500 is 
higher compared to the control mix is primarily due to the high surface area of 
nanoparticles that led to an increase in the surface area of cementitious paste. In addition,  
the finer nanoparticles are causing an increase in water demand and absorbing more 
water, leaving less free water and contributing to the flow ability. Also, the stiffening 
influence of NC, which likewise decreased the SFDs is another factor [34, 35].  

 While the increase in V-funnel time can be attributed to the flocculation mechanism, which 
results in a thickened fresh mix because NC particles increase the flocculation ability of 
fresh concrete mixture. In reality, flocculation draws particles into the water, increasing 
the volume of solids and stiffening the fresh mixture as a result [36, 37]. and similar results 
were found by Al-Ani [19].  
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Fig. 9 SFDs for all SCC mixes 

 

Fig. 10 T500 for all SCC mixes 

 

Fig. 11 V-funnel time for all SCC mixes 

The SCC mixes with 15% WGP alone and has an SFD of 782 mm. This means that adding 
waste glass powder did not affect the flow diameter of the mixture. The recorded T500 
value was 2.2 sec. for the 0NC15WGP mix vs. 1.95 sec. for 0NC0WGP. While the recorded 
V-funnel time value was 8.86 sec. for 0NC15WGP mix vs. 8 sec. for 0NC0WGP. This outcome 
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may be attributable to the fact that the particle size distribution of cement and WGP is 
somewhat close [38]. Similar results were found by Khudair et al. [38]. By using recycled 
glass powder as a partial cement replacement, they looked at the characteristics of self-
compacting concrete both while it was fresh and when it had hardened. Five mixtures were 
prepared for their study, each with a different percentage of ground glass powder used as 
a cement replacement: 0%, 10%, 20%, 30%, and 40% by weight. The rheological 
characteristics of the produced self-compacting concrete were examined using the 
following metrics: slump flow diameter, the time required to reach a flow diameter of 500 
mm, sieve segregation resistance, and L-box height ratio. The test findings show that 
increasing the partial substitution of cement with glass powder resulted in a minor 
reduction in T500 mm time and maintenance of flow ability. The SCC mixes with the 
combination of WGP and NC show a decrease in SFDs and an increase in flow time. This 
may be due to the combined effect of these two pozzolanic materials that led to an increase 
in the volume of solids and stiffening of the fresh mixture as a result [11], [20].    

Figure 12 illustrates the relationship between V-funnel flow and T500 flow time and these 
results are within the EFNARC 2005-recommended viscosity scale. A linear relation was 
found between Tv-funnel and T500 with R2 equal to 0.8909 as follows: 

𝑇𝑣−𝑓𝑢𝑛𝑛𝑒𝑙 = 11.526(𝑇500)  −  13.546 (1) 

 

 Fig. 12 V-funnel time vs. T500 for all SCC mixes 

3.1.2 L-box and Sieve Segregation tests 

The blocking ratio can be defined as the ratio between the concrete height at the end of the 
horizontal section (H2) of the L-box, and the height of the remaining concrete in the 
vertical section (H1) of the L-box.  

The highest blocking ratio from L-Box's test was obtained for the 0NC0WGP mix (0.94) and 
0NC15WGP (0.93) and the lowest ratio was obtained for the 10NC5WGP mix (0.82), as 
shown in Figure 13. Replacing cement with NC or NC with WGP gradually reduced the L-
box ratio results, whereas WGP did not affect the L-box ratio results of the SCC mix. The 
same behavior was noticed in the segregation test, the segregation ratio was decreased 
with replacing cement with NC and WGP, as shown in Figure 14. The reason for this is that 
NC has a large specific surface area, it easy to form a flocculent network microstructure, 
and can absorb more free water during hydration [39] and along with the fact that both NC 
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and WGP have active pozzolanic reactions, which raise the need for water demand and 
decrease workability. 

 

Fig. 13 Blocking ratio for all SCC mixes 

 

 Fig. 14 Segregation ratio for all SCC mixes 

3.2. Mechanical Properties  

3.2.1. Compressive strength and modulus of elasticity 

Figure 15 shows the compressive strength of reference and SCC mixes incorporating 
various weight percentages of NC and WGP. The highest compressive strength was found 
for 2.5NC12.5WGP (80.6 MPa). for all mixes, the compressive strength was higher than the 
one for the reference mix (62 MPa) except for the 10NC0WGP mix (58.8 MPa), which has 
the lowest compressive strength and 10NC5WGP (60.28).  

The modulus of elasticity of concrete is mostly correlated with compressive strength [40]. 
The modulus of elasticity is calculated through the compression test of the cylinder, where 
the resulting stress and strain are recorded so that the modulus of elasticity is calculated 
from the following equation: 
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𝐸𝑐 =
𝑆2 − 𝑆1

Ꜫ2 − 0.00005
 (2) 

 

 

Fig. 15 Compressive strength for all SCC mixes 

Where Ec is the static modulus of elasticity (MPa), S2 is stress corresponding to (40%) of 
ultimate strength (MPa), S1 is stress corresponding to a longitudinal strain (Ꜫ1=0.00005) 
(Mpa), and Ꜫ2 is Longitudinal strain formed by stress S2. The results of the modulus of 
elasticity are illustrated in Figure 16. The highest modulus of elasticity was found for 
2.5NC12.5WGP and the lowest modulus of elasticity was for 10NC0WGP. 

 

Fig. 16 Modulus of elasticity for all SCC mixes 

As a result of NC and WGP particles' pozzolanic behavior in the cementitious matrix and 
their reaction with Ca(OH)2, which results from cement hydration, form a dense Calcium 
Silicate-Hydrate (C-S-H) gel, so the compressive strength of SCC mixed with NC has 
increased. Additionally, NC particles can fill the micropores and strongly bond with the 
bulk volume of the matrix to create a more compact and integrated microstructure [41]. 

But increased NC content of more than 7.5% led to a decrease in compressive strength. 
This is because of a weakening of the interfacial transition areas in the mortar or concrete 
matrix [42] The scattering defect results in fewer matrix contact points and has a negative 
influence on bonding with cement particles [43, 44]. According to experimental results, a 
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linear relationship between compressive strength and modulus of elasticity is suggested 
as shown in Figure 17 and illustrated in the following equation:  

𝐸𝑐 = 𝐸𝑐 =  0.6341𝑓𝑐 −  6.5585 (3) 

Where: Ec = is static modulus of elasticity (GPa) and fc = compressive strength (MPa) 

 

Fig. 17 Modulus of elasticity vs. compressive strength for all SCC mixes 

3.2.2. Flexural and splitting strengths  

Figure 18 and Figure 19 show the flexural and splitting strengths, respectively of reference 
and SCC mixes incorporating various weight percentages of NC and WGP. The highest 
flexural tensile strength was found for 2.5NC12.5WGP (5.84 MPa) and 5NC0WGP (5.5 
MPa). While the lowest flexural tensile strength was for 10NC0WGP (3.88 Mpa). The 
highest splitting tensile strength was found for 5NC0WGP (4.64 MPa) and it was closed for 
2.5NC12.5WGP (4.6 MPa). While the lowest splitting tensile strength was also for 
10NC0WGP (2.8 Mpa), as shown in Figure 19. This is because the specimens' bonding and 
hydration were enhanced by the finer size and specific gravity of NC and the pozzolanic 
nature of both NC and WGP [8, 45, 46]. According to experimental results, a linear 
relationship between compressive strength and indirect tensile strengths are suggested as 
shown in Figure 20 and 21 and illustrated in the following equations:  

ft = 0.6341fc - 6.5585                                                                                                                     (4) 

fst = 0.6341fc - 6.5585                                                                                                                    (5) 

    Where: ft = is flexural tensile strength (MPa) and fst = splitting tensile strength (MPa).  
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Fig. 18 Flexural strength for all SCC mixes 

 

Fig. 19 Splitting strength for all SCC mixes 

 

Fig. 20 Flexural strength vs. compressive strength for all SCC mixes 
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Fig. 21 Splitting strength vs. compressive strength for all SCC mixes 

3.3. Permeation’s Properties  

The results of the experiments on absorption and permeable void ratios are shown in 
Figure 22 and 23, respectively. The findings showed that the SCC mixes' water absorption 
was reduced by the addition of NC and WGP. Additionally, compared to the reference SCC, 
the water absorption values for NC and WGP were lower. Additionally, the higher weight 
percentages of NC (> 7.5%), in contrast to all other contents of NC alone or with WGP in 
SCC, resulted in higher water absorption than the reference mix.  

The amount of free water that can be kept in a mixture depends on the surface area of the 
solid particles and their fineness. Additionally, free water is not disturbed when there is no 
compacting procedure. As a result, the ITZ has fewer pores since there is less of a tendency 
for water to flow into and concentrate around aggregates [47, 48]. Lower water absorption 
is shown when more fillers or pozzolanic materials, such as NC and WGP, are added to the 
SCC mixture [47]. This effect may be attributed to improved particle distribution, less 
inter-particle friction, and increased packing density. A Higher NC replacement value 
(10%), however, may result in higher water absorption. Therefore, using NC and WGP to 
replace the cement has a favorable effect on SCC. 

 

Fig. 22 Water absorption% of all mixes 
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Fig. 23 Permeable voids % of all mixes 

4. Conclusions 

Based on experimental work the following conclusions are drawn:  

• For all SCC mixes contain NC, the SFD values decrease from 780 mm for 0NC0WGP 
to 708 mm for the 10NC0WGP mix. 

• The SCC mix with 15% WGP has an SFD of 782 mm. This means that adding waste 
glass powder did not affect the flow diameter of the mixture. The recorded T500 
value was 2.2 sec. for the 0NC15WGP mix vs. 1.95 sec. for 0NC0WGP. While the 
recorded V-funnel time value was 8.86 sec. for 0NC15WGP mix vs. 8 sec. for 
0NC0WGP. 

• The higher recorded T500 value was 3.45 sec. for the 10NC5WGP mix and the 
lower value was 1.95 for 0NC0WGP. According to these results, all mixes lie in the 
VS2 classification except the 0NC0WGP mix, which lies in the VS2 classification. 

• The results of the tests on the fresh concrete showed that the NC reduces the 
fluidity and flowability of the mixtures, while the addition of glass has almost no 
effect. While the addition of WGP with NC led to an additional decrease in the 
flowability of the mixture. 

• The highest compressive strength was found for 2.5NC12.5WGP and 5NC0WGP. 
For all mixes, the compressive strength was higher than the one for the reference 
mix (62 MPa) except 10NC0WGP and 10NC5WGP. 

• The highest modulus of elasticity of SCC is found at 45.5 GPa for 2.5NC12.5WGP, 
while the lowest value was found for 10NC0WGP.  

• The highest flexural tensile strength was found for 2.5NC12.5WGP and 5NC0WGP. 
While the lowest flexural tensile strength was for 10NC0WGP.  

• The highest splitting tensile strength was found for 5NC0WGP and it was closed 
for 2.5NC12.5WGP. While the lowest splitting tensile strength was also for 
10NC0WGP  

• The results showed that the SCC mixes' water absorption was reduced by the 
addition of NC and WGP. Additionally, compared to the reference SCC, the water 
absorption values for NC and WGP were lower. Additionally, the higher weight 
percentages of NC (> 7.5%) water absorption than the reference mix. 

• Finally, it can be concluded that the replacing cement with 2.5%NC and 
12.5%WGP gave the best fresh and haredend properties for SCC mix. 
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 Owing to urbanization and industrialization, PM2.5 (particulate matter with a 
diameter of less than 2.5 m) pollution has developed into a severe environmental 
issue. The limited geographical precision and inadequate coverage of PM2.5 

measurement stations hinders research into the sources of contamination and 
the associated health hazards. The complex link between PM2.5 and aerosol 
optical depth (AOD), which is again confounded by meteorological conditions, 
makes retrieving PM2.5 from space difficult. AOD dataset was obtained from 
multiple satellite data retrieval tools including MERAA and OMI for the year 
2020. Assessment of annual, seasonal and monthly AOD variation was carried 
out. The average aerosol optical depth obtained from OMI and MERRA is 
1.60±0.56 and 1.33±0.12 respectively. Maximum AOD value was recorded in the 
summer, while the lowest value was recorded in the winter. Both the OMI and 
the MERRA AOD monthly change trends were similar, according to the 
comparative data. The months with the highest AOD values were July and 
October, and the months with the lowest AOD values were April and November. 
In the region, aerosol optical thickness (AOT) shows a significant seasonal 
change. Back-trajectory analysis indicated the contribution from local as well as 
distant sources. A significant association between PM2.5-AOD was found with R-
square =0.71 with validated model showing good model performance and can be 
used for predicting future ground-based PM2.5 concentrations in the region. 
Substantial site-specific AOD-PM2.5 associations enable OMI AOD to be used to 
monitor pollution levels. 
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1. Introduction 

Pollution caused by PM2.5 aerosols (particulate matter with a diameter less than 2.5 m) has 
long been a concern for the environment and for people's health [1,2]. The optical and 
microphysical properties of aerosols continue to be one of the largest sources of 
uncertainty when assessing the climatic forcing attributable to particles [2]. Aerosols can 
have significant impacts on the climate on local to global dimensions, but the magnitude 
and relevance of these effects are largely unknown [3]. Aerosols impact on the radiative 
equilibrium by scattering and absorbing radiation through solar energy [4]. Indirect effects 
on climate due to aerosols include aerosol-cloud interactions [5]. Aerosols' role in the 
atmosphere is determined by their physical, chemical, and optical properties, as well as 
complicated aerosol interactions changing greatly in both space and time [6]. Significant 
parameters controlling the radiative impacts include aerosol optical depth (AOD) or 
aerosol optical thickness (AOT), single scattering albedo (SSA) and Angstorm exponent 
(AE) [7]. The most important factors for determining the AOD are aerosol bulk load and 
aerosol extinction efficiency [8].  
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The most important methods used and customized to study aerosol optical characteristics 
and the radiative impact that aerosols have on climatic conditions are satellite and ground-
based multispectral data. Ground-based devices are the easiest to calibrate and, as a result, 
the least precise, and hence serve as the foundation for satellite algorithm calibration [9]. 
In China, the Pearson correlation coefficient of surface PM2.5 and AOD indicates large inter-
annual changes (27%) but no statistically significant trends. However, their application is 
limited to the area in which they operate [10]. Increasing AOD product geographic 
coverage is critical for mapping PM2.5 variance, particularly in metropolitan regions [11]. 
Remote sensing technology, on either side, has become progressively popular in the recent 
decade for quantifying aerosols around the world [12]. Because of its fundamental virtue 
of giving full and comprehensive mapping of huge areas in single snap-shots, it is a new 
but strong technique for examining aerosol spatial distribution and attributes. Satellite 
data give global views of the Earth and enable for the retrieval of the spatiotemporal 
aerosol dispersion, which is caused by spatial heterogeneities and brief aerosol lifetimes 
[13]. As a result, aerosol spatial data from long-term operating satellites offers a once-in-
a-lifetime opportunity to examine aerosol load and attributes globally and seasonally [14].  

A range of satellite sensors (MERRA, OMI, MODIS) and methodologies have been applied 
for aerosol estimation and pollution load from local to global scales at varying spatial 
resolutions. The limited temporal resolution, the impacts of surface albedo, and the 
inclusion of clouds are all downsides of using satellite sensor systems. The aerosol mass 
concentration, mass extinction efficiency, hygroscopic growth factor, and effective scale 
height all play a role in the AOD- PM2.5 association [15]. The vertical distribution of aerosols 
is a significant element in the AOD- PM2.5 relationship [16]. Previous research indicated 
good correlation between AOD- PM2.5 which will help to predict air quality through satellite 
data [17]. The relationship between AOD and PM2.5 can be used for air quality monitoring, 
model verification, and data assimilation. The vertical distribution of aerosols is a 
significant element in the AOD- PM2.5 relationship [16].  

There are two types of methodologies for estimating near-surface PM2.5 using space-borne 
AOD: observation-based and simulation-based methods [18]. Observation-based 
approaches rely heavily on statistical correlations among AOD and PM2.5 measurements at 
the surface level [19]. PM2.5 and AOD correlation is influenced by regional heterogeneity. 
Meteorological characteristics such as cloud cover, wind speed, boundary layer, and 
humidity were used to construct more advanced algorithms for estimating PM2.5 from 
space improving correlation between PM2.5 and AOD. If the association among AOD and PM 
concentration is proven (including PM2.5 and PM10), the satellite output can be used to 
determine the concentration of particulate matter (PM, including PM2.5 and PM10) over a 
vast area [20]. Recent investigations have been conducted across the globe, primarily over 
the Indo Gangetic Plains (IGP) [5, 21]. As far as we are aware, there are no specific 
investigations on the aerosol optical characteristics over the central research region. AOD 
and PM2.5 frequently exhibit high connections when particles are in the boundary layer 
(since they are well mixed). Future research should focus on examining the AOD-PM 
connection with regard to the types of land uses, the sources of air pollution, and aerosol 
characterisation [22]. The nature and sources of aerosols and air pollution, as well as the 
intensity of the correlation between AOD and PM, vary widely, therefore the observed 
association between AOD and PM in one region cannot be extrapolated to other regions 
[22]. The present study investigates on annual, seasonal and monthly AOD variations and 
comparison between data retrieved through satellite sensors during 2020. A model was 
developed to identify the relationship between PM2.5 and AOD with the inclusion of relative 
humidity in the study area using linear regression analysis approach.  
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2. Methodology  

2.1. Study Area 

Raipur, capital of state is a study area of about 1,760,411 people geographically located at 
the Chhattisgarh state of India Extends from latitude 21° 23″ to longitude 81° 65″. It is a 
developing city with an area of 226 square kilometers. The maximum temperature in 
Raipur district is 44.3° C, while the lowest temperature is 12.5° C. The district's total 
average rainfall is 1370 mm. The city has moderate temperature throughout the year. The 
area has experienced rapid industrial development and has emerged as a key industrial 
center in the state. Although the iron and steel industries help the city thrive economically, 
the city's industrial and vehicular activity lead to urbanization. 

      2.2. Data Collection 

The set of data used in this research consists of one year of observations made during 
2020. The data was collected from January 2020 to December 2020 derived from Ozone 
monitoring instrument (OMI) and Modern-Era Retrospective analysis for Research and 
Applications (MERRA) satellite data. OMI is a mission to the Earth Observing System (EOS) 
Aura project from the Netherlands Agency for Aerospace Programs (NIVR) in partnership 
with the Finnish Meteorological Institute (FMI). The OMI gadget delivers daily global 
coverage over a 2600-kilometer swath. The AOD data used here was generated using the 
UV method (OMAERUV) [16, 23, 24]. MERRA was based on a 2008-frozen version of the 
GEOS-5 atmospheric data assimilation system. MERRA data was created on a 0.5° 0.66° 
grid with 72 layers [25]. PM2.5 data was obtained through online data collection from air 
quality index data [26]. 

3. Results and Discussions 

      3 .1. Annual, Seasonal and Monthly AOD Variations 

Based on the seasonal changes identified from OMI and MERRA data, the highest AOD value 
occurred in summer and lowest value occurred in winter.  Figure 1. shows the comparison 
of seasonal AOD variation during Jan 2020 to Dec 2020 from OMI and MERRA satellite data. 
Table 1 and 2 shows the descriptive statistics of AOD obtained from OMI and MERRA 
respectively. The comparison results show that both the OMI and MERRA AOD monthly 
change trends were similar and were compatible with PM2.5 seasonal trends. OMI and 
MERRA show that during summer the concentrations values were maximum which 
remains constant during spring when observed from MERRA results. The mean AOD values 
were less during spring as observed through OMI data. The intricacy of the Earth's surface 
and atmosphere makes it difficult to retrieve AOD from satellites, and it also leads to 
inconsistencies between the various sensors that are employed [27, 28]. The trend change 
was similar during autumn and winter using both OMI and MERRA satellite retrieval. In 
terms of maximum aerosol optical depth, OMI and MERRA reanalysis produce quite similar 
results.  High AOD occurred in summer and is often associated with dusty weather 
conditions occurring in this season. Low AOD values in winter is attributed to reduced 
winter wind and dust activity. The downward trend increases from summer to winter 
during 2020 and is reflected from the perspective that atmospheric conditions would have 
been more severe in summer than in autumn and winter and the air quality is relatively 
poor. Typically, places with high PM2.5 concentrations also have elevated AOD loads in 
China and the presence of dust storms results in high PM10 and AOD concentrations 
indicating comparable variation [19].  
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Fig. 1 Seasonal AOD variation during 2020 retrieved from OMI and Merra satellite data 

Table 1. Seasonal AOD concentrations during 2020 retrieved from OMI 

Season Mean Min Max Std dev Std error 

Spring 1.20 0.60 1.91 0.47 0.12 

Summer 2.25 1.86 2.72 0.32 0.12 

Autumn 1.87 1.24 2.32 0.39 0.25 

Winter 1.07 0.80 1.38 0.19 0.06 

Table 2. Seasonal AOD concentrations during 2020 retrieved from MERRA 

Season Mean Min Max Std dev Std error 

Spring 1.42 0.43 1.84 0.67 0.11 

Summer 1.42 0.64 1.92 0.45 0.14 

Autumn 1.32 0.61 2.01 0.51 0.21 

Winter 1.16 0.50 1.38 0.30 0.01 

 

Fig. 2 Monthly AOD variation during 2020 retrieved from OMI satellite data 
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Figure 2. shows the AOD Data from OMI (-Aura_L2-OMAERUV_2020m0501t0758-
o84012_v003-2020m0503t164542.SUB.he5). As monsoon approaches after June, peak 
values of AOD can be seen arising due to higher wind speeds which may be due to advection 
of dust particles and increase in columnar water vapour. The high AOD values were 
observed mainly during July & October and low AOD values during April & November. 
Excluding the monsoon months, from June to September, October month observed highest 
OMI mean value over the region which may be attributed from regional crop residue and 
biomass burning activities. During May, Jun and July transported dust might be the 
significant contributors to high AODS.  

       3.2 Seasonal Classification of Aerosols 

Figure 3. shows the seasonal AOD variation during summer, monsoon and winter. AOT 
shows a distinct seasonal variation in the region. The averages of AOT were higher in 
summer (1.58) than in winter (1.38) and found minimum in monsoon (1.14) season during 
2019 to 2020. This indicates that precipitation levels and humidity accumulate the 
particles and settle them down minimizing their concentration in the air. AOT mainly 
comprises of fine particles. This signifies that even during summer, the concentration of 
fine particulates in the region is higher from a stable source. Also, dust aerosol 
concentrations rise during summer as compared to winter season. Similar seasonal trends 
are observed in Raipur city with minimum AOD values in winter (0.44±0.15) and 
maximum values during spring and summer (0.98±0.21) from 2019 to 2021 showing the 
presence of scattering aerosols in summer and absorbing aerosols in winter season [29]. 
By utilizing a sunphotometer and the AERONET network, seasonal and yearly fluctuations 
in the optical characteristics of aerosols in Kanpur, Karachi, and Ahemdabad were tracked 
[30]. When compared to other sites, the AOD and angstrom exponent were found to be 
greater in Kanpur. AOD was investigated in Bhubaneshwar utilizing satellite and ground-
based assessment methods [31]. They discovered that AOD ranged from 0.39 to 0.96, with 
the highest concentration in February and the lowest in July. In 2013 and 2014, the optical 
characteristics of Lumbini, Nepal, a UNESCO World Heritage Site were measured [32]. They 
discovered an average AOD (0.64) with a greater AOD (0.72) post-monsoon. The pre-
monsoon month's high AOD suggest that natural desert dust aerosols with a preference for 
coarse mode particulate have been loaded into the atmosphere in Jodhpur [33].  

 

Fig. 3 Monthly mean of aerosol optical thickness at 550 nm during 2018-2020 
retrieved from GIOVANNI 
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       3.3 Back Trajectory Analysis 

Back trajectory analysis was performed to find the significance of local sources 
contributing to high aerosol concentrations using Hybrid Single Particle Lagrangian 
Integrated Trajectory (HYSPLIT) model developed by National Oceanic and Atmospheric 
Administration. The trajectories were calculated at 500 m, 1000 m and 2000 m above 
ground level at latitude 21.25 N and longitude 81.62 E during periods of higher 
concentrations (GDAS 1 degree, global, 2006-present). Maximum concentrations were 
observed on 14th May 2020 and 15th May 2020. Local air masses inside the boundary layer 
enhanced by anthropogenic aerosols are related with the UI type, resulting in high AOD550 
and FM values (0.54 and 0.98, respectively) [14]. Figure 4 shows the back trajectories 
during periods of maximum concentrations. Contribution from local along with distant 
sources is observed during the period indicating that aerosol in the region is contributed 
from both natural i.e., windblown mineral dust as well as anthropogenic sources like 
industrial emissions, vehicular pollution and anthropogenic activities at urban areas.  

  

Fig. 4 Back trajectories during periods of maximum concentrations using HYSPLIT 
model 

      3.4 Particulate Matter and AOD Correlation 

Aerosol particles with a large aerodynamic diameter are responsible for the region's high 
AOD. Globally, MODIS AOD has a geographic pattern analogous to that of PM2.5. This 
suggests that areas with high AOD are also likely to have elevated PM2.5 levels [19]. Also, 
aerosol particle hygroscopic expansion was discovered to be widespread, which 
necessarily results in uncertainty of variable degrees when obtaining AOD from satellite 
data [34]. Hence, regression analysis was conducted to find out the relation between PM2.5, 
AOD and RH. Statistical analysis was performed between the parameters to check the 
significance of the parameters on the PM2.5 values.  The p-value was found to be significant 
for AOD (<0.05), however it is observed to be insignificant for RH. Correlation analysis was 
conducted and correlation co-efficient between AOD and PM2.5 was observed to be 0.83 
making it significant parameter, whereas for RH it is -0.03 considering the parameter as 
insignificant. Through statistical analysis, F-value was found to be greater than F-critical 
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indicating the R2 value is significant and t-test was performed and observed that t-critical 
is less than t-value, hence the R2 value was significant. The R² value between PM2.5 and AOD 
was observed as 0.70 (p<0.05). Figure shows the relation between predicted and observed 
PM2.5 values with R² = 0.71(p<0.05). Sensitivity analysis was conducted and AOD was 
observed as an influencing parameter with R² = 0.81 (p<0.05). Equation 1 represents the 
developed model. Satellite AOD was utilized in order to obtain PM2.5 data from a total of 15 
sites in India [35]. They came to the conclusion that the co-efficient was 77%, and the 
diurnal scale co-efficient ranged from 0.45 to 0.75. AOD-PM2.5 correlation studies have 
yielded conflicting results depending on the study area's size, geographic location, and 
spatial resolution [21]. On days where there is no discernible relationship between AOD 
and PM2.5, this variability is likely due to a number of different causes. Numerous factors, 
such as local aerosol origins and weather patterns, greatly affect PM2.5 levels. PM2.5 
fluctuation can be caused by a variety of reasons. Few factors influencing urban PM 
concentrations include local origins of primary PM, topographic boundaries between 
locations, intermittent generation episodes, meteorological processes, changes in the 
behaviour of semi volatile constituents, and measurement imprecision [36]. A strong 
linear association (coefficient = 0.96) between the daily mean satellite AOD and ground-
based PM2.5 measurements for a total of 26 cities around the world has been observed 
[37].  In Finland, correlation values involving AOD and PM2.5 were ranged from 0.57 to 0.91 
[38]. The paucity of a substantial AOD-PM2.5 association during certain days in the region 
could be attributed to the fact that AOD is a marker of light attenuation by particles in a 
vertical column, whereas terrestrial PM2.5 is a marker of aerosol content (less than 2.5 m) 
on the surface. AOD is susceptible to the vertical atmospheric pattern, which is primarily 
determined by the structure of the aerosol cover and the elevation of the layer's higher or 
lower boundary [39]. In the research area, however, a region-specific steady and persistent 
seasonal AOD-PM2.5 association is observed.   

𝑃𝑀2.5 = 91.32 + 52.85 ∗ AOD (1) 

 

Fig. 5 Scatterplots and relationship between observed and predicted PM2.5 values 

      3.5 Model Validation 

The 25% dataset was used for model validation with R2 value as 0.81.  Statistical testing 
was conducted to check the statistical acceptance of the data and it was found that the 
model is statistically acceptable. Also, error analysis was carried out and mean absolute 
percentage error was found as 0.07 which is acceptable. Hence the developed model was 
statistically significant. Figure 6. shows the association between actual and predicted PM2.5 

values estimated using the developed model. 
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Fig. 6 PM2.5-AOD model validation 

4. Conclusion 

This study highlights the importance of monitoring aerosol concentrations in regions with 
high anthropogenic activities, to mitigate their negative impact on human health and the 
environment. The findings provide valuable insights into the temporal and spatial 
variability of aerosols and their impact on the Earth's radiation balance. It is worth noting 
that aerosol concentrations are not only affected by natural sources but also by 
anthropogenic activities. The average AOD concentrations obtained from OMI and MERRA 
is 1.60±0.56 and 1.33±0.12 respectively over 2020 indicating variability in aerosols in the 
region. AOD levels were high over the summer, which is generally associated with dusty 
weather conditions. Winter wind and dust activities are reduced, resulting in lower AOD 
readings. AOT averages were greater in the summer (1.58) than in the winter (1.38) and 
were lowest during the monsoon (1.14) season from 2019 to 2020 indicating high amounts 
of precipitation and humidity collecting the particles and settling them down, reducing 
their concentration in the air. The results obtained through back-trajectory analysis 
indicate that both wind-blown mineral dust and anthropogenic activities are significant 
contributors to aerosol concentrations in the study region.  High correlations were 
observed between annual PM2.5 and AOD concentrations during the study period. AOD is 
found as an influencing parameter to PM2.5 with R2 = 0.71 (p<0.05). The mean absolute 
percentage error is less than 10% indicating good prediction accuracy. The validated 
model demonstrated good prediction accuracy and is suitable for making accurate 
projections about possible potential ground-based PM2.5 concentrations in the region. 
Therefore, it can assist policymakers and environmentalists in making informed decisions 
about air quality management and the development of effective mitigation measures.  OMI 
AOD can be used to assess possible levels of pollution as there are substantial site-specific 
connections between AOD and PM2.5. Further research is needed to improve our 
understanding of the sources and transport of aerosols to develop more effective 
mitigation measures. 
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 This work aims to investigate briefly, the effectiveness of plant extracts so far 
used for steel and other metals as inhibitors in combating the metallic corrosion 
in basic media. Corrosion inhibitors have been recommended by various 
researchers as one of the ways to slow down the rate of corrosion and to reduce 
the financial losses associated with it. Corrosion inhibitors can be organic or 
inorganic in nature. But due to their eco-friendly and regenerative nature, green 
corrosion inhibitors of natural origin are the preferred candidates as against 
synthetic inhibitors. Majority of corrosion studies today are focused on the 
application of plant extracts for corrosion protection in acidic media, whereas 
alkaline media has been used only in few studies, and yet with little or no recent 
work. Even the result of this review shows that plant-based inhibitors have been 
used mostly on steel products, aluminum products, and copper in that 
descending order for minimizing corrosion in alkaline media, while it has been 
rarely used on metals such as tin, iron, and zin in the same alkaline media.  As a 
result, it is beneficial to encourage more review and research on the use of plant 
extracts as corrosion inhibitors in basic media for steel and other metals. And the 
novelty of this review is based on this concept. Hence, this study is very vital for 
key players/readers in this field to improve their awareness regarding on how 
to design extract of plants origin according to their suitability and reproducibility 
for corrosion protection of metallic structures. 
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1. Introduction 

Metallic materials are critical to the advancement of technology and economy 
development of any nation. Numerous improvements in design development have been 
made possible as a result of material innovations, such as high-speed airplanes, bridges, 
contemporary dwellings, electronics, automobiles, and so on. Due to their exceptional 
qualities, metallic materials might be considered the most essential engineering materials 
[1], [2]. In spite of all, metals are still known to be the least corrosion resistant of all the 
engineering materials. This is because, while ceramics are an important class of material 
with desirable properties such as corrosion resistance, they are more difficult to design 
with than metals because they lack some vital properties which limits their uses when put 
side by side with metals [3]. Corrosion of metals can be thought of as extractive metallurgy 
in reversed manner as illustrated in Fig. 1, while extractive metallurgy itself is largely 
concerned with the extracting of metal from the ore and refining or alloying it for a better 
application. Verse majority of iron ores holds within them oxides of iron, and rusting of 
steel by water and oxygen results in a hydrated iron oxide. Therefore, rusting is a term 
designated for steel and iron corrosion, despite the fact that many other metals form their 
oxides when corrosion attack happens [4]. 

mailto:nwigweuzoma@gmail.com
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Fig. 1 Metallurgy in the reverse nature 

Metallic corrosion has an impact on a variety of domains, including bridges, railways, 
buildings, industries, traffic lights, and household device [5]. According to a recent study 
[6] conducted by NACE, the economic impact of corrosion is estimated to be around 2.5 
trillion dollars (USA). The financial costs of corrosion are depicted in detail in Fig. 2. 
However, if corrosion protection techniques are used, this loss can be minimized by up to 
15–35 percent [6]. 

 

Fig. 2 The financial costs associated with corrosion 

Thanks to the use of corrosion inhibitors, which have been recommended by various 
researchers as a way to slow down the rate of corrosion and so reduce the financial losses 
suffered by all major users of metallic materials. Corrosion inhibitors are organic or 
inorganic chemical substances that act as cathodic, anodic or mixed inhibitors by 
adsorbing on a corroding metal surface when added to a corrosive media, hence 
suppressing to a great extent the metal's corrosion rate [7], [8]. The presence of organic 
substances comprising O, S, and N atoms in their compounds with numerous bonds 
through which they can adsorb on the metal surface makes most inorganic inhibitors 
harmful to the environment. This has fueled the search for green corrosion inhibitors that 
are biodegradable, eco-friendly, low-cost, incredibly easy to find, and regenerative, and yet 
having no heavy metals [9] – [12]. 
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Most corrosion studies today are concentrated on the use plant inhibitors for corrosion 
protection in strong acidic media like sulfuric acid, hydrochloric acid and other weak acidic 
media like H3PO4, CH3COOH, and HCOOH, etc. While only little investigations were done 
using alkaline media. Therefore, it has become imperative to encourage a review on the 
use of plant extracts on steel and other metals as corrosion inhibitor in basic media. Under 
this premise lies the novelty of this review, hence, been unique, it is believed that it will 
contribute immensely to knowledge and learning in the area of corrosion of metals, and on 
how to create plant extracts in accordance with their suitability and reproducibility for 
protecting metallic structures from corrosion. 

2. Corrosion Inhibitors and Their Functions  

Corrosion inhibitor might function in two different ways. Firstly, through contact with the 
corrosive species, the added inhibitors can sometimes transform the corrosive medium 
into a noncorrosive or less corrosive medium. In other circumstances, the corrosion 
inhibitor can react only with the metal surface, and through which, prevents the metal from 
corroding. As a result, there are two broad types of inhibitors based on how they interact 
[5]: 

•  Environment modifiers. 
•  Adsorption. 

The action and method of inhibition in the case of environment modifiers is just by a simple 
interaction with the aggressive species in the environment, which leads to reduction in the 
aggressive species' attack on the metal. Oxygen scavengers like Na2SO3 or N2H4, as well as 
cobaltous nitrate and biocides used to prevent microbiological corrosion, are examples of 
this. The cathodic reaction in corrosion in neutral and alkaline environments involves 
oxygen reduction, which can be resisted by oxygen scavengers and so impede corrosion 
[5]. 

There are two processes in the case of inhibitors that adsorb on metal surfaces and control 
corrosion: (a) transport of the inhibitor to the metal surface; and (b) metal – inhibitor 
reactions. The procedure is similar to drug molecule transport in the human's body to the 
needed location and its engagement with the location to provide relief from the symptoms. 
The interaction of the metal surface with the inhibitor molecule is perhaps the most crucial 
step. But however, depending on whether the added inhibitor decreases the cathodic or 
anodic interaction, inhibitors could be further categorized as follows [5]; 

 

Fig. 3 Different types of adsorption inhibitors 
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2.1 Cathodic Inhibitors 

Cathodic inhibitors inhibit hydrogen from forming in acidic media and/or reduce oxygen 
formation in neutral or alkaline media. Cathodic inhibitors are substances that have a high 
hydrogen overpotential in acidic solutions and those that produce insoluble compounds in 
alkaline solutions. Inorganic phosphates, silicates, and borates in alkaline solutions are 
examples of inhibitors that prevent oxygen reduction at the cathodic sites. Cathodic sites 
are blocked by substances like calcium and magnesium carbonates, which have a low 
solubility [5], [13]. 

2.2 Anodic Inhibitors 

In the pH range of 6.5–10.5 (which is near neutral to basic), anodic inhibitors are often 
effective. Oxyanions such as molybdates, chromates, sodium nitrite and tungstites, among 
others, are particularly potent anodic inhibitors. These oxyanions are believed to have a 
role in mending deficiencies in the iron surface's passive iron oxide layer. The 
concentration of the inhibitor applied in the case of chromate or dichromate is crucial. 
When a significant amount of inhibitor is employed, corrosion is slowed, but when the 
inhibitor is insufficient, corrosion is increased. As an inhibitor, dichromate exhibits this 
common behavior [13]. 

2.3 Mixed Type Inhibitors (both Cathodic and Anodic) 

Organic substances are commonly used to represent mixed type inhibitors. Regardless of 
the type of inhibitor, the inhibition process entails transporting the inhibitor to the metal 
location, and through the subsequent interaction of the inhibitor with the metal's surface, 
corrosion protection will result. Organic inhibitors when deposited on the metal surface 
act as a barrier to anode dissolution and cathodic oxygen reduction. The organic mixed-
type inhibitors' protective functional groups can be carboxyl, amino, or phosphonate [5], 
[13]. 

3. Use of Plant Extracts as Corrosion Inhibitors 

Plant extracts are versatile and cost-effective group of corrosion inhibitors. The application 
of plant extracts as a corrosion inhibitor is done in accordance with green chemistry 
principles, making the procedure more environmentally benign [14]. Plants produce 
phytochemicals as a result of their primary or secondary fermentation. Phytochemicals are 
divided into two classes based on their role in plant metabolism: primary and secondary 
metabolites. Carbohydrates, proteins, amino acids, and chlorophylls are examples of 
primary metabolites, while saponins, alkaloids, steroids, tannins, flavonoids, and other 
secondary metabolites are examples of secondary metabolites [15] - [16]. The 
phytochemical ingredients in plant extracts have the capacity to inhibit steel and other 
metals from corroding. These chemicals establish a protective coating on the metal surface 
by adsorbing to it. The plant population is extremely diverse, containing a vast spectrum 
of phytochemicals with different redox potential. If we understand the mechanism of 
action of phytochemicals, we can take advantage of their varied properties to harness them 
on a commercial scale for corrosion inhibition of metals, since phytochemicals offer a cost-
effective, environmentally acceptable, non-toxic, and non-hazardous alternative to 
conventional corrosion inhibitors [14]. 

The type of metal, the test medium, the chemical structure of the inhibitor, the kind of 
substituents present in the inhibitor, the presence of additives, the solution temperature, 
and the solution concentration all influence the adsorption of green corrosion inhibitors 
on metal surfaces [17]. Table 1 below shows some latest studies by host of numerous 
researchers where plant extracts have been employed successfully as excellent steel and 
other metals corrosion inhibitors in various alkaline media. 
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Table 1. List of plant extracts evaluated as green corrosion inhibitors in various alkaline 
media for steel and other metals. 

S. 
no. 

Inhibitor Electrolyte/metal Method 
Nature of 

adsorption/isotherm 
Max. 

IE (%) 
Ref. 

1 

Moringa 
Oleifera, 
Psiduim 
Quajava 

NaOH/mild steel WL - > 80 [18] 

2 

Jatropha 
curcas, 

Hibiscus 
Sabdariffa 

calynx 

NaCl/mild steel 

3D SI, 
ATR, FTIR, 

LC-MS, 
EIS, WL, 

PDP, EDS, 
SEM 

Formation of 
inhibitor film on mild 

steel surface 
 

90.26 [19] 

3 
Hibiscus 

sabdariffa 
NaOH/aluminum 

HE, WL, 
PDP, EIS 

Physical adsorption, 
Langmuir, Dubinin–

Radushkevich 
84.68 [20] 

4 Gum arabic NaOH/aluminium HE, TM 
Chemical adsorption, 
Langmuir, Freundlich 

> 75 [21] 

5 
Vigna 

unguiculata 
NaOH/aluminium WL 

Chemical adsorption, 
Freunlich, Temkin 

79.63 [22] 

6 
Ipomoea 

involcrata 
NaOH/aluminium HE 

Physical adsorption, 
Langmuir 

60 [23] 

7 
Gossipium 
hirsutum 

NaOH/aluminium WL 
Adsorption of the 
phytochemicals in 

the plant 
97 [24] 

8 
Phyllanthus 

amarus 
NaOH/aluminium WL Langmuir 76 [25] 

9 
Gongronem
a latifolium 

KOH/aluminium HE Physically adsorbed 97.54 [26] 

10 Garlic 
Rain 

water/aluminium 
WL, FTIR 

Protective film 
formed 

98 [27] 

11 

Lupine, 
Fenugreek, 
Pomegrana

e, Doum, 
Mango, Aloe 

eru, 
0puntia, 
Orange 

NaOH/aluminium WL  

84,80, 
85, 56, 
65, 54, 
85, 64 

[28] 

12 Peony NaCl/carbon steel 

WL, FTIR, 
EIS, GIXD, 

FESEM, 
XPS, LC–
MS, PDP, 

XRD, SEM 

Frumkin 65.8 [29] 

13 Kudingcha NaCl/steel 
FTIR, EIS, 
SEM,PDP 

Langmuir 96.53 [30] 

14 
Tomato 
pomace 

NaCl/mild steel 
SEM, PDP, 

GC-MS, 
AFM 

Protective layer 
formed on the metal 

surface 
93.01 [31] 
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15 
Myrmecodi
a pendans 

NaCl/carbon steel 
PDP, EIS, 

FTIR 
Langmuir 91.41 [32] 

16 
Rosmarinus 

officinalis 
NaCl/Al-Mg alloy PDP, EIS Freundlich - [33] 

17 
Equisetum 

arvense 
Seawater/copper 

PDP, EIS, 
LPR, SEM, 
FTIR, GC-

MS 

Mixed-type inhibitor 
adsorbed onto the 

metal surface 
87.5 [34] 

18 
Ziziphus 

lotus 
Natural 

seawater/copper 
WL, SEM, 
PDP, FTIR 

Formation of 
chemisorbed films 

93 [35] 

19 Olive NaCl/copper 
WL, PDP, 

EIS 
Cathodic-type 

corrosion inhibitor 
90 [36] 

20 Saffron Seawater/copper WL, PDP 
Cathodic-type 

inhibitor 
84 [37] 

21 
Beta 

vulgaris 
Well water/mild 

steel 

WL, PDP, 
FTIR, 

SEM, ACI, 
AFM 

Mixed-type inhibitor 94 [38] 

22 
Cleome 

droserifolia 
NaOH/aluminium WL, SEM Temkin 78.6 [39] 

23 
Psidium 
guajava 

NaOH/mild steel 
WL, PDP, 

SEM, FTIR 
Langmuir 89.0 [40] 

24 Pterocarpus Na2CO3/mild steel WL, HE Langmuir 64.29 [41] 

25 
Amaranthu
s cordatus 

NaCl/mild steel WL Physical adsorption 99.51 [42] 

26 
Allium 

sativum 
NaCl/mild steel 

FTIR, XRD, 
SEM, PDP, 

EIS 
Mixed-type inhibitor 95 [43] 

27 
Ricinus 

communis 
NaCl/steel 

EIS, PDP, 
AFM 

Temkin 87 [44] 

28 Thyme NaCl/mild steel WL, PDP Temkin 80.49 [45] 

29 Neem 
Ca(OH)2/mild 

steel 
WL, PDP Chemisorption 86 [46] 

30 
Morinda 

lucida 
NaCl/steel WL, CST 

Optimal corrosion 
inhibition 

95.64 [47] 

31 Rice straw NaCl/steel 
WL, EDX, 

XRD, FTIR, 
PDP, SEM 

Interphase inhibition 92 [48] 

32 
Rhizophora 

mangle 
NaCl/steel AAS, FTIR - - [49] 

33 
Arecanut 

husk 
NaOH/copper, 

mild steel 

WL, PDP, 
SEM, ATR-
FTIR, XRD 

Langmuir 
94. 34, 
93.75 

[50] 

34 
Origanum 
majorana 

NaCl/mild steel PDP Physical adsorption 90 [51] 

35 

Euphorbia 
hirta, 

Dialum 
guineense 

NaOH/aluminium WL Langmuir, Temkin 
87.5, 
87.5 

[52] 

36 Henna NaOH/tin WL, FTIR Physical adsorption 95.45 [53] 
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37 
Water 

hyacinth 
NaOH/iron, 
aluminium 

WL, OM, 
PDP 

Adsorption of the 
phytochemical 

constituents of the 
extract on the surface 

of the metals 

98.93 [54] 

38 
Citrullus 

colocynthis 
NaCl, 

NaOH/copper 
WL, PDP Langmuir 

77.08, 
84.61 

[55] 

39 
Gnetum 
africana 

NH4OH/copper WL, PDP Langmuir 87.83 [56] 

40 
Piper 

longum 
NaOH/aluminium 

PDP, EIS, 
WL 

Mixed-type character 89 [57] 

41 
Mansoa 
alliacea 

NaCl/zinc 
PDP, EIS, 

FTIR, 
HPLC 

Mixed-type inhibitor 92 [58] 

42 
Cascabela 
thevetia 

NaCl/carbon steel 
WL, PDP, 
EIS, AFM, 

EFM 
Freundlich 95 [59] 

43 Bitter leaf NaOH/Al-Si alloy WL Physical adsorption 91 [60] 

44 Calotropis NaOH/mild steel WL, SEM 
Formation of layer on 

the mild steel 
80.89 [61] 

45 
Robinia 

pseudoacac
a 

NaCl/copper 
PDP, WL, 
SEM, EDX 

Mixed inhibitory 
effect 

93.5 [62] 

46 Gelatin NaOH/Al-Si alloy 
PDP, EIS, 

CV 
Freundlich 65.71 [63] 

47 
Garcinia 

indica 
NaOH/aluminium PDP, WL Chemisorption 70.25 [64] 

48 
Derris 
Indica 

NaOH/aluminium 
WL, PDP, 
EIS, OP 

Langmuir 60.2 [65] 

49 
Skytanthus 

acutus 
meyen 

NaCl/carbon steel 
WL, EIS, 
LC-MS 

Formation of 
protective film 

90 [66] 

50 
Litchi 

chinensis 
NaCl/aluminium 

PDP, EIS, 
FTIR, SEM 

Langmuir 90 [67] 

51 
Cardamom, 

Nutmeg 
Sea water/mild 

steel 

WL, PDP, 
EIS, SEM, 

FTIR 

Protective coating 
formed 

99 [68] 

52 
Cymbopogo

n citratus 
Seawater/mild 

steel 

UV-Vis, 
FTIR, WL, 
EIS, SEM 

Formation of a 
protective film due to 

the adsorption of 
inhibitor on the mild 

steel 

34 [69] 

53 
Vicia faba 

peel 
Marine 

water/mild steel 

GC-MS, 
PDP, EIS, 

SEM 
Langmuir 97.84 [70] 

 

3.1 Inhibitors are Used in Four Types of Environments 

1. Supply waters, natural waters, industrial cooling waters in the 5–9 pH range. 

2. Liquid acid media utilized in pickling of metallic materials, and post-service cleaning of 
metal surfaces. 
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3. In primary and secondary oil production and refining.  

4. Environments of many other types, [13].  

3.2 pH Impact on Inhibitor Performance 

When choosing a corrosion inhibitor with high inhibition and cost effectiveness, the 
electrolyte solution's pH is crucial. It is frequently important to evaluate the pH value to 
guarantee the constant inhibitory performance of the inhibitor during treatment. All 
inhibitors have a pH range in which they are most efficient. The formation of stable surface 
layers needs a certain minimum pH. Temperature, chemical species, and flow rate are only 
a few of the additional factors that affect this minimum pH value. Several inhibitors lose 
their effectiveness at pH levels that are either too low or too high. Inhibitors of 
polyphosphates, for instance, must be utilized between pH 6.5 and 7.5. Nitrites are 
ineffective at pH levels below 5.5-6. Despite the fact that chromates are less prone to pH 
changes, it is typically used at pH 8.5. Because no insoluble protective iron benzoate film 
can form at lower pH values, sodium benzoate is ineffective in electrolytes with pH less 
than 5.5 [71-74]. 

3.3 Inhibitors and Some Influencing Factors 

The performance of inhibitors depends on various factors. The Figure 4 below provides 
the discussion concerning them [75-76]. 

 

Fig. 4 Inhibitors and some influencing factors 

4. Conclusion and Future Outlook 

This paper has successfully examined the most recent developments in corrosion 
protection of metallic materials by different plant extracts in alkaline environments. From 
the literatures looked into, it can be summarized that, 
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• Plant extracts are excellent candidates to be harnessed on a commercial quantity 
as better replacement to inorganic corrosion inhibitors against metal corrosion, 
which are both costly and very harmful to the environment.  

• Researchers suggested using corrosion inhibitors of plant origin as a strategy to 
slow down corrosion in metallic materials. 

• The pH of the system has a significant impact on the corrosion inhibition process 
and must be considered when selecting the appropriate corrosion inhibitor. 

• The phytochemical ingredients in plant extracts are said to have the capacity to 
inhibit steel and other metals from corroding by adsorbing to it.  

• This study has also identified and briefly reviewed the wide varieties of corrosion 
inhibitors and their functions, plant extracts, and corrosion characterization 
methods employed by different researchers in their search of ideal inhibitors of 
natural origin for corrosion protection of metallic materials.  

• This work is highly important for key participants and readers in this field to 
increase their understanding of how to create plant extracts based on their 
appropriateness and reproducibility for protecting metallic structures from 
corrosion. 

• It has also looked into the economic costs of corrosion as it impacts the economy 
of a nation, the use of steel and other metals in alkaline environments.  

• Majority of the existing studies concentrated more on alkaline media like NaCl and 
NaOH, while there were less researches on alkaline media like Na2CO3, NH4OH, 
and Ca(OH)2.  

• According to the findings of this review, plant-based inhibitors have been 
employed most notably in steel products, followed by aluminum products, and 
copper, in that order. But only one piece of literature supports the use of plant 
extracts in alkaline medium for other metals like tin, iron, and zinc.  

Therefore, it is advantageous to promote/recommend more reviews and studies on the 
application of plant extracts as corrosion inhibitors in basic media for steel and other 
metals in the near future using other basic media like Mg(OH)2, NaHCO3 and / or KOH. 
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Abbreviations 

OM:  Optical Microscope 
EFM:  Electrochemical frequency modulation 
WL:  Weight loss 
AFM:  Atomic force microscope 
GIXD:  Grazing incidence X-ray diffraction 
FTIR:  Fourier transform infrared spectroscope 
DFT:  Density functional theory 
HE:  Hydrogen evolution 
N2H4: Hydrazine 
MDS:  Molecular dynamics simulation 
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ATR:  Attenuated total reflection spectroscopy 
XRD:  X-ray diffraction 
KOH:  Potassium hydroxide 
NaCl:  Sodium chloride 
Mg(OH)2:  Magnesium hydroxide 
Na2SO4:  Sodium sulfate 
3D SI:  3D Surface inspection 
LPR:  linear polarization resistance 
EDS:  Energy-dispersive X-ray spectroscopy 
Na2SO3:  Sodium sulfite 
FESEM:  Field emission scanning microscopy 
CV:  Cyclic voltammetry 
HPLC:  High-performance liquid chromatography 
EIS:  Electrochemical impedance spectroscope 
PDP:  Potentiodynamic polarization 
Ca(OH)2:  Calcium hydroxide 
OPM:  Optical microscope 
Max. IE (%):  Maximum inhibition efficiency 
ACI:  AC impedance 
LC-MS:  Liquid chromatography-mass spectrometry 
XPS:  X-ray photoelectron spectroscopy 
NaOH:  Sodium hydroxide 
NH4OH:  Ammonium hydroxide 
GC-MS:  Gas chromatography-mass spectrometry 
NaHCO3:  Sodium bicarbonate 
CST:  Compressive-strength testing 
ATR-FTIR:  Attenuated total reflection-Fourier transform infrared 
AAS:  Atomic absorption spectroscopy 
TM:  Thermometric method 
UV-Vis:  Ultravoilet-visible spectroscopy 
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 In this study, the joining technique of two different materials such as polyvinyl 
chloride (PVC) and aluminum that can replace steel insertion in the PVC profile 
industry was investigated. The aim was to improve the interface structure for 
joining PVC and aluminum with different geometries on the aluminum surface. 
The effects of mechanical surface roughness were studied for the joining 
performance. Aluminum samples with mechanically deformed surfaces were 
prepared and joined with PVC strips. Lap-shear, interlaminar shear strength 
(ILSS), 3-Point (3P) bending, and coefficient of linear thermal expansion (CTE) 
tests were performed. Microstructural investigations were conducted with an 
optical microscope and scanning electron microscope. According to the results 
obtained, mechanical surface roughness on the aluminum improved the joining 
interface between PVC and aluminum. The side-punched and perforated samples 
achieved the best results in terms of geometrical variations on the aluminum 
surface. Improvement in surface roughness resulted in a 2-fold increase in lap-
shear shear strength and 45% reduction in 3-point bending test results. Optical 
microscopy was performed on the interface layer, the cavity structures were 
examined. In the samples with good adhesion results, it was observed that the 
desired locking mechanism was formed in joined structures as a result of the 
abrasion on the metal surface and the filling of holes with PVC. 

 
© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

The construction industry plays an important role in the development of human history.  
Building materials can be divided into structural materials, decorative materials, and 
special materials. [1]. 

Aluminum and its alloys have many outstanding attributes that lead to a wide range of 
applications, including good corrosion and oxidation resistance, high electrical and 
thermal conductivities, low density, high reflectivity, high ductility and reasonably high 
strength, and relatively low cost [2]. Extruded aluminum profiles are used to make ladders, 
doors, windows, showers, and scaffolding, among other industrial applications. Roofs, 
facades, panels, components, awnings, cladding gutters & downpipes, ceilings, and many 
more structures in the building and construction business use our coated and uncoated 
building goods [3]. 
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PVC is one of the most widely used plastic compounds in the world, with a wide range of 
applications. UPVC has piqued the construction industry's attention as low-maintenance 
material [4]. 

PVC is widely employed in the construction sector for a variety of purposes, including 
pipelines, windows, flooring, roofing, and lighter constructions. The building industry 
consumes 67% of global PVC production [5]. Windows are available in a variety of frame 
materials in the construction industry, including aluminum, PVC, timber, and aluminum 
cover of PVC on timber, joined, composite, and fiberglass. Some observations concerning 
these building materials are relevant to an understanding of the PVC requirements [6]. 

The idea of having joined materials of PVC and aluminum is a solid product within an 
improved joining structure that can replace steel sheets. The current PVC window 
fabrication process includes additional labor costs for steel insertion and screwing. 
However, the modulus of elasticity of steel is approximately 3 times higher than aluminum, 
there is a positive reduction in deflection values in the moment of inertia for joined 
materials when used in multiple structures. For this reason, it was necessary to initiate a 
study with enhanced bonding properties at the PVC and aluminum interface. 

Joining structure between interface layers can be improved with surface roughness, 
adhesive bonding, and plasma applications. Surface roughness is one of the important 
factors which influence the mechanical properties of the joints. Having surface roughness 
on aluminum material can be preferable in joining [7]. The importance of the surface and 
its favorable impact on bond strength was noted by the majority of the studies [8]. 

In this study, we used aluminum and PVC to create a new joined profile that overcomes the 
barriers for steel reinforcement in conventional PVC profiles. During the project evaluation 
phase, shear stress (lap-shear test) for adhesion strength, interlaminar shear stress for 
bending, and 3-point bending tests were performed. In addition, linear thermal expansion 
tests were performed on the samples prepared at different temperature ranges 
determined under laboratory conditions. With the use of an optical microscope, the 
interface layer and surface morphology between aluminum - PVC were investigated. After 
the results were minimized, the surface topography of the test sample showing the best 
adhesion was examined by Scanning Electron Microscope (SEM) analysis. 

The experiment design was made in DOE using full factorial design techniques. DOE was 
created to deal with complex problems where more than one variable may influence 
response and two or more factors may interact [9]. DOE which is the dependent variables 
(responses) consist of the test results as lap-shear, 3-point bending, ILSS, and CTE 
performed as a result of the study. The independent variables (factor) were determined as 
aluminum surface roughness and process types. There are 6 levels for aluminum surface 
roughness and they are described as S1 to S6. 

2. Material and Methods 

2.1. Materials 

2.1.1 PVC 

PVC strips have been obtained from suspension u-PVC from Petkim S65. It has some 
properties which are 67±2 K-value, 0.55±005 g/cm3 bulk density, and 0.250 µm (Max 8%) 
and 0.063 µm (Min 90%) particle size. These materials were prepared from extruded u-
PVC window profiles. 

2.1.2 Aluminum 

The alloy of 5052H18 which is the strongest temper produced through the action of only 
strain hardening decided to use for the preparation of aluminum strips in the study. It 
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has some properties which are 2.7 g/cm3 density, 70 GPa Young Modulus, and 178 MPa 
Yield Strength. 

Samples are prepared in the required dimensions from aluminum rolls. 

2.2. Experimental Methods 

2.2.1 Design of Experiments (DOE) 

To analyze the effect of the design of the experimental parameters, the aluminum surface 
roughness and the process types were used for the improvement of two material joining. 
MINITAB 19 software Design of Experiment Full Factorial method was used to examine the 
main effect and interaction plots. 

2.2.2 Preparation of PVC Samples 

PVC profiles that are the origin of the samples were produced in the extrusion process. As 
the third step, the strips were prepared from extruded PVC profiles. The thickness of PVC 
samples was preferred as 3.2 mm. 

2.2.3 Preparation of Aluminum Samples 

To obtain the patterns on the aluminum surface, the modeling of different patterns was 
studied. During this study, the resistance to applied forces (such as lap-shear, 3P bending, 
ILSS, and linear thermal expansion) on the interface layer has been considered. Surfaced 
deformed, planned to apply on the aluminum surface, have been designed on CAD 
software. 3D modeling of patterns was created on a jig to have this effect on the aluminum 
surface. Having a patterned surface on an aluminum surface is included in the pressing 
process (Figure 1).  

 After the pressing process, surfaces of aluminum are prepared according to the pattern on 
these jigs. Six different types of roughness were applied to the aluminum surface. These 
are Flat, Perforated, Side Punched, Surface Deformed, Side Punched+Surface Deformed, 
and Side Punched+Perforated surfaces which are abbreviated as S1 to S6 (Table 1). 

The thickness of the aluminum samples was 0.8 mm.   

In the study, the aluminum surface type definitions will be expressed with the 
abbreviations explained in Table 1. 

2.2.4 Preparation of Joined Samples as PVC Aluminum 

The joined samples were prepared using a hot-pressing process is shown in Figure 1.  In 
this method firstly, PVC and aluminum samples were preheated and joined in a hot press 
machine to obtain joined samples. 

Hot-press equipment which provides 6 bar compression pressure is shown in Figure 2 
includes two metal plates as horizontally on top and bottom with heating resistance. 

180 °C, 190 °C, and 200 ºC temperatures have been studied for preheating rigid PVC 
samples to optimize the properties. The temperature (180 °C, 190 °C, 200 °C), pressure (6 
bar), preheating time (10,15,20 minutes), and compression time (3, 4, 5 min) were varied 
to find the optimum joining properties. 

The compression pressing conditions were optimized to 190 °C, 10 minutes for preheating, 
and 3 minutes for compression time. PVC and aluminum samples were placed on a 
customized tool and started tests as shown in Figure 3. 
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Table 1. Abbreviations of Aluminum Surface Types 

# Aluminum Surface Types Sample Pictures Codification 

1 
Flat 

 
S1 

2 
Side Punched 

 

S2 

3 
Perforated 

 
S3 

4 
Perforated + Side 

Punched 
 

S4 

5 
Surface Deformed 

 
S5 

6 
Surface Deformed + Side 

Punched 
 

S6 

 

 

Fig. 1 A schematic picture of the sample preparation process 

 

Fig. 2 Schematic representative of hot press equipment 
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Fig. 3 Sample preparation and tests (a) Lap-Shear, (b) 3P Bending, (c) CTE 

2.3. Characterization 

2.3.1 Mechanical Testing 

2.3.1.1 Lap-Shear Test 

The lap-shear tests were conducted on a Zwick mechanical tensile testing equipment with 
a load cell of 20 kN. During the tensile/shear testing, the displacement control mode with 
a rate of 1 mm/min was utilized. After the peak loads were recorded, the experiments were 
terminated.  

The test specimen in the lap-shear arrangement is formed by two rectangular pieces with 
an overlapping area large enough to cause failure. The subsequent tensile testing 
determines the lap-shear strength, which is given by: 

σ =
P

b. L
 (1) 

where, 

P – Maximum load (N), 

b- Joint width (mm), 

L- Joint length (mm), 

 - Stress (N/mm2) 

Lap-shear properties of composite materials were measured with Zwick Roell 20 kN. 
Samples dimensions were 20x100 mm. The measurements were done at 23 ± 2 °C and 
relative humidity %45 ± 10. 

2.3.2 3-Point Bending 

A flexural strength test imposes tensile stress in the convex side of the specimen and 
compressive stress in the concave side. Test has been performed with 30 kN. 

2.3.3 Inter Laminar Shear Strength (ILSS) 

The short beam strength test of high modulus reinforced composite materials is 
determined in ASTM D 2344. The samples have dimensions of 4x24x8 mm. The ILSS values 
were evaluated from the short beam shear test according to the following relation: 

𝐼𝐿𝑆𝑆 =  0.75 𝑥 𝑃𝑏 / (𝑏 𝑥 𝑑) (2) 
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Where Pb = breaking load (N), b = width (mm) and d = thickness (mm) of the specimen. 

2.3.4 Thermal Tests 

2.3.4.1 Coefficient of Linear Thermal Expansion (CTE) 

Different substances expand by different amounts. Over small temperature ranges, the 
linear thermal expansion of uniform objects is proportional to temperature change.  

The test specimens were marked as lo at To, after the test, lf has been recorded at 
temperature Tf . By measuring the length at room temperature, the expansion, and the 
temperature difference, the α value can be calculated as the formulation given below. 

(𝑙𝑓  – 𝑙0) / 𝑙0  =  𝛼1 𝑥 (𝑇𝑓 –  𝑇0)                                                                                                               (3) 

𝛥𝑙/𝑙0  =  𝛼1 𝑥 𝛥𝑇   =>  𝛼1 =  1/𝑙(𝑑𝑙/𝑑𝑇)                                                                                        (4) 

where l0 and lf represent, respectively, where l0 and lf represent, respectively, the original 
and final lengths with the temperature change from T0 to Tf. The parameter α1 has units of 
reciprocal temperature (K–1) such as µm/mK or 10–6/K.  

The length of the marked sample is measured at room temperature, and again when it has 
been heated up. The test has been performed in a Nuve heating oven at 20 °C (To) to 70 °C 
with 10 °C increasing temperature intervals. 

2.3.5 Microscopic Analysis 

2.3.5.1 Optical Microscope 

The interface layer of sections of joined samples were analyzed in the Optical Microscope  

of Eclipse LV100ND model in Nikon. The section of joined samples were prepared to have 
100X magnifications. 

According to tests explained in this study, overview of test performed samples as shown 
in Figure 4. 

 

Fig. 4 Overview of test samples 
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3. Results and Discussion 

3.1. Design of Experiment (DOE) 

MINITAB software was used to examine the main effect and interaction plots.  

Main effect plots provide information about which is the most influencing factor and the 
classic relationship between availability, performance, and quality rate [10]. 

DOE which is shown in Figure 5; the dependent variables (responses) consist of the test 
results as lap-shear, 3-point bending, ILSS, and CTE performed as a result of the study. The 
independent variables (factors) were determined as aluminum surface roughness and 
process types. The determined independent variables are classified as levels and described 
in Minitab software. There are 6 levels for aluminum surface roughness and they are 
described as S1 to S6.  

In the study of Rafidah et al. (2014) on “Comparison Design of Experiment (DOE): Taguchi 
Method and Full Factorial Design in Surface Roughness”, they compared the effectiveness 
of Taguchi and full factorial design methods on surface roughness using both Taguchi and 
full factorial design techniques [11]. According to the obtained results in their paper, the 
full factorial design looks better DOE technique than the Taguchi method, since the mean 
square error is lower, the parameter design of the full factorial design provides a simple, 
systematic, and efficient methodology for optimizing process parameters. When the 
available techniques in DOE analysis were evaluated, full factorial design has been decided 
to use in the current study. 

 

Fig. 5 DOE analysis in the study (factors, levels and responses) 

The brief contents of the results from the DOE results are as follows: 

The lap-shear tests were performed on the modified samples which have the effect of 
surface roughness and adhesions. The results show that increasing sanding time as higher 
surface roughness, was improving mechanical locking. But, after having maximum shear 
strength, the surface roughness degraded the bond strength of the adhesive which means 
reducing in shear strength at higher roughness. The results of the lap-shear relationship 
between the different samples were explained in the first main effect plot. These plots 
show the mean value of that parameter based on different roughness and process types. 

The other purpose was to describe how different surface roughness classes affected 
flexural performance. In the current study, the flexural strength of the surface roughness 
has increased. The 3-point bending test results showed that the fracture surfaces in the 
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samples with surface roughness were filled with plastic material, enhancing the interface 
and contributing to the study's findings of a decrease in deflection. The detected deflection 
on test samples is explained by a 3P bending main effect plot. 

ILSS was measured as a function of surface roughness. Roughness and surface energy 
variations effectively improve laminate bonding strength. In our study, the measured ILSS 
results were higher for the specimens which having pretreated processes on surfaces. 
Roughness has improved the results identically for the samples S4, S5, and S6 (perforated, 
punched, and deformed surfaces). 

The measured results for CTE show that the roughness on the aluminum surface affects 
expansion property. The lowest values in the S range, which are identical to the joined 
structure were obtained in S2, S4, and S5 samples. 

According to the plots of the main effect in DOE studies, the surface roughness examined 
on the aluminum surface contributes positively to the joining interface. Additional 
processes also resulted positively when they are compared to the untreated process. DOE 
study results show that S2, S4, and S5 specimens achieved better results among all 
samples. 

3.1.1 Main Effect Plots 

Main effect plots provide information about which is the most influencing factor and the 
classic relationship between availability, performance, and quality rate [10]. 

In this study, main effect plots describe the relations of levels between aluminum surface 
roughness and process types. The mean values of test results were shown on main effect 
plots. Therefore, these plots provide a good overview of the data. 

Lap-shear, ILSS, and 3P bending tests were examined to focus on mechanical properties 
deviation. CTE test was set to see how enhancing the joining affects the thermal expansion 
behavior. 

3.1.1.1 Main Effect Plot of Lap-shear 

Kwon et. al researched “Comparison of interfacial adhesion of joined materials of 
aluminum/ carbon fiber reinforced epoxy composites with different surface roughness” in 
2019. They have modified the surface of aluminum using some sanding processes. The lap-
shear tests were performed on the modified samples which have the effect of surface 
roughness and adhesions. The results show that increasing sanding time as higher surface 
roughness, was improving mechanical locking. In other words, the increased energy of the 
surface results in improved mechanical adhesion with higher lap-shear values [12].  

Similar to these results, the different roughness types have improved the results positively 
in our study. Because of the locking mechanism, PVC material filled the deformations on 
the aluminum surface, the results were obtained identically higher than the S1-flat surface. 

Hamdi et. al (1995) studied “Improving the adhesion strength of polymers: effect of surface 
treatments” on PVC, ABS, and EPDM materials. According to their outputs on graphs for 
lap-shear tests, PU application on PVC surface has a lower effect than other adhesives 
selected as silicone and modified silane. On the other hand, the samples which were treated 
had better results [13].  Pretreatment had also a similar influence on the outcomes of the 
present study specimens. The samples which were premiered as a pre-treatment on the 
aluminum surface have higher values on lap-shear tests.  

The surface treatment of effect on aluminum was studied by Boutar et.al (2016) for 
automotive applications. They determined the effect of surface roughness and wettability 
on the strength of single lap joints on three abraded surfaces. The results indicate that 
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shear strength appears to increase from not abraded to a polishes surface with abrasive 
paper that provides 0.6 µm surface roughness. But, after having maximum shear strength, 
the surface roughness degraded the bond strength of the adhesive which means reducing 
in shear strength at higher roughness. They have summarized that joint durability cannot 
be provided by higher surface roughness, it also depends on the characterization of the 
interphase and its formation mechanism [14].  

In the present study, the customized tool has been designed to deform and increase the 
surface area like roughness. While the values were expected to go up, the results were 
worse than expected, because of air in the gap remained closed, it had a negative impact 
on the outcomes. Equivalent to their study, the depth of roughness must be optimized. 
Otherwise, the roughness can have a negative effect on the results. 

The results of the lap-shear relationship between the different samples were explained in 
the first main effect plot. These plots show the mean value of that parameter based on 
different roughness and process types. According to the given results, the addition of 
roughness and process types have positive effects on the results. While S1 (untreated flat 
surfaces) have the lowest value, the additional processes and mechanical operations on 
the surface have an impact on the values as variations. The main effect plots for lap-shear 
test results were summarized that S2, S3 and S4 samples in surface types have resulted as 
higher than 2 MPa which was 1.08 MPa without any roughness. 

3.1.1.2 Main Effect Plot of 3P Bending 

Lee et al. (2016) studied carbon fiber-reinforced plastic/Al5052 joined samples. When the 
flexural stress of the composite was measured about the surface roughness, it was found 
that if the specimen surface was treated with sandblasting, the flexural stress remained 
relatively constant regardless of the surface roughness; nevertheless, it was lower when 
the specimen surface was not treated. This shows that surface treatment improved the 
flexural strength of the material. The specimen had a flexural stress of 480–500 MPa after 
sandblasting, whereas it was only 220 MPa in the absence of surface treatment [15]. 

In the present study, the roughness on the surface has increased in flexural strength. The 
3-point bending test results showed that in the samples with surface roughness, the 
fracture surfaces were filled with plastic material, thus improving the interface, which also 
led to a positive decrease in the deflection results in this study. 

Zal et al. (2016) studied the effect of the surface roughness of aluminum on fiber metal 
laminates (FML) which include fiberglass, PVC film (0.2 mm), and aluminum. Four different 
surface treatments (pickled with HCI, cold rolled, holes, grinding, and mechanically 
roughened) were applied on three-point bending samples to measure flexural strength. 
The least flexural strength has been measured in the etched aluminum layered sample, 
because of pickling removed contaminant substances from the aluminum surface and tend 
to form a chemical bond. In this case, PVC polymer tolerates delaminating shear stress 
which also provides an improvement in flexural strength. The overview of the results 
showed that mechanical treatment and roughening of the aluminum surface was found to 
be a good treatment method to obtain a high-strength PVC matrix/aluminum layer 
interface bonding in the produced FMLs [16] some processes as surface treatment and 
having some holes similar to S2 and S3 specimens look close to principally. The created 
holes improved the interlock mechanism in both studies were resulted in higher values. 
Piercing on aluminum allowed the PVC filling which is similar to S2-side punched and S3- 
perforated specimens, resulting in better outcomes. 

The “Effects of surface roughness and bond enhancing techniques on flexural performance 
of CFRP/concrete composites” subject has been studied by Ariyachandra et al (2017). The 
surface preparation and bonding alternative techniques on joined performance were 
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performed with the three-point bending test method. The purpose was to define the effects 
of dissimilar surface roughness classes on flexural performance. Polymer anchorages' 
effect for delaying the end debonding was studied. The surface roughness of concrete 
substrates has significant effects on the bond strength of CFRP-concrete composites. 
Samples with shorter leg – anchorages results were not big improvements, which means 
longer leg-anchorage geometry provided better outputs in three-point bending results 
[17]. 

Interface assessment has been studied by Karakaya (2020) They have investigated an 
alternative joining method on the over-molding of thermoplastics on thermoset 
composites. The peel ply treated over-molding on the surface indicates better adhesion 
performance. The tests reveal that the peel-ply application increases the roughness by 
providing a good effect on flexural strength and modulus. This effect was more evident in 
the sample which was prepared with 80 oC temperature mold [18].  

In that study higher temperatures provided the softening phase for polymers to improve 
the joining. Similarly to that, the temperature in the hot press was 190 °C in the current 
study, which allowed the softened PVC higher than the Vicat temperature. The roughness 
on the aluminum surface was filled with a soft polymer that enabled good adhesion. 3P 
bending main effect plot explains the measured deflection on test samples. The highest 
deflection value was measured in S1, which decreased roughly from 2.5 mm to lower than 
1.0 mm with surface roughness and adding extra treatments. The results indicated that the 
pretreatment on the aluminum surface with primer provided a lower displacement. The 
main effect plots for 3P bending indicated that decrease in the deflection after surface 
modifications and treatments. S4, S5, and S6 in surface types have lower deflection with 
the result of good joining properties. 

 

Fig. 6 Optical microscope result of interface on S1, S5 and S2 

3.1.1.3 Main Effect Plot of ILSS 

Choi et al (2010), investigated the interface of a metal sheet–prepreg. The studies were 
carried out on aluminum sheets with different roughness levels of surface textures 
(sanding and nylon-pad abrasion) and chemical etches systematically changing the surface 
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morphology. ILSS was measured as a function of surface roughness. Roughness and surface 
energy variations effectively improve laminate bonding strength [19]. 

In our study, similar to their outputs, the measured ILSS results were higher for the 
specimens which having pretreated processes on surfaces. Roughness has improved the 
results identically for the samples S4, S5, and S6 (perforated, punched, and deformed 
surfaces). 

Wu et al.2014, studied the impacts of various surface treatments on fiber metal laminate 
ILSS. For the surface treatment of aluminum, they utilized solvent degreasing, mechanical 
abrasion, alkaline cleaning, and plasma treatment. Sandpaper and alkaline cleaning with 
NaOH had the greatest ILSS among the various surface treatments. The reason for the 
greater ILSS value is that when metal is abraded with a lower-grit sandpaper, it achieves a 
higher roughness than when metal is abraded with a higher-grit sandpaper. With alkaline 
washing, an interface layer was created, causing a bridging effect between aluminum and 
composite, resulting in greater adhesion. As the concentration of NaOH rises, the thickness 
of this interface layer increases [20]. 

As lower grit sandpaper provided higher roughness in their study, ILSS measurements of 
S5 surface deformed samples have resulted more than others, which is identical to 
outcomes of higher roughness. The results of the ILSS test indicated that the surface 
roughness on the Aluminum surface has an effect in a positive direction on the values. 
From aluminum surface types, S4 and S5 have higher values in their range. Small sizes of 
ILSS specimen needs to prepare the sampling more sensitively. It is the one reason for 
these deviations in the results. If the location of the roughness was not centered correctly 
on the specimen, it creates some deviations in unexpected direction. 

3.1.1.4 Main Effect Plot of CTE 

The main effect plot for CTE results has been indicated. The measured results for CTE show 
that the roughness on the aluminum surface affects expansion property. The lowest values 
in the S range, which are identical to the joined structure were obtained in S2, S4, and S5 
samples. The main effect plot was created for CTE which is critical for the products that 
need to be exposed to outside weathering conditions. Therefore, the thermal expansion of 
each material for the joined structure must be examined if the value is a limitation at 
certain temperature differences. The results revealed that S2, S4, and S5 have lower 
coefficients than other types.  

According to the plots of the main effect in DOE studies, the surface roughness examined 
on the aluminum surface contributes positively to the joining interface. Additional 
processes also resulted positively when they are compared to the untreated process. DOE 
study results show that S2, S4, and S5 specimens achieved better results among all 
samples. Main Effect plots for Lap Shear, Deflection, Short Beam Strength, and CTE results 
were given in Figure 7. 

3.2. Microscopic Analysis 

3.2.1 Optical Microscope 

S1- Flat Aluminum surface; 

On flat samples, Figure 6 illustrates the gaps between the PVC and aluminum interface 
regions. In some local areas of the interface, there is a gap of nearly 263 µm, which has a 
significant impact on the result of the sample, which has no surface roughness. 

S5 - Surface deformed Aluminum; 
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In Figure 6, the optical microscope result of the S5 joined sample is shown. OM picture 
indicates that PVC material penetrated through the cavity on the aluminum surface. The 
dimension of PVC penetration was measured as 517.5 µm which provides an advantage as 
interlocking on test results. But, there is still a void (239.8 µm) on this joining structure 
that PVC can’t fill since it is a closed gap with air. Air in these gaps could not be replaced 
with PVC. 

S2 - Side punched Aluminum surface; 

The optical microscope output for side-punched aluminum samples is shown in Figure 6. 
OM result presents on the cross section that removed part of aluminum were filled by PVC 
material. The depth of penetrated PVC was measured to be 978.4 mm, which is the best 
interlocking mechanism among the other surface roughness. 

 

Fig. 7 Main Effect plots (a) Lap Shear (b) Deflection (c) Short Beam Strength (d) CTE-
Based on Roughness 

4. Conclusion 

In this study, the idea of having joined PVC and aluminum a solid product within an 
improved joining structure that can replace the steel sheet. However, the modulus of 
elasticity of steel is approximately 3 times higher than aluminum. It has a positive 
reduction in the deflection values in the moment of inertia for joined materials when using 
aluminum in multiple structures. For this reason, it was necessary to initiate a study with 
enhanced bonding properties at the PVC and aluminum interface. 

Before any experimental study, the design of the experiment methodology was exploited 
for all the parametric studies. In the study, which aims to strengthen the joining between 
PVC and aluminum, good results were obtained from the samples of the metal surface, with 
side punched and perforated aluminum surfaces with a positive increase of around 40%. 

The specimens with side cuts and perforated holes with interlock mechanisms resulted in 
the expected direction, where shear forces appear to be difficult due to the plastic raw 
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material filling the emptied space. This view was also supported by cross-sectional images 
taken with an optical microscope. In the side punched samples, it was observed that PVC 
and aluminum formed an interlocked structure which provides an advantage on joined 
structure. Contrary to expectations, in the surface deformed samples, the PVC material 
could not fill the deformed area on the surface, since the air is trapped inside.  

Considering all of the parameters and findings of this study, it has been determined that 
surface roughness has a critical effect on joining structure and that mechanical and thermal 
results can be improved by adding additional processes to the specified surface.  

When the findings of these studies are analyzed, new coupling techniques or parameter 
adjustments are still in discussion, and the potential implications of new applications on 
the results will be investigated further in the study's subsequent steps. 

In further steps of this study, it is thought that the interface formation on the process-based 
parameters on aluminum surfaces has a positive effect on the bonding. For this reason, 
several processes such as emulsion PVC, adhesives, and plasma will be evaluated in further 
studies. This is an area where we scratched the surface and there are many studies to 
conduct in this area, we are also working on the adhesive type for the joining that has the 
optimized roughness. 

References 

[1] Shen J, Liang J, Lin X, et al. Recent Progress in Polymer-Based Building Materials. 
International Journal of Polymer Science. 2020;58(23):1-15 
https://doi.org/10.1155/2020/8838160  

[2] Campbell FC. Aluminum. Elements of Metallurgy and Engineering Alloys, 1st edition, 
ASM International USA, 2008:487-506, ISBN 0-87170-867-1 

[3] Hulamin Think Future Think Aluminum. Integrated Report 2016. [Internet] 2020; 
Avaible from: 
https://www.hulamin.com/iar2016/Business_products_applications_aluminium.html  

[4] Eskandari N, Motahari S, Atoufi Z, et al. Thermal, mechanical, and acoustic properties 
of silica-aerogel/UPVC composites. Journal of Applied Polymer Science. 2017;134(14) 
https://doi.org/10.1002/app.44685  

[5] PVC Stabilizers Market - Growth, Trends, COVID-19 Impact, and Forecasts (2021 - 
2026). Mordor Intelligence Pvt Ltd. 2021 

[6] Asif M. Sustainability analysis of window frames. Building Services Engineering 
Research and Technology. 2005;26(1):71-87 
https://doi.org/10.1191/0143624405bt118tn  

[7] Harris AF. The effects of grit blasting on surface properties for adhesion. International 
Journal of Adhesion and Adhesives. 1999;19(1):445-452 
https://doi.org/10.1016/S0143-7496(98)00061-X  

[8] Plasma Treat. Atmospheric plasma solutions: High-efficiency plasma cleaning, 
activation and nanocoating of surfaces. [Internet]. Available from: 
https://www.plasmatreat.com/plasma-technology/openair-atmospheric-plasma-
technique.html  

[9] Petrie EM. Adhesive. Handbook of Adhesives and Sealants, 2nd edition, McGraw-Hill 
Companies New York, 2007:451-479, ISBN: 978-0-07-170981-1 

[10] Mathews PG. DOE Language and Concepts. Design of Experiments with MINITAB. 1st 
edition, American Society for Quality USA, 2004: 93-95, ISBN 0-87389-637-8 

[11] Rafidah A, Nurulhuda A, Azrina A, et al. Comparison Design of Experiment (DOE): 
Taguchi Method and Full Factorial Design in Surface Roughness. Applied Mechanics 
and Materials. 2014;660:275-279 
https://doi.org/10.4028/www.scientific.net/AMM.660.275  

https://doi.org/10.1155/2020/8838160
https://www.hulamin.com/iar2016/Business_products_applications_aluminium.html
https://doi.org/10.1002/app.44685
https://doi.org/10.1191/0143624405bt118tn
https://doi.org/10.1016/S0143-7496(98)00061-X
https://www.plasmatreat.com/plasma-technology/openair-atmospheric-plasma-technique.html
https://www.plasmatreat.com/plasma-technology/openair-atmospheric-plasma-technique.html
https://doi.org/10.4028/www.scientific.net/AMM.660.275


Kale et al. / Research on Engineering Structures & Materials 9(3) (2023) 791-804 

 

804 

[12] Kwon D, Kim J, Kim Y, et al. Comparison of interfacial adhesion of hybrid materials of 
aluminum/carbon fiber reinforced epoxy composites with different surface roughness. 
Composites Part B: Engineering. 2019;170:11-18 
https://doi.org/10.1016/j.compositesb.2019.04.022  

[13] Hamdi M, Saleh M, Poulis J.A. Improving the adhesion strength of polymers effect of 
surface treatments. Journal of Adhesion Science and Technology. 2020;34(17): 1853-
1870 https://doi.org/10.1080/01694243.2020.1732750  

[14] Boutar Y, Naïmi S, Mezlini S, et al. Effect of surface treatment on the shear strength of 
aluminium adhesive single-lap joints for automotive applications. International Journal 
of Adhesion&Adhesives. 2016;67:38-43 
https://doi.org/10.1016/j.ijadhadh.2015.12.023  

[15] Lee MS, Kim SJ, Lim OD, et al. A study on mechanical properties of 
Al5052/CFRP/Al5052 composite through three-point bending tests and shear lap tests 
according to surface roughness. Journal of Composite Materials. 2016;54(12):1549-
1559 https://doi.org/10.1177/0021998316636458  

[16] Zal V, Naeini HM, Bahramian AR. Evaluation of the effect of aluminum surface 
treatment on mechanical and dynamic properties of PVC/aluminum/fiber glass fiber 
metal laminates. Journal of Process Mechanical Engineering. 2016;231(6):1-9 
https://doi.org/10.1177/0954408916657371  

[17] Ariyachandra MREF, Gamage JCPH, Al-Mahaidi R, et al. Effects of Surface Roughness 
and Bond Enhancing Techniques on Flexural Performance Of Cfrp/Concrete 
Composites. Composite Structures. 2017;178:476-482 
https://doi.org/10.1016/j.compstruct.2017.07.028  

[18] Karakaya N, Papila M, Özkoç G. Overmolded hybrid composites of polyamide-6 on 
continuous carbon and glass fiber/epoxy composites: 'An assessment of the interface'. 
Composites Part A, 2020;131:105771 
https://doi.org/10.1016/j.compositesa.2020.105771  

[19] Choi WJ, Choi HS, Parka SY, et al. Effects of surface pre-treatment and void content on 
GLARE laminate process characteristics. Journal of Materials Processing Technology. 
2010;210(8):1008-1016 https://doi.org/10.1016/j.jmatprotec.2010.01.017  

[20] Wu W, Abliz D, Jiang B, et al. A novel process for cost effective manufacturing of fiber 
metal laminate with textile reinforced pCBT composites and aluminum alloy. 
Composite Structures. 2014;108(1):172-180 
https://doi.org/10.1016/j.compstruct.2013.09.016  

https://doi.org/10.1016/j.compositesb.2019.04.022
https://doi.org/10.1080/01694243.2020.1732750
https://doi.org/10.1016/j.ijadhadh.2015.12.023
https://doi.org/10.1177/0021998316636458
https://doi.org/10.1177/0954408916657371
https://doi.org/10.1016/j.compstruct.2017.07.028
https://doi.org/10.1016/j.compositesa.2020.105771
https://doi.org/10.1016/j.jmatprotec.2010.01.017
https://doi.org/10.1016/j.compstruct.2013.09.016


*Corresponding author: jalal.rumi@ae.mist.ac.bd 
aorcid.org/0000-0002-6404-4438; borcid.org/0000-0002-7444-9009 
DOI: http://dx.doi.org/10.17515/resm2023.672ma0127 
Res. Eng. Struct. Mat. Vol. 9 Iss. 3 (2023) 805-825                                                                                                       805  

 

Research Article 

Prediction and optimization of heat treatment effects on hardness 
and electrical conductivity of aluminum composite reinforced 
with nano alumina based on response surface methodology 

Md Jalal Uddin Rumi*1, a, Muhammad Muzibur Rahman2, b 

1Dept. of Aeronautical Eng. Military Inst. of Science and Tech., Mirpur Cantonment, Dhaka-1216, Bangladesh 
2Dept.of Naval Architecture and Offshore Eng., Bangabandhu Sheikh Mujibur Rahman Maritime University, 
Dhaka-1216, Bangladesh 

Article Info  Abstract 

 
Article history: 
 
Received 27 Jan 2023 
Accepted 02 May 2023 

 In this study, three non-linear mathematical models were developed using a 
central composite design for the prediction of heat treatment effects on Vickers 
micro hardness (HV), Rockwell hardness (RHN), and electrical conductivity 
(%IACS) of nano Al2O3 reinforced Al composite fabricated by a two-step stir 
casting method. As per the investigation, both process variables of heat 
treatments such as solution temperature and aging temperature considerably 
influence the changes in hardness and electrical conductivity of Al composite. For 
the two-way interaction analysis of variance test, the R2 values for HV, RHN, and 
%IACS were 89.29%, 96.23%, and 91.50%, respectively, with a 95% confidence 
level and 5% significance level. As per the regression equation, the optimized 
process variables of heat treatment such as solution temperature and aging 
temperatures are 531.4280C and 1800C which can provide an improvement of 
23.15%, 33.57%, and 9.57% respectively for HV, RHN, and %IACS in contrast to 
their as-cast conditions., Here, the maximum error (%) measured between 
experimental and prediction are respectively 3.52%, 6.09%, and 2.69%. The 
microstructure reveals an almost uniform distribution of nano Al2O3 in Al 
composite with fewer agglomeration. The formation of intermetallic compounds 
at different heat treatment processes identified in SEM impacted the changes in 
the electro-mechanical properties of fabricated Al composite. 
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1. Introduction 

Aluminum composites (Al composites) are a type of materials that hold great potential for 
use in the automotive and aerospace sectors. This is because they possess characteristics 
such as low weight, high specific strength, and effective resistance to wear and corrosion 
[1, 2]. Researchers all over the world are constantly studying how to enhance the electro-
mechanical characteristics of aluminum composites. They do this by using various 
manufacturing methods, adjusting process parameters, and applying heat treatment 
techniques. A variety of fabrication techniques are available to create Al composites, 
including stir casting, ultrasonic assisted casting, composite casting, powder metallurgy 
process, etc. [3]. When making Al composites, the stir casting method is preferred to its 
counterparts since it is more widely applicable [4]. The stir casting technique's benefits 
stem from its ease of use, adaptability, and suitability for large-scale production [5]. Al 
composites with reinforcement volume fractions up to 30% can be developed using this 
fabrication method [6]. The main drawback of this fabrication technique is that the 
distribution of the reinforcing particles in the matrix might not be entirely uniform [7] 
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because of density variations and the development of porosity, which reduces the material 
properties of the composite. Two-step stir casting [8-10] is one of many methods available 
to mitigate the said issue.  

The fabrication process, the types, and sizes of reinforcement particles, the interaction 
between reinforcement and matrix, the morphology, and the volume fraction 
reinforcement all have a significant impact on the properties of an Aluminum Metal Matrix 
Composite (Al MMC) [11]. Numerous researchers from all over the world are constantly 
investigating whether it is possible to create straightforward, affordable, and effective 
processing conditions for the production of MMCs [12-13]. According to number of  
research papers and textbooks, the characteristics of developed Al MMCs are largely 
dependent on the various stir casting processes and parameters including speed of stirring 
[14], duration of stirring [15], casting temperature [16], squeeze pressure [17–18], 
reinforcement size [19], and preheating temperature [20–22]. Constant attempts are also 
being made to enhance the electro-mechanical properties of  Al MMC by including different 
reinforcing particles such as Al2O3, SiC, Gr, B4C, and TiC [23–28]. Due to its greater 
interfacial affinity and resistance to chemical deterioration by molten aluminum alloys, 
Al2O3 is the most often used reinforcing material among them [29–30]. When the heat 
treatment technology is used in a different way, the characteristics of the Al composites 
are considerably altered. Aluminum Associations have standardized a number of heat 
treatment procedures, including T4, T5, T6, T8, etc. [31].  The effect of heat treatment on 
the electro-mechanical properties of aluminum composites can vary depending on the type 
of heat treatment, the temperature, and the cooling rate. Therefore, it is important to 
carefully select the heat treatment process and parameters to achieve the desired 
mechanical properties for the specific application. Chandra et al. (32) fabricated MoS2-
reinforced AA6061 by a stir casting technique and carried out heat treatment at a 
solutionized temperature of 540°C for 1 hour. On completion of solution treatment, test 
specimens were quenched immediately in water and then thermally aged at 180°C. They 
observed improvement in hardness, and flexure strength compared with as-cast 
composites. Tiwari et al. (33) investigated the influence of heat treatment on the 
mechanical properties of aluminum alloy-fly ash composites, where the solution 
temperature was maintained at 490°C followed by thermal aging at various temperatures 
of 130°C, 150°C, 170°C, 200°C, and 240°C, respectively, and observed a gradual 
improvement in the mechanical properties.  

Response surface methodology (RSM) is utilized for creating, enhancing, and optimizing 
the process variables of different heat treatment processes [34]. Orthogonal array designs 
employed in trials are scarce and might not be able to evaluate all interactions between the 
process variables being studied [35]. A two-level factorial design has been employed in 
numerous experimental studies to investigate how heat treatment affects electro-
mechanical properties. However, for analyzing the nonlinearity of output characteristics, 
this method allows for the creation of linear input-output interactions, and each factor 
must have at least three levels [36]. As the number of parameters and their levels rises, so 
does the number of experiments.  

It may be mentioned that RSM is a type of regression analysis that examines the 
connections between a number of explanatory factors and one or more response variables.  
It relies on findings estimated at various places in the design space to create an 
approximation mathematical model in place of a complex one [37].  

In a study, Vickers micro hardness, Rockwell hardness, and Electrical conductivity of 2.5 
wt. % of Al2O3 reinforced Al composite were obtained respectively as 35.72 HV, 24.33 RHN, 
and 45.15 %IACS as a casted condition [38], which can be improved further by various heat 
treatment processes. However, a single heat treatment process is insufficient to achieve 



Rumi and Rahman / Research on Engineering Structures & Materials 9(3) (2023) 805-825 

 

                                                                                                                                                                              
807 
 

the desired characteristics as per the requirement of the automotive and aerospace 
industry. For the fabricated Al composite to work at its best, a combination of natural and 
artificial heat treatment processes can be taken into account to observe the changes in the 
electro-mechanical properties of fabricated Al composites.  Reviewing the effects of 
different solution and thermal aging temperatures on electro-mechanical properties of 
fabricated Al composites carried out by different researchers, two factors, i.e., factor 1 and 
factor 2 have been set as a solution treatment temperature and thermal aging temperature 
respectively. The purpose of the present study was to identify the most accurate 
correlation between solution temperature and thermal aging for the highest improvement 
of Vickers micro hardness (HV), Rockwell hardness (RHN), and Electrical Conductivity 
(%IACS) of fabricated Al composite under different heat treatment processes in 
comparison. Another objective of the study was to predict the Hardness and Electrical 
conductivity of Al composite and optimization of the Heat treatment process based on the 
Response Surface Methodology.  

2. Material under Study 

The base metal used for the casting of composites is aluminum ingots collected from 
RUSAL of Russia. Olympus Vanta C Series XRF Analyzer was used to analyze the chemical 
composition of the aluminum, and the results are shown in Table 1. The reinforcement 
particle used for the fabrication of Al composite is Alumina (Al2O3) in grain size of 20 nm 
provided by Hebei Suoyi New Material Technology Co. Ltd. in China. Its physical properties 
are shown in Table 2 and its microstructure is presented in Fig.1. In this current study, an 
Al composite was fabricated having 97.5 wt. % of Al along with 2.5 wt. % of Alumina.  

 

Fig. 1 SEM of Reinforcement particles Al2O3 with grain size of (05-20) nm 

Table 1. Composition of Aluminum 

Element Al Si Fe Cu Zn Zr Pb 

Percentage (%) 99.052 0.614 0.323 0.002 0.008 0.0007 0.0009 
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Table 2. Physical Properties of Alumina (Al2O3) 

Melting 
point 
(°C) 

 

Boiling 
point(0C) 

Limit of 
application 

(°C) 

Bulk 
Density 
(g/cm3) 

Hardness 
(Moh's 
Scale) 

Molecular 
weight 

(g/mol) 

Fracture 
toughness 

(MPa-m1/2) 

2072 2977 1175 .1-.3 7.5 101.96 3.5 

3. Experimental Details 

3.1 Selection of Two-Step Stir Casting Technique  

In order to optimize the dispersion of reinforcing particles in aluminum composites, the 
two-step stir-casting method modifies the traditional stir-casting process. The procedure 
entails two stirring stages with a little break in between, and it can produce a more uniform 
distribution of the reinforcing particles. The molten aluminum is swirled in the initial step 
of the process to better moisten the reinforcing particles. This ensures that the particles 
are spread evenly throughout the molten metal and lessens the agglomeration of the 
particles. Agglomerates of the reinforcement particles are dispersed during the first step 
of stirring, resulting in a more even distribution of the particles. In order to further 
homogenize the composite mixture, the molten aluminum is churned once more during 
the second step of the process. This guarantees that the reinforcement particles are 
dispersed uniformly throughout the matrix and that any leftover agglomerates are broken 
up. The deposition of the reinforcing particles during casting can also be decreased by 
using the two-step stir casting technique. This is due to the fact that while the first round 
of stirring serves to suspend the particles in the molten aluminum, the second round of 
stirring makes sure they stay suspended. Overall, the two-step stir casting technique can 
aid in enhancing the dispersion of reinforcing particles in aluminum composites, 
producing composites with more consistent mechanical properties. 

3.2 Selection of Process and Parameters 

The characteristics of developed Al composites are largely dependent on the various stir-
casting processes and parameters, including speed of stirring, duration of stirring, casting 
temperature, squeeze pressure, reinforcement size, preheating temperature, etc. which 
are discussed here. In the case of low stirrer rpm, there is no room for the reinforcement 
particles (dispersed phase) to scatter evenly throughout the matrix due to the low stirrer 
rpm's reduced shearing force on the matrix metal. Moreover, the scattered phase has the 
propensity to cluster and agglomerate in lower rpm as it occurs because there isn't enough 
force to overcome it. In the case of higher stirrer rpm, the dispersed phase can flow inside 
through the vortex that is formed by stirring because there is more shearing force being 
applied to the matrix metal. The energy generated by the stirrer's high-speed spinning is 
sufficient to disperse the dispersed phase's particles, resulting in the dispersed phase's 
uniform distribution throughout the matrix. With faster stirrers, there is a potential that 
the matrix's porosity will increase as the gas particles move around inside it. Therefore, an 
optimum stirring speed of 400 rpm has been selected.  

The duration of stirring is crucial in ensuring that dispersed phases are distributed evenly 
throughout the matrix. The clustering of the reinforcement particles results from less 
stirring time. Moreover, it can be noticed that some of the matrix lacked inclusions of the 
reinforcing particles. Increased porosity and oxidation development are two potential 
drawbacks of longer stirring times, which can also serve to improve the homogeneity and 
distribution of the reinforcing particles. The mechanical properties of the composite may 
be significantly impacted by increasing porosity brought on by air entrainment as a result 
of prolonged stirring durations. Moreover, a prolonged stirring of the molten metal can 



Rumi and Rahman / Research on Engineering Structures & Materials 9(3) (2023) 805-825 

 

                                                                                                                                                                              
809 
 

promote greater oxide development, which can impact the composite's mechanical 
properties. In summary, whereas extended stirring durations can increase the 
homogeneity and distribution of the reinforcing particles, they can also have a negative 
impact on the composite's cost and attributes. The ideal stirring period will vary depending 
on the particular materials and manufacturing conditions. Based on the literature review, 
the time duration of stirring has been selected as 5 minutes in a two-step.  

Preheating the mold and reinforcing material is essential to reducing porosity. The 
entrapped gases from the metal and reinforcement particles are released through pre-
heating. Reviewing recent works from different researchers, preheating of base metal Al 
selected at a temperature of 500°C for 60 minutes and reinforcement particle Al2O3 at a 
temperature of 300°C for 120 minutes.  One of the most important factors that influence 
the stir-casting process is casting temperature. Due to an increased chemical reaction 
between the reinforcement particles and the metal matrix, the viscosity reduces as the 
casting temperature rises, and the distribution of the particles is impacted. The reinforcing 
particles in the casting temperatures of 750°C and 800°C were discovered to be uniformly 
dispersed based on the microstructure analysis of several study articles. Due to variations 
in the viscosity of the liquid Al matrix, particle agglomerations were observed at processing 
temperatures of 700°C, 850°C, and 900°C. Therefore, casting temperature was set at 800°C. 

3.3 Fabrication Procedure of Al Composite 

The Al metal was placed in the crucible and heated in the furnace without activating the 
blower, which generated around 300°C heat. After 15 minutes, the electric blower was 
activated, and the base metal was preheated at 500°C for 60 minutes. At the same time, the 
reinforcement particles were preheated in the oven at 300°C for 120 minutes. It took 
approximately 60 minutes to fully melt the metal. Then, the stirring machine was used for 
5 minutes with an rpm of 400 in two steps to ensure proper mixing of the molten metal 
with Al2O3. Once ready, the metal was poured into a sand mold. The mixing rate of Al2O3 in 
the crucible was maintained at 20 gm/minute. Fig.2 depicts the layout of the fabrication 
procedure. 

3.4 Test Sample Preparation 

The Al composite developed had a rough surface and contained few air bubbles, which 
made it unsuitable for testing electro-mechanical properties directly. In order to improve 
the surface quality, a Model VF-2 type CNC machine was used for surfacing, as illustrated 

 

Fig. 2 Fabrication step of Al Composite 
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in Fig. 3(a). A tungsten carbide end mill with a diameter of 12 mm was employed as the 
cutting tool for the surfacing process, as shown in Fig. 3(b). The casted sheet had an initial 
thickness of 30 mm, but after surfacing, the thickness was reduced to 26 mm, and the metal 
surface on both sides were smoothed out, as depicted in Fig. 3(b).  The test specimens were 
prepared for hardness (Rockwell and Vickers micro) and electrical conductivity as per 
ASTM standards E18-20, E92-17, and E1004-17 with the same dimensions of 20 mm×20 
mm×08 mm, as shown in Fig. 3(c). 

 

(a) 

 

(b) 

 

(c) 

Fig. 3 (a) CNC machining set up; (b) End mill tool with smooth surface; (c) Test 
specimen 

3.5 Process of Heat Treatment  

A Carbolite laboratory chamber furnace, model CWF 13/13 from the United Kingdom, with 
a maximum operating temperature range of 1300°C, was used to perform the heat 
treatment. During the heat treatment process, the chamber furnace's reported heating rate 
was 16.66°C per minute. Heat treatment involves solution treatment of test specimens at 
different temperatures from 5010C to 5500C and thermal aging at different temperatures 
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from 1230C to 2360C as per the design matrix from RSM. All heat treatment procedures 
took place for 60 minutes, were followed by water quenching, and were then allowed to 
naturally age for 72 hours at room temperature in both solution treatment and thermal 
aging. After the aforementioned heat treatment steps were finished, tests on Vickers micro 
hardness, Rockwell hardness, and electrical conductivity were done. The step-by-step 
procedure of heat treatment are shown in Fig.4. 

 
Fig. 4 Heat treatment process of Al composite 

3.6 Response Surface Methodology  

The goal of the current study was to use Response Surface Design, based on Central 
Composite design, to simulate and optimize the various heat treatment processes of 
manufactured Al composite. Below is presented the equation for the second-order 
polynomial response surface methodology. 

y= β0 + ∑kj=1 βj Xi + ∑kj=1 βjj X2j + ∑∑ki˂j=2 βijXiXj (1) 

The relationship between the answer and a number of independent variables is 
mathematically modeled.  The coefficients of mathematical modeling based on the 
response surface regression form were determined using the MINITAB program version 
18. As indicated in Table 3, Central Composite design of RSM, DOE ran a total of 14 
experiment runs using the optimized model of heat treatment for Al MMC. According to the 
best results obtained from DOE, a confirmation experiment was carried out. Table 3 
displays the experimental findings for the specified matrix for Vickers microhardness 
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(HV), Rockwell hardness (RHN), and electrical conductivity (%IACS). The non-linear 
mathematical model based on CC has been developed for the response of HV, RHN and 
%IACS having continuous factor of Solution temperature (lower level: 510°C and higher 
level: 550°C) and Thermal aging (lower level: 140°C and higher level: 220°C). Significance 
and ANOVA tests have been carried out to check the statistical adequacy of the models. 

Table 3. Design matrix and experimental results 

Run 
Order 

Pt 
Type 

Blocks 
Solution 

Temperature(°C) 
Thermal Aging 

Temperature(°C) 
HV RHN %IACS 

1 0 2 530.00 180.00 43.99 32.50 49.47 

2 -1 2 501.72 180.00 42.08 30.04 48.53 

3 -1 2 530.00 123.43 42.15 26.90 48.33 

4 -1 2 530.00 236.57 43.83 27.25 45.70 

5 -1 2 558.28 180.00 43.42 30.15 47.93 

6 0 2 530.00 180.00 43.99 32.50 49.47 

7 0 2 530.00 180.00 43.99 32.50 49.47 

8 0 1 530.00 180.00 43.99 32.50 49.47 

9 1 1 510.00 140.00 40.61 26.25 46.16 

10 1 1 550.00 220.00 41.95 27.25 45.99 

11 1 1 550.00 140.00 41.33 26.75 48.12 

12 1 1 510.00 220.00 43.39 26.00 45.41 

13 0 1 530.00 180.00 43.99 32.50 49.47 

14 0 1 530.00 180.00 43.99 32.50 49.47 

4. Statistical Analysis  

4.1 Analysis of Electro-mechanical properties 

According to the established model, 89.29% and 80.12%, respectively, are the derived 
values of R2 and adj R2 for Vickers micro hardness. R2 and adj R2 for Rockwell hardness 
were calculated to be 96.23% and 92.99%, respectively. Additionally, for electrical 
conductivity, R2 and adj R2 values were determined to be 91.5% and 84.22%, respectively. 
The polynomial performs better at characterizing the system's behavior when the R2 
values are higher. This set of parameters is the only set where the model is valid (solution 
temperature and thermal aging temperature). The model shown in the Eq (1) is created 
using the regression coefficients. 

4.2 Study of Variance  

A 95% confidence level and a 5% significance level were used in the regression analysis 
for Vickers micro hardness (HV), Rockwell hardness (RHN), and electrical conductivity 
(%IACS). The relevance of numerous aspects, including the regression model, linear terms, 
2-way interaction terms, and lack of fit, was determined by analysis. To determine whether 
or whether the results are statistically significant, one uses the P-value. Regression 
equations (2) through (4) were determined based on the analysis, and they are as follows 
for Vickers microhardness, Rockwell hardness, and electrical conductivity: 
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Regression Equation of;  

Regression Equation of;  

Regression Equation of; 

Where ST is Solution temperature at 0C and TA is Thermal Aging at 0C. 

Vickers micro hardness, Rockwell hardness, and electrical conductivity of the 
manufactured Al MMC are all impacted by linear and two-way interactions. Eqs (2)–(4) 
shows that the HV, RHN, and %IACS are affected by positive sign parameters for increasing 
and negative sign parameters for decreasing, respectively. The normal probability plots for 
Vickers micro hardness, Rockwell hardness, and electrical conductivity are shown in Fig. 5 
(a) through (c) respectively. 

 

(a) 

 

(b) 

HV= -663 + 2.467ST + 0.547TA - 0.002206ST*ST - 0.000477 TA*TA - 
0.000675 ST*TA 

(2) 

RHN=-1217 + 4.496 ST + 0.602 TA - 0.004270 ST*ST - 0.002011 TA*TA + 
0.000234 ST*TA 

(3) 

%ICAS=-670 + 2.524 ST + 0.550 TA - 0.002298 ST*ST - 0.000954 TA*TA - 
0.000429 ST*TA 

(4) 
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(c) 

Fig. 5. Normal probability plot for (a) Vickers micro hardness; (b) Rockwell hardness; 
(c) Electrical Conductivity 

4.3. Comparison between Experimental and Predicted Results  

Mathematical modeling provided Equation (2)-(4) for predication of Vickers micro 
hardness (HV), Rockwell hardness number (RHN) and Electrical conductivity (%IACS) 
respectively for fabricated Al MMC. For each solution temperature (ST) and aging 
temperature (AT), Eqs (2)-(4) provides a predicated value of HV, RHN and %IACS 
respectively as shown in Table 4. We also calculated the Error percentage (%) of 
predicated HV, RHN and % IACS with respect to the experimental results as below. The 
negative (-) sign in Error % Calculation means that predicated results are found higher in 
some cases than the experimental results.  

Table 4. Analysis of Experimental and Predicated Results with % of Error 

Factor 
1 

Factor 
2 

Experimental Results Predicted Results Error (%) Calculation 

ST (°C) AT (°C) HV RHN %IACS HV RHN %IACS HV RHN %IACS 

530.00 180.00 43.99 32.50 49.47 43.45 31.96 49.38 1.22% 1.65% 0.18% 

501.72 180.00 42.08 30.04 48.53 41.49 28.21 47.23 1.41% 6.09% 2.69% 

530.00 123.43 42.15 26.90 48.33 40.94 25.41 47.50 2.88% 5.53% 1.72% 

530.00 236.57 43.83 27.25 45.70 42.92 25.65 45.15 2.08% 5.89% 1.21% 

558.28 180.00 43.42 30.15 47.93 41.89 28.89 47.85 3.52% 4.19% 0.17% 

530.00 180.00 43.99 32.50 49.47 43.45 31.96 49.38 1.22% 1.65% 0.18% 

530.00 180.00 43.99 32.50 49.47 43.45 31.96 49.38 1.22% 1.65% 0.18% 

530.00 180.00 43.99 32.50 49.47 43.45 31.96 49.38 1.22% 1.65% 0.18% 

510.00 140.00 40.61 26.25 46.16 40.43 26.90 47.20 0.46% -2.50% -2.26% 

550.00 220.00 41.95 27.25 45.99 42.11 27.55 45.97 -0.39% -1.09% 0.05% 

550.00 140.00 41.33 26.75 48.12 41.79 27.01 48.32 -1.11% -0.96% -0.43% 

510.00 220.00 43.39 26.00 45.41 42.91 26.70 46.22 1.11% -2.67% -1.79% 

530.00 180.00 43.99 32.50 49.47 43.45 31.96 49.38 1.22% 1.65% 0.18% 

530.00 180.00 43.99 32.50 49.47 43.45 31.96 49.38 1.22% 1.65% 0.18% 
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5. Analysis of Response Optimization  

 It is possible to derive the Vickers micro hardness (HV), electrical conductivity (%IACS), 
Rockwell hardness (RHN), and optimality searches based on the proposed second-order 
response surface equations, i.e., Eqs (2)–(4). This is done in order to figure out the best 
electro-mechanical parameter combination and how it will affect the required response 
criterion [39]. Response surface methodology is the foundation of the optimality search 
model for the various process variable positions for optimizing the %ICAS, RHN, and HV 
values. 

Fig. 6 shows that Solution Temperature of 531.4280C and Aging Temperature of 1800C as 
the most favorable values of Electrical Conductivity (%IACS), Rockwell hardness (RHN) 
and Vickers micro hardness (HV) which are 49.4770 % IACS, 32.5083 RHN and 43.9960 
HV, respectively, through the optimized parametric combination.

6. Results and Discussion 

6.1 Effect of Heat Treatment on Vickers Micro hardness 

As per the central composite (CC) design of RSM, a total 14 sets of heat treatments were 
carried out with different solution temperatures from 500°C to 560°C and aging 
temperatures from 120°C to 240°C for 1 hour for investigation of Vickers micro hardness. 
As per Fig. 7 (a) and Fig. 7 (b), the highest Vickers micro hardness of 43.99 HV was obtained 
for the solution temperature of 530°C and thermal aging at 180°C which is an improvement 
of 23.15% of HV in comparison to as-casted condition. Rajasekaran et al. (40) investigated 
T4 and T6 heat treatment effects on Al-15 Vol. % SiCP composite. As per their observation, 
the hardness profile of aging showed a sharp increase in hardness after the solution heat 
treatment at 558°C for 1 hour. In our current investigation, we also observed heat 
treatment at a solution temperature of 530°C and thermal aging at 180°C. We also 
observed that aging at higher temperatures, especially after 200°C led to softening of the 
alloy and the ductility also decreased. As a result, hardness also decreased with an increase 
in aging temperature which goes in line with the observation of Mahadevan et al. [41]. 

 
 

Fig. 6 Optimum Response results for maximum %IACS, RHN and HV 
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(a) 

 

(b) 

Fig.7 (a) Fitted means and (b) Surface plot for Vickers micro hardness of Al Composite 

6.2 Effect of Heat Treatment on Rockwell hardness 

As per the central composite (CC) design of RSM, a total of 14 set heat treatments were 
carried out with different solution temperatures from 500°C to 560°C and aging 
temperatures from 120°C to 240°C for 1 hour for investigation of Rockwell hardness. As 
per Fig. 8(a) and Fig. 8(b), the highest Rockwell hardness of 32.5 RHN was obtained for the 
solution temperature of 530°C and thermal aging at 180°C which is an improvement of 
33.57% of RHN in comparison to the as-casted condition. Salleh et al. (42) studied the 
optimization of T6 heat treatment for aluminum alloy where they investigated the 
hardness values for different solution temperatures such as 510°C, 520°C, and 530°C and 
thermal aging temperatures such as 160°C, 170°C, and 180°C. As per their investigation, 
the highest hardness value was obtained for the solution temperature of 530°C and 
thermal aging temperature of 180°C. Therefore, our finding goes in line with the findings 
from Salleh et al. (42).   
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The results of this study indicate that heat treatment has a significant effect on the 
hardness of the aluminum composite. The hardness of the composite increases with an 
increase in the aging temperature, up to a certain point, and then decreases with a further 
increase in the aging temperature. This behavior can be explained by the precipitation of 
hardening phases during the aging process, which increases the strength and hardness of 
the composite up to a certain point. Beyond this point, over-aging can lead to the 
coarsening of these phases, which can decrease the hardness and strength of the 
composite. The results also show that the composite exhibits higher hardness values when 
subjected to a combination of solution treatment and aging compared to just aging. This 
can be attributed to the fact that the solution treatment allows for a more uniform 
distribution of the hardening phases, leading to an overall increase in the hardness of the 
composite. Farokhpour et al. (43)investigated the heat treatment effect of aluminum alloy 
at an aging temperature from 1800C to 2300C and observed the hardness and 
microstructure. As per their investigation, they observed the highest hardness values of an 

 
(a) 

 

(b) 

Fig.8 (a) Fitted means; (b) Surface plot for Rockwell hardness of Al Composite. 
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aluminum alloy at an aging temperature of 1800C. Our findings and microstructure 
observation goes in line with Farokhpour et al. (43).  

6.3 Effect of Heat Treatment on Electrical Conductivity 

Heat treatment of aluminum composites affected the electrical conductivity due to changes 
in their microstructure. During the heat treatment process, the alloying elements in the Al 
composite form precipitate, which enhanced or hindered the flow of electrical current 
through the material as the temperature changed.  

In particular, the formation of intermetallic compounds during heat treatment can 
negatively impact the electrical conductivity of the composite by hindering the movement 
of electrons. These compounds can act as barriers to the flow of current, reducing the 
number of conductive pathways in the material. Additionally, the coarsening of the 
precipitates during over-aging further decreases the electrical conductivity of the 
composite. This is because coarser precipitates can lead to a reduction in the number of 
conductive pathways, as the particles are further apart, and the composite becomes less 
conductive. On the other hand, heat treatment can also improve the electrical conductivity 
of aluminum composites by reducing the number of intermetallic compounds and 
increasing the number of conductive pathways through the material. This can be achieved 
by controlling the heat treatment process to ensure that the precipitates are uniformly 
distributed throughout the composite, leading to a more homogeneous microstructure and 
enhanced conductivity. By carefully selecting the heat treatment parameters, it is possible 
to optimize the electrical conductivity of aluminum composites for specific applications. 

As per the central composite (CC) design of RSM, a total of 14 set heat treatments were 
carried out with different solution temperatures from 500°C to 560°C and aging 
temperatures from 120°C to 240°C for 1 hour for investigation of electrical conductivity. 
As per Fig.9(a) and Fig.9(b), the highest electrical conductivity of 49.47 %IACS was 
obtained for the solution temperature of 530°C and thermal aging at 180°C which is an 
improvement of 9.57% of electrical conductivity in comparison to the as-casted condition. 

Diehl et al. (44) investigated that electrical conductivity increases significantly at various 
temperatures and constant times. They observed the removal of foreign atoms from the 
lattice of the parent alloy during precipitation hardening eliminates much distortion of 
electron disturbance in the lattice. Hence, these actions favor the movement of electrons 
through the metal and therefore result in higher conductivity. Pankade et al. (45) also 
investigated the influence of heat treatments on the electrical conductivity of AA 7075-T6 
aluminum alloy where duplex aging at 163°C. The study reveals that duplex aging at 163˚C 
shows better results for electrical conductivity. Debih et al. (46) investigated the influence 

of heat treatment on mechanical properties and electrical conductivity of AA6101 

Aluminum alloy. In their experiment, they performed heat treatment of Al alloy in three 

categories namely natural aging, artificial aging and combination of natural aging. As per 

their investigation, they observed highest improvement of micro hardness (HV) and 

electrical conductivity (%IACS) at combination of natural aging at 200C for 72 hours and 

artificial aging at 1800C for 6 hours. In our present research work, we performed 
combination of natural aging of 72 hours and artificial aging of a constant time of 1hr at 
different temperatures from 120°C to 240°C as per CC of RSM. Here we observed the 
progressive improvement of electrical conductivity up to an aging temperature of 180°C. 
Therefore, our current findings go in line with the results outcome of Diehl et al. (44), 
Pankade et al. (45) and Debih et al. (46). 
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(b) 

Fig. 9 (a) Fitted means; (b) Surface plot for electrical conductivity of Al composite 

7. Microstructure  

Two test samples of Al composite with dimensions of 05mm x 05mm x 05mm were 
prepared for microstructure observation using a scanning electron microscope (SEM), 
model TESCAN VEGA 4. As we noticed improvements in the electromechanical properties 
of our Al composite at various solution temperatures, the microstructure of the first 
sample was observed respectively at a solution temperature of 5100C, and the second 
sample was observed at a solution temperature of 5500C. In order to better understand 
how different heat treatment settings affected the distribution of reinforcement particles 
in Al composite, which helped to increase electromechanical parameters including 
hardness and electrical conductivity, SEM microstructure observation was used. The heat 
treatment at solution temperatures from 501°C to 550°C for 01 hour resulted in a 
breakdown of the course of Al dendrites and Al2O3 particles. 
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Fig.10 Microstructure observation of Al composite at solution temperature of 5100C. 

As seen in Fig. 10, microstructure observation of an Al composite was done at a solution 
temperature of 5100C, with a FoV of 2.32 mm, WD of 14.5 mm, speed of 6 mm, 20 keV 
energy, 121 x magnification, and 500 µm. The shape of Al2O3 particles, as depicted in Fig. 
10, is primarily amorphous or almost elliptical. The metal matrix contains Al2O3 particles 
that are evenly dispersed at a solution temperature of 5100C. SEM measurements are 
depicted in Fig.10 for the elliptical area submerged by some of the reinforcements (Al2O3) 
in the Al composite, labeled as A1 to A8. At a solution temperature of 5100C, the distances 
between some of the reinforcement particles in the metal matrix were also measured and 
designated as L1 to L9, as shown in Fig. 10. 

As seen in Fig. 11, image processing is used to determine the distance and area that the 
reinforcement particles Al2O3 are submerged in the matrix after undergoing a 5500C 
solution treatment, respectively. Al2O3 reinforcement particles spread out in the matrix as 
a result of the heat treatment. We found that the measured distance between 
reinforcement Al2O3 particles in thermally treated conditions is greater than in cast 
conditions by comparing the microstructure images of the two situations. The electro-
mechanical characteristics, such as hardness and electrical conductivity, displayed better 
conditions than when the reinforcement Al2O3 particles were cast, as a result of the 
solution and aging temperature effects on the matrix. 

The use of proper process parameters during stir casting has helped in achieving the 
uniform distribution of reinforcement Al2O3 at base Aluminum with minor clustering. The 
fabrication of Al composites reinforced with SiC particles by a stir casting method, which 
was a low-cost way of MMC production, was carried out by Singla et al. (9) using a two-
step mixing/stirring methodology. Their approach and testing with various SiC weight 
percentages on the assumption that all other factors would remain constant produced 
positive results for uniform matrix reinforcement dispersion, which effectively improved 
the strength and hardness of made-to-order Al composites. While we used a two-step 
stirring procedure to create our Al composite, we also see a similar uniform distribution of 
reinforcement particles in both Figs. 10 and 11. This discovery is consistent with Singla et 
al (9). 



Rumi and Rahman / Research on Engineering Structures & Materials 9(3) (2023) 805-825 

 

                                                                                                                                                                              
821 
 

 

Fig.11 Microstructure observation of Al composite at solution temperature of 5500C. 

It is also seen that higher solution temperatures create a uniform distribution of Al2O3 
particles and dispersion of agglomeration in the Al matrix. Also, higher temperatures 
followed by rapid cooling (quenching) cause Al2O3 to diffuse more homogeneously across 
the interface. As per the analysis of microstructure, we can verify the changes in 
readings/test results through Hardness (Vickers and Micro & Rockwell) and Eddy Current 
Electrical Conductivity. The changes in electro-mechanical properties such as hardness 
and electrical conductivity have been revealed by microstructure with a clear distribution 
of reinforcement particles Al2O3 in Al composite for different heat treatment processes. 
The impact of heat treatment on the microstructure characteristics of Al 6063 alloy was 
examined by Azeez et al. (47). Taking into account the size and dimensions of the sample 
specimen, they used a heat treatment furnace to execute heat treatment at 4500C and 
soaked it for an hour. They then quickly quenched the water. Their composites' 
morphology showed that the Al 6063 alloy used for heat treatment had reinforcing 
particles distributed evenly and uniformly throughout. In this investigation, we also used 
SEM to observe the microstructure under the following conditions: (a) at a solution 
temperature of 5100C, and (b) at a solution temperature of 5500C. Moreover, we saw a 
reasonably homogeneous distribution of reinforcement particles in both the heat-treated 
and as-cast conditions, which is consistent with Azeez et al. (47). 

8. Conclusion 

In the current study, an Al MMC has been developed using a two-step stir casting method, 
and its properties were investigated in a series of experiments as well as predicted using 
customized models. , The following is the summary of the current work:  

• Three non-linear mathematical models have been developed through Central 
Composite design based on response surface methodology (RSM) for prediction 
of Hardness such as Vickers micro & Rockwell hardness and Electrical 
conductivity of manufactured Al MMC where R2 obtained for HV, RHN and % IACS 
are respectively 89.29%, 96.23% and 91.50%.  

• The most favorable values of HV, RHN, and %IACS achieved respectively as 43.99 
HV, 32.5 RHN, and 49.47% IACS through the optimized parametric combination 
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of solution temperature of 531.4280C and aging temperature of 1800C. The 
optimized parameters of heat treatments contributed to the improvement of 
23.15%, 33.57% and 9.57% respectively for Vickers micro, Rockwell hardness, 
and Electrical conductivity in comparison to as casted condition.  

• As per the regression equation, the lowest and highest error (%) calculated 
between the experimental and prediction of HV are respectively 0.39% and 
3.52%. For Rockwell hardness, the lowest and highest error (%) calculated 
between the experimental and prediction of RHN are respectively 0.96% and 
6.09%. For Electrical conductivity, the lowest and highest error (%) calculated 
between the experimental and prediction of %IACS are respectively 0.05% and 
2.69%.  

• The microstructure reveals an almost uniform distribution of nano Al2O3 in Al 
composite with fewer agglomeration. The use of proper process parameters 
during stir casting has helped in achieving the uniform distribution of 
reinforcement Al2O3 at base Aluminum with minor clustering. It also revealed the 
formation of intermetallic compounds at different heat treatment processes 
which impacted the changes in the electro-mechanical properties of fabricated Al 
composite. 

• As a whole the developed mathematical models can be considered useful for 
predicting purposes of thermal treatment effects of Al MMCs. 
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 Polymethyl methacrylate (PMMA) serves as sealing material in securing the 
implant and distributing the load between the implant and bone. Fast 
polymerization and speedy patient recovery after surgery are the main benefits 
of using PMMA bone cement. Considering PMMA for orthopedic applications, the 
mechanical properties and biocompatibility studies are important. In this study, 
Simplex P bone cement is reinforced with carboxyl functionalized multiwall 
carbon nanotubes (MWCNTs-COOH) to evaluate compressive strength, Shore D 
hardness, and in vitro biocompatibility properties. MWCNTs are added to the 
PMMA powder in different amounts using a geometric dilution technique. The 
PMMA/MWCNT nanocomposite is prepared with MWCNTs varying from 0.1 wt. 
% to 0.7 wt. %. The compressive strength and Shore D hardness values increased 
to a maximum of 69.21% and 4.84%, respectively for 0.3 wt. % loading. The in 
vitro cytotoxicity studies on MG-63 cells show a percentage cell viability of 81.37 
% for 0.3 wt. % and 83.25 % for 0.7 wt. % MWCNTs loading. Hemolysis studies 
on human B+ve blood exhibited a low hemolytic potential of 15.12% for 0.3 wt. 
% and 16.38% for 0.7 wt. % MWCNTs loading on human RBCs. It is concluded 
that the prepared PMMA/MWCNT nanocomposites are found to have enhanced 
mechanical properties compared to Simplex P bone cement.  

 
© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Bone cement, also known as polymethyl methacrylate, is a widely used biomaterial in 
orthopedic surgeries [1]. It is a thermosetting material that is used to fix artificial joint 
implants to the bone, as well as to fill voids or defects in bones caused by fractures or 
disease. The bone cement is injected into the bone in a viscous state, and then hardens and 
sets within a few minutes, creating a stable and durable bond between the implant and the 
bone. PMMA bone cement is often used in joint replacement surgery, where the cement 
mantle acts as an interface in transferring loads between the implant and bone [2]. PMMA 
bone cement offers several advantages in the preparation of the cement mantle and its 
application. One of the main advantages is its ability to provide immediate fixation and 
stability to the implant or bone [3]. This allows for early weight-bearing and faster 
rehabilitation for the patient. However, there are a few disadvantages, such as impaired 
mechanical properties due to pore entrapment, and monomers that can cause toxicity or 
adverse effects. The poor abrasion resistance can make bone cement susceptible to wear 
and lose its original shape or surface finish, leading to implant loosening and failure [4]. 

mailto:madev.nagaral@gmail.com
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The development of novel bone cement has undergone significant improvements over the 
years in terms of its composition and properties. The researchers have added different 
fillers like graphene, hydroxyapatite, glass‐ceramic, silver nanoparticles and chitosan to 
augment the mechanical properties and biocompatibility of PMMA bone cement 
[5][6][7][8][9]. Nanomaterials have gained special importance and extensively 
investigated as fillers due to their unique properties [10]. Nanoparticles are typically less 
than 1000 nm in size and have a high reactivity and substantial surface area-to-mass ratio, 
distinguishing themselves from bulk materials of the same composition [11]. Among the 
nanomaterials, carbon nanotubes possess superior mechanical and thermal properties 
[12]. Carbon nanotubes are cylindrical structures formed by folding single or several 
sheets of graphene and are characterized by a zigzag, chiral, or armchair configurations 
based on the direction of hexagons [13]. Multi-walled carbon nanotubes (MWCNTs) were 
incorporated into PMMA bone cement at a low weight percentage and resulted in notable 
improvements in the mechanical properties as well as cytotoxicity [14][15]. The MWCNT's 
performance mainly depends on the homogeneous dispersion in the matrix material. The 
MWCNTs dispersion within the bone cement microstructure was mainly decided by the 
method used to integrate into the bone cement [16]. Three different methods have 
primarily been described for the preparation of composite bone cement. In the first, an 
ultrasonic disintegrator was used to incorporate MWCNTs into liquid monomers by 
dispersion. In the second method, high-temperature mechanical shear mixing or Rheomix 
was used to blend MWCNTs with commercial bone cement powder. In the third method, 
MWCNTs were incorporated into the methylmethacrylate (MMA) component using a 
magnetic stirrer. Ormsby et al. (2010) [17] evaluated the mechanical properties of 0.1 wt. 
% loaded both functionalized and unfunctionalized MWCNTs. The compressive strength of 
PMMA bone cement was reduced by 13% when 0.1 wt. % functionally loaded MWCNTs 
were added using the magnetic-stirring method. However, the same was increased by 4% 
and 13% in the dry blending and sonication synthesis process, respectively. 

The literature review indicates that MWCNTs were used to enhance the properties of bone 
cement. However, the incorporation of MWCNTs into PMMA bone cement may present 
some challenges, including:  

• Dispersion - Achieving a uniform and stable dispersion of MWCNTs in PMMA bone 
cement is challenging due to the tendency of MWCNTs to agglomerate. Poor 
dispersion can lead to heterogeneous mechanical properties and may negatively 
affect the overall performance of the cement. 

• Cytotoxicity - The use of MWCNTs in biomedical applications raises concerns 
about their potential cytotoxicity. While some studies have shown that MWCNTs 
can induce cell death and inflammation, others have suggested that MWCNTs may 
not be toxic at low concentrations. Further research is needed to fully understand 
the toxicity of MWCNTs in PMMA bone cement. 

Mechanical properties - The addition of MWCNTs to PMMA bone cement can alter its 
mechanical properties, such as strength and stiffness. Achieving the desired balance 
between the mechanical properties of the cement and the MWCNT content can be 
challenging. 

In this study, the geometric dilution method was used to distribute MWCNTs in the powder 
medium. The geometric dilution method is expected to achieve uniform distribution of 
MWCNTs into MMA powder without causing any damage to the walls of nanotubes. 
However, the lower weight percentage of MWCNTs was selected to minimize the 
possibility of agglomeration [18]. The mechanical properties and in vitro biocompatibility 
of the nanocomposite bone cement were evaluated and compared with the commercial 
Simplex P bone cement. X-ray diffraction analysis (XRD), Scanning electron microscopy 
(SEM), and Differential scanning calorimetry (DSC) are used for material characterization. 
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2. Materials and Methods  

The two-part acrylic-based Surgical Simplex® P radiopaque bone cement consisting of 
liquid and powder components is purchased from Stryker Howmedica Osteonics in the 
Republic of Ireland. The monomer used in this solution is methyl methacrylate, and N, N-
Dimethyl-p-Toluidine is employed as an activator, while a small amount of hydroquinone 
is included in the solution to prevent polymerization during storage. The powder 
component of the solution contains polymethyl methacrylate polymer units, benzoyl 
peroxide - polymerization initiator, and either barium sulfate or zirconium dioxide, which 
are radiopaque substances that facilitate X-ray imaging. In the composite composition, 
carboxyl functionalized MWCNTs of 10-15 nm outer diameter and 2-10 μm length are used 
as nanofillers, which are purchased from Platonic Nanotech Pvt. Ltd. in Kachwa Chowk, 
Mahagama, Jharkhand. 

The weight proportions of the composite bone cement are shown in Table 1. The powder 
and liquid medium are mixed in a 2:1 proportion according to the manufacturer's 
guidelines. A geometrical dilution method with the measured size is employed by 
combining fine powders of an equal proportion of MWCNTs with MMA powder. This 
MMA/MWCNTs powder is then added to N, N-Dimethyl-p-Toluidine (liquid monomer 
solution) to initiate self-polymerization. The sticky, working, and hardening phases are 
involved in the mixing of the powder and liquid components. The resulting dough stage 
mixture is then transferred into polypropylene molds of diameter 6 mm and height 12 
mm to form cylindrical specimens. After 24 hours of curing at room temperature, the 
cylindrical specimens are sectioned and polished using SiC paper with grits ranging from 
220-2400. 

Table 1. Composite identification and composition 

Sl. 
No. 

Sample 
identification 

Material 
composition 

MMA 
g 

Liquid 
mL 

MWCNT 
wt. % 

1 C PMMA (control) 10 5 - 

2 C1 PMMA+0.1% MWCNT 9.99 5 
 

0.1 
 3 C2 PMMA+0.3% MWCNT 9.97 5 0.3 

4 C3 PMMA+0.5% MWCNT 9.95 5 0.5 

5 C4 PMMA+0.7% MWCNT 9.93 5 0.7 

2.1. Mechanical Tests 

The hardness of the composites is measured using a Yuzuki Shore D Durometer with a 5% 
tolerance (ASTM D2240-05). The samples are loaded against an indenter with a diameter 
of 1.15 to 1.40 mm and a height of 6.5 mm. Measurements are taken at room temperature 
using five samples of each composition, with dimensions of 10x40x3 mm. 

Cylindrical nanocomposite samples of 6x12 mm are prepared and allowed to harden in 
PBS at pH 7.4. After drying for 24 hours, the samples are tested for compressive strength 
using the Tinius Olsen Universal Testing Machine (Model 50ST) at a crosshead speed of 5 
mm/min following ASTM F-451-08 standard. The compressive strength is estimated using 
Equation 1. 

Compressive strength =
4F

πd2
   

(1) 

where, ‘F’ is the fracture load in Newton, and ‘d’ is the cylindrical specimen diameter in 
mm. 
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2.2. Characterization Techniques 

The phase and crystalline nature of the nanocomposite samples are investigated using X-
ray diffraction (XRD). Nanocomposite bone cement samples of 8x2 mm are prepared as 
described previously and hardened in PBS at pH 7.4. After 24 hours, the samples are 
subjected to XRD testing using an X-ray diffractometer (PAN Analytical). The 
measurements are taken at room temperature using Cu-Ka source radiation with 1.541 Aº 
wavelengths, 40 kV voltage, and 30 mA current. The XRD data are acquired at a scanning 
frequency of 0.50 min-1 with a step size of 0.001º over a Bragg angle range of 10-80º. 

The morphology of the specimens of composite bone cement reinforced with MWCNTs is 
examined by SEM (JEOL 6500, JSM, Japan) at working voltages of 5.0 kV and 4 Torr vacuum 
pressure. Energy dispersive spectroscopy is obtained to investigate the elemental 
composition of the composite bone cement. Samples of size 8x5 mm are prepared as 
previously noted and allowed to harden in PBS with a pH of 7.4. The samples are then dried 
for 24 hours, polished using SiC paper (220-2400 grits), sputter coated and analyzed.  

The thermal endurance and glass transition temperature (Tg) of the bone cement are 
studied using DSC in a nitrogen gas atmosphere, with a heating rate of 100°C/minute from 
room temperature up to 700°C. The samples are allowed to harden in a pH 7.4 PBS solution 
and air-dried for 24 hours, then crushed and analyzed. 

2.3. In Vitro Biocompatibility Tests 

2.3.1 Cytotoxicity Evaluation 

Cytotoxicity is the degree to which a substance can cause damage to a cell.  In this work, 
cell growth and cytotoxicity are measured using a colorimetric test. The samples are tested 
for cytotoxicity on mitochondrial lactate dehydrogenase produced by MG-63-Human 
Osteosarcoma cell lines (NCCS, Pune). It turns MTT into insoluble formazan crystals that, 
when dissolved in the right solvent, show a purple color, the intensity of which is related 
to the number of live cells and is measured spectrophotometrically at 570 nm. Since the 
composite bone cement is meant to encourage osteointegration, MG-63 cells are chosen as 
a model of osteoblast cells. This cell line is frequently used to conduct preliminary in vitro 
research on the cytocompatibility of biomaterials for bone substitutes. 

Maintenance of cell lines: The MG-63 cell line is purchased from NCCS, Pune, India. The 
cells are kept in Dulbecco's modified eagle medium, a high glucose medium supplemented 
with 10% fetal bovine serum and the 1% antibiotic-antimitotic solution at 37°C in a CO2 
incubator. The cells are subcultured every two days. 

Cell viability: The MG-63 cell suspension (1000 μl) is seeded in a twelve well-plate at a 
density of 50,000 cells per well and allowed to grow for about 24 hours. The composite 
bone cement samples are sterilized beneath UV light for 30 min and washed with PBS for 
2 mins to ensure sterility. After sterilization, the samples are carefully kept in each well of 
twelve well plates. Cells without any sample are considered untreated and cells treated 
with doxorubicin at 1 uM/ml concentration are considered positive controls for the study. 
The plates are kept in an environment of 5% CO2 and incubated for 24 hours at 37°C. After 
incubation, the plates and used medium are removed. Finally, MTT reagent is added, and 
plates are incubated for 3 hours. Upon removing MTT, 100 µl of solubilization medium is 
added. The absorbance is read on a spectrophotometer at 570 nm wavelength. The % cell 
viability is calculated from Equation 2, 

% cell viability = ( 
Mean abs of treated cells

Mean abs of untreated cells 
) × 100  (2) 
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2.3.2 Hemolysis 

A hemolysis assay is performed as per ASTM F756 to check whether the composite bone 
cement contains compounds that can induce the lysis of red blood cells (RBCs). To assess 
the lysis of hemoglobin spectrophotometrically, RBCs are separated from the blood sample 
and treated with the test chemicals. A positive control is one in which the detergent lyses 
the cells, whereas a negative control shows completely undamaged cells. A healthy 
individual donated about 5 mL of blood, which is then centrifuged at 1000 rpm for 10 
minutes at 4°C to separate the RBCs from the new blood and keep the blood healthy (B+ve). 
After removing the supernatant (plasma), 1 ml of PBS is used to wash the collected 
erythrocytes. Diluted RBCs (500μL) are added to each well of 12 well-plate and sterilized 
bone cement samples are placed. The untreated, standard control of 1% sodium dodecyl 
sulfate (SDS) and blank controls are used for comparison. The RBCs are incubated for 24 
hours at 37°C, and the reaction is centrifuged for 5 minutes at 300 rpm. Each reaction's 
supernatant is put on a 96-well ELISA plate, and the absorbance is checked at 590 nm. The 
proportion of hemolysis is calculated using Equation 3. 

Haemolysis = (Mean abs
Sample

Positive Control 
) ×  100 

(3) 

2.3.3 Statistical analysis 

Two sample t-test statistical analysis is used to determine whether the results for 
compressive strength and hardness tests. The mean standard deviation is used to 
represent the findings. The level of statistical significance is set at p<0.05. 

3. Results and Discussion 

3.1. Mechanical Tests 

The Shore D hardness of the composite bone cement is depicted in Table 2. It is observed 
that the addition of MWCNTs enhanced the composites' Shore D hardness. The reason is 
that MWCNTs-COOH reinforcement helps in better interaction with the PMMA matrix and 
acts as a barrier for crack propagation [19]. Although MWCNTs increase the hardness of 
the PMMA, the trend is not proportional to the MWCNTs added. Hardness increased 
significantly (p=0.023) by 4.84% for 0.3 wt. % loading, but the increase is marginal for 0.5 
and 0.7 wt. % of MWCNT concentrations. Greater hardness is seen in C2 samples of which 
had fewer voids and a more evenly dispersed matrix. The undissolved beads spotted in 
SEM images (Figure 7) may have caused the creation of voids and poor adherence of the 
MWCNTs to the PMMA in samples C3 and C4. Therefore, there is no substantial increase in 
the C3 and C4 sample's hardness. 

Table 2. Percentage variation in Shore D hardness 

Bone cement  

samples 

Shore D  

hardness %↑ 

C1 3.03↑ 

C2 4.84↑ 

C3 3.63↑ 

C4 2.42↑ 
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The compressive strength of the bone cement samples is depicted in Figure 1, it can be 
observed that with increasing MWCNTs up to 0.3 wt. % (p=0.03), compressive strength 
rose significantly. This is attributed to the nanotubes' high density of interfaces, and a 
tendency to resist crack propagation. The homogeneous distribution of MWCNTs in the 
PMMA matrix also helped in effective load transmission between the PMMA and MWCNT 
[20]. However, with a further increase of MWCNTs in C3 and C4 samples (0.5 and 0.7 wt 
%), due to the existence of undissolved PMMA beads and voids inside the PMMA matrix, 
the compressive strength reduced[21][22]. 

 

Fig. 1 Compressive strength of composite bone cement composition 

The compressive strength of the C1, C2, C3, and C4 samples increased by 14.28%, 69.21%, 
64.29%, and 56.27%, respectively, compared to PMMA bone cement. These findings are 
consistent with previous studies by Mu et al. (2018) [23] and Nien et al. (2010) [24]  , which 
also reported increased compressive strength due to the addition of MWCNTs.   

 

Fig. 2 Behavior of composite bone cement under compressive loading 
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The load versus compression plots obtained for test samples are shown in Figure 2. All the 
samples exhibited similar loading trends for a compressive load up to 25kN and are found 
to be elastic below 20kN. The resistance to the applied load is notably high up to 0.3 wt. % 
and beyond which it decreased gradually. 

Figure 3 displays the compressive modulus of the bone cement composites. The highest 
modulus of elasticity, reaching 3854 MPa, is achieved at 0.3 wt.% MWCNT loading. The 
optimal value at 0.3 wt.% is attributed to the efficient stress transfer between the MWCNTs 
and PMMA, facilitated by a strong interfacial bonding [25]. However, the modulus 
decreases beyond this point, which is mainly attributed to agglomerations of MWCNTs. 

 

Fig. 3 Influence of MWCNTs on the compressive modulus of composite bone cement 

3.2. Reasons for the Enhanced Mechanical Property 

The plausible justifications for the increase in mechanical properties of composite bone 
cement up to 0.3 wt. % MWCNTs loadings are discussed in this section. The mechanical 
properties of PMMA/MWCNTs composites are improved due to MWCNT's intrinsic 
features. The modulus of elasticity of an individual CNT was reported to be up to 1TPa [26]. 
In this study, the modulus of elasticity and compressive strength of PMMA is 
experimentally determined as 2.66 GPa and 78.67 MPa, respectively. Hence, it is evident 
that the modulus of elasticity and strength of nanotubes is superior compared with PMMA 
bone cement. So, the addition of MWCNTs to PMMA is expected to improve the mechanical 
properties. The improvement in compressive strength for lower loadings of MWCNTs is 
due to MWCNTs' proclivity to withstand compression load and high-density interfaces 
(bonding between matrix and MWCNTs) of nanomaterial [27]. 

The effect of MWCNTs on the degradation temperature of PMMA is shown in Figure 4. The 
weight loss pattern is observed to be identical for the synthesized samples. However, the 
degradation temperature of PMMA is increased with the MWCNTs reinforcement, which 
acts as an impediment to PMMA degradation. The rise in degradation temperature 
observed from the derivative of the thermogravimetric curve (DTG) confirms the 
interfacial bonding of PMMA with MWCNTs [28]. 
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Fig. 4 TGA curves of PMMA/MWCNT composites 

 

Fig. 5 Derivative of TGA curves of composite bone cement 

 

Fig. 6 Glass transition temperatures of composite bone cement 
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The DTG of PMMA/MWCNTs composites are illustrated in Figure 5. The DTG plot revealed 
that the addition of MWCNTs delayed the thermal degradation of PMMA and increased its 
thermal stability. The degradation temperature of PMMA is obtained as 371.41ºC, which is 
increased by 0.89%, 1.1%, 2.1%, and 2.58% for C1, C2, C3, and C4 samples, respectively.  

The behavior of Tg of PMMA/MWCNT composites with varying MWCNT concentrations is 
represented in Figure 6. The variations in Tg are observed to decrease prominently 
compared to PMMA with the increase in MWCNT concentration. However, among the 
PMMA/MWCNT composites, both increasing and decreasing trends are observed, which 
was also reported by Tomova et. al (2017) [29]. The Tg value is found to be maximum for 
PMMA and among the composites, it is maximum for 0.3 wt. % and minimum for 0.5 wt. % 
MWCNTs loading. The linear fitting of Tg revealed a high slope, indicating the considerable 
effect of MWCNTs on Tg due to the strong interfacial bonding among PMMA and MWCNTs 
[23]. The correlation between PMMA and MWCNTs is demonstrated by the elevated 
thermal stability and Tg of the composite, resulting in improved compressive strength and 
hardness. However, the decrease in Tg may be attributed to the plasticizing effect of 
MWCNTs on PMMA [24]. 

3.3. Reasons for Diminution of Mechanical Properties  

This section outlines the most likely reasons for the reduction in mechanical properties of 
composite bone cement upon the addition of more than 0.3% MWCNTs, as evidenced by 
SEM images. The SEM images (300 nm scale) of PMMA/MWCNT composites are depicted 
in Figure 7.  

 

 

Fig. 7 SEM images of composite bone cement 

The nodular-like particles and voids are observed on C1 and C2 samples. The nodular-like 
particles present in the images are likely to be Benzoyl peroxide and Zirconium dioxide, 
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which serve as initiator and radio-opacifier, respectively, in the MMA powder. When the 
MWCNTs loading exceeds 0.3 wt. %, there is an increase in voids, craters, and 
agglomerations observed in the SEM images (Figure 7-C3). Muthu et al. (2018) [30] 
attributed the agglomerations to the inherent van-der Waals forces among the individual 
Nanotubes. Incorporating more wt. % of MWCNTs into the PMMA matrix increased the 
composite's density, resulting in a higher viscosity. However, due to the higher viscosity of 
the PMMA matrix, it was unable to wet the surface area of the MWCNTs completely during 
composite preparation by hand mixing. Thus, the micro-voids and agglomeration of 
MWCNTs in the cement matrix are responsible for the drop in compressive strength 
beyond 0.3 wt. % loading [31][18]. 

The XRD pattern of PMMA/MWCNTs composites with 2 ranges of 10–80º is depicted in 
Figure 8. PMMA is an amorphous polymer with two large peaks found at 2 values 
of º and 31.96º. The strong peak around 42 and the next prominent peaks around 30 
and 26 are observed in all prepared samples. The presence of sharp and narrow peaks 
implies that the nanotubes served as nucleating agents, initiating the formation of new 
crystallites [32]. 

 

Fig. 8 XRD of PMMA composite bone cement 

The composite's crystallinity is a factor that influences the mechanical properties of 
polymer composites. The presence of strong Bragg peaks in the XRD pattern is a direct 
indication of material’s crystalanity. The area of crystalline peaks divided by the total area 
of all peaks yields the percentage crystallinity. The crystallinity measurement by XRD is 
due to the total coherent scattering as a constant independent of the arrangement of the 
atoms in the sample [33]. This study found that the crystallinity of PMMA is 46.83%. 
However, the crystallinity of composite bone cement reinforced with 0.1, 0.3, 0.5, and 0.7 
wt. % MWCNTs is calculated to be 49.52%, 53.87%, 52.25%, and 50.50%, respectively. The 
interfacial bonding between MWCNTs and PMMA has resulted in maximum crsytallanity 
of 52.25% at 0.3 wt. % loading. 

3.3. In Vitro Biocompatibility Tests 

3.3.1 Cytotoxicity Evaluation 

The composite bone cement samples, C2 and C4 are subjected to cytotoxicity effect on MG-
63 cells. Figure 9 illustrates the results of the cytotoxicity study, which is conducted using 
the MTT assay. The study found that the test samples are non-cytotoxic on MG-63 cells, 
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with a percentage cell viability of 81.37% and 83.25% after a treatment period of 72 hours. 
Doxorubicin is used as a standard control for the study, which showed effective 
cytotoxicity on MG-63 cells with 11.32% cell viability. 

 

Fig. 9 Percentage of cell viability against MG-63 cells 

 

Fig. 10 Optical images of samples after cytotoxicity evaluation 

 
 

The microscopic observations of cell-treated images of test samples after 72 hours of 
incubation are shown in Figure 10. The MTT assay results showed that the samples are 
non-cytotoxic on human bone cancer cells and further studies could be carried out to 
control the molecular mechanism. 
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3.3.2 Hemolysis 

The composite bone cement samples, C2 and C4 are subjected to hemolysis test on a 
healthy human blood (B+ve). After a treatment period of 24 hours, the samples did not 
demonstrate significant hemolytic potential on human RBCs in comparison to 1% SDS, 
which exhibited effective hemolysis on human RBCs. Figure 11 displays the comparative 
percentage hemolysis potency of the samples C2 (15.12 %) and C4 (16.38%), along with 
the control, after an incubation period of 24 hours. The results indicate that the samples, 
C2 and C4, are non-toxic and safe for human health, without any adverse effects on normal 
human health. 

 

Fig. 11 Percentage Haemolysis  of composite bone cement samples 

3.4 Discussion 

The two major purposes of bone cement are to quickly secure implants after surgery and 
to distribute implant stresses to the surrounding bone bed. When incorporating fillers to 
meet bone cement specifications, it is crucial to ensure that the fundamental properties of 
the cement are not significantly altered. In this work, the post-fabrication drying time of 
24±2 hours is followed for testing the static mechanical properties. It's interesting to note 
that, compared to commercial Simplex P cement, the compressive strength and Shore D 
hardness of the cement improved with the inclusion of MWCNTs. 

The mechanical properties of bone cement play a critical role in serving as a linkage 
between the prosthesis and bone, as it is responsible for transmitting the load to the 
surrounding bone tissue. Compressive strength and hardness tests have revealed that this 
characteristic holds for all composite cement that is loaded with multi-walled carbon 
nanotubes (MWCNTs). The present study demonstrates a notable 69.21% increase in 
compressive strength upon the addition of 0.3 wt. % MWCNTs-COOH to the bone cement. 
In comparison, earlier research by Nien (2011) [18] observed a 23% increase in 
compressive strength for MWCNT-modified bone cement, while Ormsby et al. (2014) [34] 
reported a mere 2% increase in compressive strength for PMMA/MWCNT bone cement. 
Xu et al. (2013) [35] dispersed MWCNTs using ultrasonic disintegration and observed a 
24.5% increase in compressive strength. Therefore, the increase in compressive strength 
exhibited by the composite bone cement developed in this study is significantly superior 
to the previous findings [18] [34] [35]. The incorporation of 0.3 wt. % MWCNTs-COOH into 
the bone cement results in a modulus of elasticity of 3.85 GPa. In contrast, cancellous bone 
has Young's modulus of 0.33 GPa, while metals commonly utilized for implants possess 
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Young's modulus values ranging from 110 GPa to 230 GPa [36]. Notably, the composite 
bone cement developed in this study exhibits a 44.7% increase in modulus of elasticity 
compared to conventional bone cement. This enhanced stiffness characteristic may aid in 
reducing the stress shielding effect (due to difference in stiffness) at the interface between 
the cement and bone [37]. The addition of 0.3 wt. % MWCNTs-COOH, the Shore D hardness 
of the bone cement increased by 4.84%. This improved hardness can enhance the wear 
resistance of the cement and enable the cement mantle to regain its original shape and 
surface finish without failure and causing implant loosening. 

In this study, the MWCNTs are integrated into the bone cement matrix using a geometric 
dilution technique, which resulted in a relatively well-dispersed cement mixture at 0.3 wt. 
% optimum loading. However, there are certain acknowledged limitations in the present 
study. Firstly, only one type of cement (Simplex P) is employed, and the results may vary 
depending on the chemical composition and viscosity of other types of cement. Simplex P 
is chosen as it is one of the most commonly used bone cement formulations for total hip 
and knee replacements [38]. Secondly, although fatigue is a crucial factor in in vivo cement 
failure, the fatigue parameters of the MWCNT-loaded cement are not evaluated [39]. This 
is because testing for fatigue is beyond the scope of the current project. Lastly, the 
biocompatibility assessment only measured cell viability, while other relevant markers 
such as cell proliferation and lactate dehydrogenase are not examined. Future studies 
should explore dynamic mechanical properties and biocompatibility in greater detail. 

4. Conclusions 

This study builds upon previous research to enhance the mechanical properties and 
biocompatibility of Simplex P bone cement. Specifically, the geometric dilution method is 
utilized to incorporate MWCNT-COOH into the cement, avoiding the possible 
agglomerations without damaging MWCNTs. The influence of 0.1, 0.3, 0.5, and 0.7 wt. % 
MWCNTs on the MMA powder of Simplex P bone cement on mechanical properties and in 
vitro biocompatibility of the cured cement are examined. The results of this study indicate 
that the C2 samples exhibited the highest increase in compressive strength (69.21%) and 
compressive modulus (44.75%). The observed positive interaction between PMMA and 
MWCNTs at a concentration of 0.3 wt.% is likely due to the uniform distribution of 
MWCNTs in the PMMA matrix, which is also supported by the increased thermal stability 
of the resulting bone cement. The results of cytotoxicity (82.31% average cell viability) and 
hemolysis (15.75% average) tests confirm that the composite bone cement formulations 
prepared in this study are non-toxic and safe for use in therapeutic applications related to 
human bone treatment. The overall findings of this research propose that it is difficult to 
predict the performance of synthesized bone cement by in vitro characterization only. It is 
worthwhile to conduct in vivo biocompatibility studies of PMMA loaded with -COOH 
functionalized MWCNTs to assess the viability and potential clinical usage impairments. 
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 Investigating the mechanical properties of high-performance concrete (HPC) 
employing mineral admixtures including fly ash, silica fume, and graphene oxide 
was the primary goal of this investigation. The HPC utilised in this study was 
created using regular OPC fine and coarse aggregate, portable water, and mineral 
and chemical admixtures such as fly ash, silica fume, and graphene oxide at 
varied replacement levels, in addition to super plasticizer. In compliance with IS 
10262:2019, which calls for the use of HPC mix grade M60 with a w/c ratio of 
0.33, super plasticizer was added to the concrete to increase its workability. In 
order to evaluate different mixtures, cube and cylinder beam specimens with 
extra mechanical and durability features were all cast. Partial cement 
replacements of 0%, 5%, 10%, and 15% composed of fly ash and silica fume, 
graphite oxide with a concentration of 0.04 % were used in the casting of M1 
through M4, respectively. The concrete's mechanical behaviour, which was 
measured in terms of compressive strength, was then put to the test seven, 
fourteen, and 28 days after it was cast. The results of the tests demonstrate that 
including mineral admixtures usually improves the combinations' mechanical 
and durability attributes.   

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Due to its excellent workability, high density, high elastic modulus, and high dimensional 
stability with strong abrasion and impact resistance, high soundness, and cavitation 
resistance, High Performance Concrete (HPC) is currently utilized extensively across the 
world. As a result of its toughness and protection from salt probing, HPC is sometimes 
referred to as "durable" concrete since it outlives conventional concrete by a significant 
margin. The standard components of water, Portland cement, fine and coarse aggregates, 
and admixtures are included in this designed concrete, which also contains the classic 
ingredients. ACI's definition of high-performance concrete states that it "meets unusual 
combinations of performance and uniformity requirements that cannot always be 
routinely attained with conventional components and standard mixing, placing, and curing 
techniques." 

HPC is incredibly well-known for achieving financial benefits through environmentally 
friendly construction methods. There is only one option to lessen the impact of an external 
chemical assault on concrete, and that is to decrease the concrete's porosity and 
permeability in order to lessen or at least moderately slow down the penetration of the 
aggressive chemicals. When typical concrete is subjected to compressive stresses, failure 
might take place either inside the hydrated cement paste itself or along the interface 
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between the cement paste and aggregate particles. Normal concrete has a weak spot at this 
interface, which is referred to as the transition zone. 

A change in the microstructure of the concrete composite, namely a reduction in the 
thickness, related voids, and micro cracks, as well as a more uniform distribution of the 
particles in the transition zone, is what accounts for the improved attributes of high-
performance concrete. Utilizing both chemical and mineral admixtures, such changes in 
microstructure are accomplished. In order to make HPC, a significant decrease in the 
amount of mixing water is required. Concrete that has a lower w/c ratio will be more 
durable. In order to obtain the high levels of reactivity, silica fume, an additive made from 
a low-calcium aluminium silicate mineral, has its particle size distribution carefully 
managed. The ultrafine particles' fineness and strong reactivity contribute to a more 
effective hydration process. Silica fume addition enhances the particle packing of paste 
ingredients, which is correlated in concrete with increased strength and life span of 
concrete. To create more cementitious components and hence boost long-term strength, 
fly ash grain reacts with free lime in the cementious components. 

Fly ash will diminish the amount of water entering into the concrete by diminishing the 
w/c ratio and, consequently, the quantity of capillary pores in the mass. As a result, less 
water is required. The high specific area, however, increases the requirement for water. 
The combined effect of these two results in a net increase in water consumption when 
compared to standard-strength concrete for a given degree of workability. 

Water usage is decreased by using a super plasticizer. By deflocculating the cement lump, 
producing cement water mixes, as well as dispersion systems, water lowering admixtures, 
and super plasticizers, provide the optimal conditions for full hydration of cement. The 
likelihood of anhydrous cement grains being present in the concrete structure is 
decreased, and the pore structure is enhanced by bringing almost all cement particles into 
complete contact with water during the hydration process. Superplasticizers may be able 
to cut back on water consumption by about 30%.  

2. Literature Review  

By incorporating nano particles into cementitious composites, fibres have been shown to 
regulate nano and microscale fractures in the early stages, improving the quality of 
cement-based composites. (12). Consider graphene oxide nano alumina carbon nano tubes 
as an example of a reinforced material in cementitious composite structures. (4) 

The impact of GO on enriching the cementitious materials' microstructure had a favourable 
effect on speeding up the hydration process. (7). The mechanical strength, thus, saw a 
substantial improvement. By adding GO, the moisture transport in the cementitious matrix 
was successfully constrained. GO successfully prevented the intrusion of chlorides into the 
cementitious matrix as a result. (1,15) 

Among the brodies approach, the staudenmaier method and the hummer and offeman 
method, the hummer and offeman method is the most commonly utilised in the production 
of graphene oxide. The pros and cons of the three ways the brodies synthesis process was 
explored, and it was discovered that the brodies approach produces the cleanest and most 
stable graphene oxide samples. (2) 

The workability of new concrete is the most important factor in influencing its uniform 
mixing, ease of transport, placement and compaction. The addition of extra components to 
concrete causes it to lose its workability. Worse, adding nanoparticles to the cementitious 
matrix alters the rheological properties of cement pastes, making cement mortar and 
concrete mixes considerably more difficult to work with. (8). This might be due to a 
decrease in free water, which is needed for lubrication at a certain water-to-cement ratio 
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w/c to moisten the nanomaterial's increased surface area. (6). Superplasticizers were 
provided to the fresh mix in order to keep it flowing. Superplasticizers based on 
polycarboxylate ethers have been discovered to be an efficient additive for sustaining 
cementitious matrix workability. (3) 

In a minor slump test, the slump diameter was decreased by 41.7 percent when compared 
to the reference sample at a GO dose of 0.05 percent, and there was a 34.6 percent drop in 
slump. A 0.2 percent polycarboxylate superplasticizer added to the cementitious matrix 
increased flow by 34%, indicating that it is an important additive for preserving the 
workability of new mixes by reducing water consumption.(9) 

The researchers studied the influence of graphene oxide nanosheets on compressive 
tensile and flexural strength tests using dosages of 0.01 percent, 0.02 percent, 0.03 percent, 
and 0.05 percent by weight of cement. In a cement composite made up of 165 g of water, 
450 g of cement, 1350 g of normal sand, and a trace of graphene oxide, 0.9 g of 
polycarboxylate superplasticizer was utilised. The graphene oxide nanosheets are 8 nm 
thick and range in size from 80 to 260 nm. They are 8 nm thick and contain 29.75 percent 
oxygen. (11) 

For 28, 56, and 90 days of cure, the initial surface absorption and sorptivity tend to decline 
as GO content rises. The non-destructive method's (UPV) findings demonstrated that the 
homogeneity of the GO reinforced concrete composite remained unaltered as GO 
concentration increased, and that the mix made with 0.08% had the highest average 
velocity across all curing ages when compared to the control mix and the other mixes. 
(10,16) 

It’s possible that the improved performance of GO cement-based composites is due to GO 
dispersion in the cementitious matrix. Thus, the process for efficient GO mixing is critical 
in increasing the performance of cementious composites, and further research is needed 
in this area in concrete since excessive GO sheet dosage has a negative impact on 
performance. (13, 14). Many studies on the microstructure of GO cementious composites 
found a significant improvement in the pore structure reduction in porosity and filler effect 
of GO in cement pastes and cement mortars, but more research is needed before GO can be 
widely used in concrete. (5) Previous studies on the durability of GO-incorporated 
cementious composites found that they were resistant to the freeze-thaw phenomenon, 
indicating that more study into the durability qualities of cement-based materials is 
needed. 

Slump values decrease almost linearly with increase in silica fume content. The increase in 
replacement level of cement with silica fume there is an increase in compressive strength 
up to 20% when compared with conventional concrete. [17] By the usage of silica fume 
and flya sh in concrete will reduce the land pollution and helps in recycling of waste 
materials [18]. 

Particularly in the mixtures having high foam content, silica fume introduction resulted in 
superior compressive strength values and greater compressive strength/thermal 
conductivity ratios than fly ash introduction. [19] Based on the analysis of the results of 
microstructural tests and the evaluation of the propagation of macroscopic cracks, it was 
established that along with the substitution of the cement binder with the combination of 
mineral additives, the composition of the cement matrix in these composites changes, 
which implies a different, i.e., quasi-plastic, behavior in the process of damage and 
destruction of the material. [20] 

The effect of F/S ratio depended strongly on the curing condition. Under ambient curing, 
the optimum F/S ratio of 90/10 was observed. For accelerated curing, the addition of silica 
fume provided negative effect on the mechanical properties. The optimum F/S ratio was 
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observed in mix without silica fume.[21] The best compressive strength was attained by 
the mix containing 80% FCA and 20% GGBFS, and hence could be implemented for normal 
construction works [22]  

3. Material Properties 

3.1. Cement 

All of the specimens were cast using Portland pozzolana cement 53 grade conformities to 
IS 12269-1987 and with a relative density of 3.15. Cement has been tested for fineness 
using a sieve analysis with a 90-micron sieve, specific gravity with le-chatliers equipment, 
and ultimate setting time using a vicat device. The ultra-modern OPC 53 grade cement that 
was used was procured from Ariyalur. Table 1 shows the properties of cement. 

Table 1. Properties of cement 

Tests on cement Results 

Specific gravity test 3.15 

Fineness test (m2/Kg) 274 

Consistency test (%) 25.0 

Initial setting time (min) 135 

Final setting time (min) 290 

Strength test (N/mm2) 
38.26  
48.30 
61.80 

Soundness test (mm) 1.2 

 

3.2. Fine Aggregate  

Fine aggregate was taken from Karanempettai and confirmed to be M-sand according to IS 
383-1970. Its sp. gr. is 2.860. Tests on fine aggregate include grading and sp. gr. using a 
pycnometer to measure fineness ratio. Table 2 shows the properties of fine aggregate. 

3.3. Course Aggregate 

Crushed angular granite stone confirming to a size of 12.5mm and 20mm confirming to 
table 7 of IS 383: 1970 was used, having a sp. gr for 12.5 mm is 2.87 and for 20mm is 2.82. 
Coarse aggregate was obtained from Karanempettai. Table 3 shows the properties of 
course aggregate. 

3.4. Silica Fume 

Having a low calcium aluminium silicate grading reactivity, silica fume is a mineral-based 
additive. The hydration process is brought on by the enhanced reactivity and grading of 
SF. When SF is used to increase the particle packing of paste components, the resulting 
concrete is stronger and also possesses a longer life span. 
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The manufacturer of silica fume is called Silica fume & Admixtures Pvt. Ltd., and is located 
in Nagpur, Maharashtra. 2.71 is the specific gravity. Table 4 shows the properties of silica 
fume. 

3.5. Fly Ash 

Fly ash is a thin grey powder that is a byproduct of combustion power plants and is mostly 
made up of spherical glassy particles. When pulverised coal is burned, a finely divided 
residue called fly ash is produced, which is used in combustion power plants. 

In Metturs (MTPP), collected fly ash has a specific gravity of 2.13. Table 5 shows the 
properties of fly ash. 

Table 2. Properties of fine aggregate 

Tests on fine aggregate Results 

Sieve analysis (Fineness modulus) 
(m2/Kg) 

2.85 

Density 
Loose (Kg/m3) 

Rodded (Kg/m3) 

 
1683.00  
1780.00  

Specific gravity 2.860 

Water absorption (%) 1.06 

Table 3. Properties of course aggregate 

Table 4. Properties of silica fume 

Tests on Coarse 
Aggregate 

Results 
(12.5mm) 

Results 
(20mm) 

Density 
Loose (Kg/m3) 

Rodded (Kg/m3) 

 
1736 
1786 

 
1680 
1777 

Specific gravity 2.82 2.87 

Water absorption (%) 0.23 0.24 

Flakiness index (%) 10.6 7.2 

Elongation index (%) 11.20 13.6 

Tests on Silica Fume Results 
Fineness (m2/Kg) 2730 
Particle size range 

D50 (µm) 
(b) D95 (µm) 

 
3.85 
8.79 

Slag Activity Index 
7 days 

28 days 

 
87.20% 
110% 
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Table 5. properties of fly ash 

Test on Fly ash Results 

Bulk density (gm/cc) 0.9-1.3 

Specific gravity 1.6-2.6 

Plasticity Lower or non-plastic 

Shrinkage limit (vol stability) Higher 

Free swell index Very low 

Porosity (per cent) 30-65 

Surface area (m2/kg) 500-5000 

Lime reactivity (MPa) 1-8 

 

 3.6. Graphene Oxide 

Chemical admixtures like graphene oxide are used to improve the durability and strength 
of concrete.  

The Karnataka-based Ad-nano technologies company produces grapheme oxide. Table 6 
shows the properties of graphene oxide. Figure 1 (a & b), 2 and 3 shows the GO FE SEM 
images and GO FTIR image shows the variations of wane number and transmittance. 

Table 6. Properties of GO 

GO Value 

Elastic modulus  23.42  

Elongation at break  0.6%  

Electrical conductivity  Non conductive  

Dispensability in water  Highly dispersible  

 

  

(a) (b) 

Fig. 1 (a) and (b) GO FE SEM 
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Fig. 2 GO SEM 

 

Fig. 3 GO FTIR 

3.7. Super Plasticizer 

In order to improve the flow ability of concrete, a chemical additive called CAC Hyperfluid 
plus (H5), which is readily accessible, was utilized. 

A concrete super plasticizer called CAC-HYPERFLUID PLUS (H5), which is based on 
polycarboxylic ether, is used to decrease the amount of water in admixed concrete as well 
as to make it easier to work with. In order to provide substantial water reductions of up to 
40% without sacrificing flow ability or to manufacture high-quality concrete with 
decreased permeability, CAC-HYPERFLUID PLUS (H5) has been particularly designed. 
Table 7 shows the properties of superplasticizer. 

Hydrostatic pressure from one side to a concrete specimen with known dimensions that is 
inside a specially designated cell, and measuring the amount of water that percolates 
through the specimen in a certain amount of time through the other end of the specimen. 
The permeability is inversely correlated with the amount of water collected. For a full day, 
the test pressure was maintained. This shows the lowering concrete's water permeability, 
improving the material's resilience. 
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4. Mix Proportions and Casting 

The mix proportioning for a concrete of M60 grade concrete using Fly ash, Silica Fume and 
Graphene oxide is given below in the table 8 various mix. 

Table 7. Properties of super plasticizer 

Property Result 

Appearance Brown free flowing liquid 

Base material Modified poly-carboxylic ether 

Specific gravity at 25o C 1.080+/- 0.020 

Chloride content Maximum 0.2% 

pH Minimum 6 

 

Table 8. Quantity of materials used in kg/m3 

Mix Description 
Cement 
(Kgs.) 

GO 
(Gms) 

Fly 
ash 

(Kgs.) 

SF 
(Kgs.) 

Water 
(Kgs.) 

FA 
(Kgs.) 

CA 
(Kgs.) 

SP 
(Lits) 

M1 Conventional 470 0.00 0 0 141 659 1324 4.70 

M2 

% GO + 
5% Fly ash + 

5 % Silica 
Fume 

422.81 0.19 23.5 23.5 141 659 1324 4.70 

M3 

% GO + 
10 % Fly ash 
+ 10 % Silica 

Fume 

375.81 0.19 47.0 47.0 141 659 1324 4.70 

M4 

0.04 % GO + 
15% Fly ash 
+ 15 % Silica 

Fume 

328.81 0.19 70.5 70.5 141 659 1324 4.70 

5. Test Method 

5.1. Fluidity Test  

Slump cone tests and compaction factor tests are conducted to determine the fluidity of 
fresh concrete. The test results are given below in table 9. Figure 4 (a, b, c & d) shows slump 
test. Figure 5 and 6 shows how slump value and compaction factor decrease with increase 
in fly ash, silica fume and graphene oxide with various mix. 
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Table 9. Slump value and compaction factor 

Mix Description Slump Value (mm) Compaction Factor 

M1 Conventional 110 0.904 

M2 
0.04% GO + 5% Fly ash + 

5 % Silica Fume 
105 0.900 

M3 
0.04% GO +  10 % Fly ash + 

10% Silica Fume 
99 0.895 

M4 
0.04 % GO + 15% Fly ash + 

15% Silica Fume 
93 0.890 

 

  

(a) (b) 

 
 

(c) (d) 

Fig. 4 Slump test 

5.2. Strength Test 

Compressive, Split tensile, and flexural tests were conducted to find the physical properties 
of concrete and the results are given below in tables 10, 11, and 12. Figure 7 (a, b, c & d), 9 
(a & b) and 11 shows the image of compression test on cube of various mixes, the 
compressive strength increases in mix M1, M2 and M3 and reduces in M4 mix for cylinder 
and beam. Figure 8, 10 and 12 shows the variation of compressive and split tensile strength 
increase with addition in percentage of fly ash, silica fume and graphene oxide for various 
mix. 

The compressive strength of the hardened concrete cubes of size 150mm x 150mm x 
150mm was found using the compression testing machine of capacity 200kN. The tests 
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were carried out at a uniform rate of 14N/mm2/min after the specimen had been centered 
in the testing machine. 

 

Fig. 5 Slump value 

 

Fig. 6 Compaction factor 
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(c) (d) 

Fig. 7 Compression test 

Table 10. Compressive Strength  

Mix Proportion 
7 Days  
N/mm2 

14 Days  
N/mm2 

28 Days 
N/mm2 

M1 40.02 47.82 66.31 

M2 57.04 61.83 74.88 

M3 62.68 67.44 82.15 

M4 38 49.68 76.33 

 

 

Fig 8. Compressive strength 
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Table 11. Split tensile strength 

Mix Proportion 
7 Days 
N/mm2 

14 Days 
N/mm2 

28 Days 
N/mm2 

M1 4.60 4.96 5.04 

M2 4.68 5.13 5.32 

M3 5.08 5.41 5.83 

M4 5.02 5.33 5.67 

 

  

(a) (b) 

Fig. 9 Split tensile test 

 

Fig 10. Split tensile strength 
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Table 12. Flexural test 

Mix Proportion 
28 Days 
N/mm2 

M1 6.79 

M2 7.32 

M3 7.81 

M4 7.63 

 

 

Fig. 11 Flexural test on beam 

 

Fig. 12 Flexural strength 

5.3. Test for Permeability 

The equation, which is provided in the code, was used to compute the coefficient of 
permeability during permeability tests that were carried out in accordance with IS 3085-
1965. 

The device comprises a reservoir that is connected to the cell via a metal pipe that is 500 
millimetres long and 50 to 100 millimetres in diameter. The permeability cell measures 
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115 mm in height and 115 mm in diameter. A scale has been installed in the reservoir. The 
permeability cell is equipped with the necessary valves for admitting water, compressed 
air, and water drainage. The permeability cell assembly is coupled to a 5 hp air compressor 
to maintain a pressure between 5 and 15 kg/cm2. To remove all laitance, the specimen was 
extensively cleaned with a hard wire brush. Water that was clean and in sufficient supply 
was made available for the permeability test. This investigation has been conducted at a 
pressure of 5 kg/cm2. The test involves applying a known hydrostatic pressure from one 
side to a concrete specimen with known dimensions that is inside a specially designated 
cell, and measuring the amount of water that percolates through the specimen in a certain 
amount of time through the other end of the specimen. The permeability is inversely 
correlated with the amount of water collected. For a full day, the test pressure was 
maintained. 

Table 13. Permeability test 

Mix Proportion 
Permeability 
10-9 cm/sec 

M1 0.48 

M2 0.46 

M3 0.43 

M4 0.38 

 

5.4 Microstructural Observation  

To compare the structural cytology of the fly ash, silica fume and GO concrete composites 
and conventional mix, scanning electron microscopy was used. In mixes made with fly ash, 
silica fume and GO, huge hydrated crystals, calcium silicate hydrates (C-S-H), were seen in 
contrast to the presence of ettringites, pointed crystals, and holes in the control mix as seen 
on the SEM micrograph. The hydrated crystals in Fig. 13 prevented pore capillaries from 
forming, making the concrete less porous and increasing its strength and endurance. Fig. 
14. Represents the SEM pictures of 0.04% GO and 10% silica fume and 10% fly ash with 90 
day old concrete. 

 

Fig. 13 Sorptivity of all the mixes at 28, 56 and 90 days curing age 
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Fig. 14 SEM of mix GO 0.04% 

6. Conclusion 

In the previous study they have optimized only the graphene oxide. The present study 
concluded that how fly ash, silica fume, and graphene oxide can be made possible and how 
they performed when used in place of certain cements to create high-performance 
concrete. For a water-binder ratio of 0.30, silica fume is place of cement in the following 
percentages: 0%, 5%, 10%, and 15% for fly ash is place of cement in the following 
percentages: 0%, 5%, 10%, and 15% and for graphene oxide dispersion is added to cement 
by 0.04% percentage.  
The workability of the fresh concrete reduces the by adding silica fume, fly ash and 
graphene oxide to counteract the reduction of workability super plasticizer is added. The 
super plasticizer called CAC-HYPERFLUID PLUS (H5), which is based on polycarboxylic 
ether, is used to enrich the flow ability property of concrete.  

• The findings of this research show that optimization for the M60 grade of concrete 
by replacing 10% of silica fume, 10% of fly ash, and 0.04% of graphene oxide for 
cement in concrete shows better results when compared to all the mix including 
the conventional concrete.  

• Due to increase in fly ash and silica fume in concrete it reduces the workability of 
fresh concrete due to that after M3 mix the strength also reduces. 

• There is an appreciable increase in compressive strength of about 24 percentage, 
split tensile strength of about 16 percentage, and flexural strength of about 15 
percentage while maintaining other mix design parameters at their original levels.  

• Due to improved permeability of concrete for about 26 percentage, the durability 
of concrete also increases. And with increasing curing age the value decreases 
drastically indicating the improvement of porosity at the micro-level of the 
concrete.  

• The size of the hydrated crystals grows as the proportion of GO content does, 
showing that GO nano materials are filling the pores. The hydrated crystals 
prevents the pore capillaries from forming, making the concrete less porous and 
increasing its strength and endurance. 

• Fly ash, silica fume, and GO were incorporated into the concrete to reinforce it and 
improve its mechanical and durability properties. These might be the best option 
among the various nanomaterials in the near future for building stronger, better 
robust, and longer-lasting concrete.  
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 The addition of waterproofing to concrete aims to reduce porosity and is expected 
to be more watertight. However, the addition of a waterproof layer to the concrete 
can reduce its performance of the concrete. Therefore, researchers are trying to 
innovate an integral mixture of waterproofing concrete with fly ash (FA) as a filler. 
FA added to the integral waterproofing concrete mix is expected to improve its 
mechanical properties, including the modulus of elasticity. The Madrid Parabola 
Formula and Desay & Khrisnan Formula are usually used in calculating the stress-
strain distribution of concrete. This case aims to determine the physical and 
mechanical properties as well as the stress-strain distribution equation by adding 
FA to integral concrete waterproofing. In this study, the specimens used were 
cylindrical in shape with a size of 15 cm x 30 cm. The ingredients are PPC cement, 
sand, gravel, 1.5% integral waterproofing added (Damdex brand), and the addition 
of FA from cement weight 0% to 15% in 5% increment intervals. Tests for 
compressive strength, split tensile strength, and modulus of elasticity tests were 
carried out in reference to ASTM C39/C39M-18, 2018, ASTM C 496/C 496M – 04, 
2004, and ASTM C 469 – 02, 2002. The results showed that the more FA was added, 
the more strength increased. The Desay-Khrisnan stress-strain formula is more 
suitable for this concrete 
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1. Introduction 

Concrete is the result of the bond between the paste (cement and water) with the 
aggregate. In some conditions, concrete is also required to be waterproof. In project 
construction, many workers neglect work procedures, which can cause underground 
structures such as basement walls or floors to leak. This requires high repair costs. Along 
with the times, the development of concrete technology cannot be avoided. Various kinds 
of proofs of this innovation have been created, one of which is integral concrete 
waterproofing and  plasticizing admixture[1]-[3]. Waterproofing Essential is made of 
concrete with average conditions that cannot be waterproofed so that the need for 
concrete from the concrete mixture can produce waterproof concrete. The addition of 
waterproofing can make the concrete last longer [4]-[6]. The life of concrete can be durable 
because the addition of waterproofing materials reduces water absorption and 
permeability through the concrete capillaries.[3,7, 8]. Standard concrete has a compressive 
strength that is more significant than the required waterproofing concrete. The integral 
waterproofing method can drastically reduce concrete's compressive strength. The 
concrete's compressive value is below the average compressive strength [9]-[12]. 
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There have been many uses of industrial waste, fly ash (FA), and agricultural residues such 
as rice husk ash (RHA), and sugarcane bagasse ash (SBA) as a substitute for cement in 
concrete research[13]-[20]. This material aims to replace the depletion of natural 
resources and reduce CO2 emissions in the air from cement manufacture, which will help 
save the environment. Previous research by replacing cement or adding additives from FA, 
RHA, and SBA can improve the mechanical strength of concrete. In previous studies, this 
waste as a substitute for paste materials or as aggregates, the mechanical properties of 
which can be improved with age. At the beginning of the 28th generation, the strength is 
still low, but after 56 days the strength will be higher or equal to normal concrete. 
Meanwhile, as a filler, it can improve the mechanical properties of concrete [21]- [24]. In 
some conditions, FA has a chemical content that can increase the binding element in 
cement called silica dioxide (SiO2), thus increasing the compressive strength[25]- [28]. The 
use of FA material is based on the properties of this material which is similar to cement 
and can close the pores of the concrete thereby increasing the integral waterproofing 
strength of the concrete. The similarity of these properties can be seen physically and 
chemically [29,30]. FA material has very good physical properties, able to pass through a 
filter of fewer than 50 millimicrons by 5% - 27%, has a specific gravity value of 2.15-2.6 
and is gray in color. The most abundant chemical content of FA is usually silica dioxide 
(SiO2) with a percentage of up to 80%. Therefore, FA can be an integral filler in concrete 
waterproofing similar to cement. 

The modulus of elasticity is the ratio of stress to strain under elastic conditions, the ability 
to undergo elastic deformation under applied loads. The greater the value, the greater the 
stiffness, but the deformation value decreases. From the results of laboratory tests, 
uniaxial compression tests, researchers can determine the behavior of concrete, its 
modulus of elasticity, using a parabolic equation of order 2. Draw a straight line measured 
relative to the horizontal axis with a tangent line twice the tangent. This line can be used 
as an assumption in calculating the modulus of elasticity of concrete before further 
numerical analysis is carried out [31]. In calculating the modulus of elasticity, the Madrid 
parabola equation and the Desay & Krishnan formula are used. 

 

Fig. 1. Property of 2nd order parabola (P.Kmiecik, M.Kaminski) 

The formula for the stress-strain relationship for the non-linear behavior of concrete 
structures is as follows: 

• Madrid Parabola 

𝜎𝑐 = 𝐸𝑐. 𝜀𝑐 . [1 −
1

2
(

𝜀𝑐

𝜀𝑐1
)] ,   𝜎𝑐 = 𝑓(𝐸𝑐, 𝜀𝑐1) 

(1) 

• Desay & Krishnan 
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𝜎𝑐 =
𝐸𝑐.𝜀𝑐

1+(
𝜀𝑐

𝜀𝑐1
)

2          ,  𝜎𝑐 = 𝑓(𝐸𝑐, 𝜀𝑐1)            
(2) 

According to ASTM C496 from the test result at the laboratory determined that the 
modulus elasticity as the ratio of stress when reaching 40% of the stress collapse to the 
strain following the stress under these conditions :  

𝐸𝑐 =
(𝜎2−𝜎1)

(𝜀2−𝜀1)
                         

(3) 

Where :  Ec   = Modulus Elasticity (Mpa) 

 σc = Concrete Stress  

 σcm  = average compressive strength  

 σ2 = Stress equivalent to 40% ultimate stress (Mpa) 

 σ1 = Stress value at the time of reaching longitudinal strain, ε1 (Mpa) 

 ε2 = Strain value at stress σ2  

 ε1 = 0,00005 

 εc1 = strain ε at stress σcm 

This study determines the mechanical properties of watertight concrete with a mixture of 
integral waterproofing and variations of FA filler from 0% to 15% of the total cement. 

2. Experimental Work  

2.1. Material 

2.1.1. Fly Ash (FA) 

PLTU Paiton Probolinggo is a steam power plant in East Java that uses coal as fuel. 
Combustion waste in the form of fly ash is used in this case. Table 1 contains the chemical 
content. 

Table 1. Properties FA 

Physical 
Soecific Gravity 
Checimal Composition (%) 

Silikon dioksida 
Alumnia Oksida 
Ferri Oksida 
Kalsium Oksida 
Magnesium Oksida 
Natrium Oksida 
Sulfur Trioksia 
Water 
LOI 

 
3.07 

 
52,35 
12,11 
12,35 
6,79 

10,63 
2,15 
2,27 
0,12 
0,40 

 

2.1.2. Aggregates 

Lumajang river natural sand from Mount Semeru, East Java, Indonesia, is used as fine 
aggregate in the concrete mix. The specific gravity is 2.53, the volume weight is 1710 
kg/m3, the water absorption rate is 2.78%, and the fineness level is 2.15. Coarse aggregate 



Nurtanto et al. / Research on Engineering Structures & Materials 9(3) (2023) 861-873 

 

864 

obtained from crushed stone in Jember. The specific gravity of crushed stone is 2.6, the unit 
weight is 1390 kg/m3, the water absorption rate is 0.54%, the fineness level is 1.45, and 
the maximum size is 20 mm. The properties of the aggregates used in this concrete mix are 
given in Table 2 and Fig. 2 

Table 2, Physical and mechanical properties of aggregates. 

Unit Sand Broken Stone 
Specific gravity 
Volume weight (kg/m3) 
Water absorption (%) 
Fine Modulus 
Clay and fine materials (%) 

2.53 
1710 
2.78 
2.15 
1.54 

2.6 
1390 
0.54 
1.45 
0.39 

 

 

Fig 2. The grading curve of aggregates 

2.1.3. Waterproofing 

Waterproofing is widely available in building stores (Damdex), which functions as an 
added ingredient for fresh concrete so that the concrete is water seepage resistant or the 
concrete is watertight. It is recommended to use 0.5 -2% by weight of cement, in research 
using 1.5% by weight of cement. 

2.2. Mix Desain 

To achieve the research objective, a mixture was prepared with three variations of FA, 5%, 
10%, and 15% by weight of cement. FA as a filler material in the concrete mixture. The 
parameters of the mix that remained constant were cement and 1.5% water proofing by 
weight of cement.  

Table 3. Material Requirements per Concrete Cylinder for Each Variation of FA 

Sample 
% filler 

FA 

 Material 

Cement 
(Kg) 

Water 
(Ltr) 

Sand 
(Kg) 

Gravel 
(Kg) 

FA 
(Kg) 

Waterproofing 
(kg) 

BW 0 3.26 1.30 4.35 6.00 0 0.049 
BWF1 5 3.26 1.30 4.35 6.00 0.1629 0.049 

BWF2 10 3.26 1.30 4.35 6.00 0.3257 0.049 
BWF3 15 3.26 1.30 4.35 6.00 0.4889 0.049 
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2.3. Testing Procedure 

Testing fresh concrete with slump test according to ASTM C143. Concrete testing by 
compression test according to ASTM C39 split tensile strength according to ASTM C496, 
Modulus of Elasticity according to ASTM C469, and absorption according to ASTM C642. 
The test object is cylindrical (15 x 30 cm). Tests were carried out at 28 days of concrete, 
and an average of five samples were recorded for each test. 

3. Results and Discussion 

3.1. Workability 

Fresh concrete testing was carried out to determine the flowability level using the slump 
abrams test. In the implementation of mixing, the control variable in this study is the slump 
abrams test. Therefore, the use of water in the normal concrete mixing process must 
always be controlled. The addition of FA to the concrete mixture can increase the 
concrete's workability so that the fresh concrete is thinner. The slump abrams test results 
on integral waterproofing concrete are presented in Table 4, Fig. 3, and Fig. 4. 

In previous studies, FA in a fresh concrete mixture will increase workability and reduce 
water addition. Such a function allows concrete planning by reducing the lower cement 
water factor ratio for equal workability, useful in increased strength, tighter pore 
structure, and increased durability. In the previous test, the relationship between the 
slump and FA test at the same water content shows that it is directly proportional, where 
the more FA additions will also show a high slump test value 

 

Fig. 3. Slump Abrams Test Measurement on BW, BWF1, BWF2, and BWF3 

Table 4.  Abrams slump test results on fresh concrete 

Sample Slump test (cm) 

BW 10 

BWF1 10 

BWF2 11 

BWF3 12 

 

Figure 4 shows the integral waterproofing (BWF) slump value of FA. As the FA value 
increases, the slump value also increases. Increasing slump value will give affect the 
performance of fresh concrete, high workability, and low viscosity. 
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Fig. 4. Slump test value 

3.2. Compressive strength 

The addition of 0% to 15% FA by weight of cement into 1.5% integral watertight concrete 
will be tested for strength. The compressive strength of the prepared BW samples 
increased directly proportional to the addition of FA. Fig. 5 shows the strength of the 
sample at 28 days of age. Compared with the reference sample, namely BW, the BWF 
sample has a higher strength. With the addition of FA to BW it will close or reduce the pore 
size. With the FA bond polymerization process, a pozzolanic reaction is formed which 
contributes to increase strength of BW. 

Table 5.  Compressive strength 

Sample MPa 

BW 33.32 
BWF1 35.48 
BWF2 38.69 
BWF3 43.22 

 

 

Fig. 5. Effect of addition FA on Compressive Strength BWF 
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The relationship between the increase in compressive strength and the increase in the 
number of FA is very strong. The correlation coefficient for the linear relationship is 
R2=0.9747 according to Eq. (4) 

y = 3.291x + 29.45   (4) 

From this relationship, the increase in compressive strength is directly related to the 
addition of FA, this causes the compressive strength to increase as a result of the 
reduced pore size of the concrete 

3.3. Splitting Tensile Strength 

In this case, the split tensile strength of BW with the addition of FA will be plotted in Figure 
6. The highest split tensile strength value was obtained in the BWF3 composition with an 
FA content of 15%, with a split tensile strength value of 3.11 MPa. While the lowest split 
tensile strength value is in the BWF0 composition with 0% FA content with a split tensile 
strength of 3.04 MPa. This means that the addition of fly ash as a filler can increase the 
value of the split tensile strength of integral waterproofing concrete because adding fly ash 
as a filler or added material can improve the mechanical properties of concrete. 

Table 6.  Splitting tensile strength 

Sample MPa 

BW 
3.04 

BWF1 3.07 
BWF2 

3.09 
BWF3 3.11 

 

Fig. 6. Effect of addition FA on Splitting tensile Strength BWF 

3.4. Modulus of Elasticity 

Testing the modulus of elasticity of concrete was carried out on all samples of specimens 
used for compressive strength at the age of 28 days. The modulus of elasticity test is carried 
out until the concrete is completely destroyed. The results of the Stress–Strain test will be 
presented in Fig. 8, and the maximum average stress and strain can be seen in table 7. to 
get the value of the elastic modulus using Eq. (3) 
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Table 7.  Strain (εc1) values Strain value of waterproofing integral concrete  

Sample  σcm (MPa) εc1(mm/mm) 

BW 33.32 0.0017 

BWF1 35.48 0.0021 

BWF2 38.69 0.0027 

BWF3 43.22 0.0029 

 

 

Fig. 7. The setting for testing modulus of elasticity 

 

Fig. 8. Stress-strain diagram of 2nd order parabolic integral waterproofing concrete 
with additional FA variation 

Fig. 8. shows the stress-strain relationship diagram of 2nd-order parabolic integral 

waterproofing concrete with an additional FA variation. To approach the σc-Ɛc 
relationship using the Madrid parabola equation and Desay & Krishnan. In analyzing the 
modulus of elasticity follow the following steps (example BW): 

y = -4E+06x2 + 25831x + 4,0981
R² = 0,9801

y = -5E+06x2 + 28542x - 1,8977
R² = 0,9905

y = -4E+06x2 + 25824x - 0,1542
R² = 0,997

y = -2E+06x2 + 20550x - 1,1023
R² = 0,9904
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• It is assumed from the second-order parabolic equation that the value of Ec = 
39.743,647 MPa at σcm = 33,32 MPa. The value of Ec is obtained from the tangent 
twice the tangent to the angle formed by the line through the point (σcm, εc1) 

• From the Ec above, it is graphed from the Madrid Parabola equation and the Desay 
& Krisnan equation 

• Determine the stress value σ1 at 0.00005 strain and determine the strain σ2 at 0.4 
σcm 

• The new modulus of elasticity is obtained tangent from the straight line passing 
through (εc2, 0.4 σcm) and (0.00005, σ1), Ec = 34.680,189 MPa (Parabola Madrid), 
Ec= 37.818,252 MPa (Desay & Krisnan) 

 

Fig. 9. Comparison of stress-strain diagram between BW concrete with Madrid 
Parabola and Desay & Krishnan 

From the above calculation, the elastic modulus of waterproofing concrete with the 
addition of FA is obtained which is close to the Desay & Krishnan equation. Table 5. shows 
the value of the elastic modulus of several equations. With a proportion of 1.5%. Integral 
waterproofing concrete mix with fly ash filler variation of 0% to 15% differs from 
28779.60 MPa to 37818.252 MPa (Desay & Krishnan). The results of the highest modulus 
of elasticity obtained the proportion of mixed waterproofing 1.5% with 0% fly ash filler. 
With the addition of fly ash, the behavior of the concrete will be more ductile. While the 
smallest elastic modulus was obtained compared to 1.5% waterproofing with 10% fly ash 
variation, on 1.5% fly ash variation the elastic modulus increased again. That the 
improvement of fly ash as an integral filler of waterproofing concrete can improve the 
behavior of concrete, increase its ductility and strength.[32,33] 

The effect of fly ash composition on the modulus of elasticity of integral waterproofing 
concrete is shown in Figure 6. The equation obtained from this relationship is y = 52.893X2 
– 1411.6X + 37573 with R2 = 0.9908. The addition of fly ash to the integral waterproofing 
concrete increases the performance of the waterproof concrete.[34,35] 
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Table 8. Modulus of Elasticity of Integral Waterproofing Concrete (MPa) 

Sample Ec = Tan β = 2 x Tan α Parabola Madrid Desay & Krishnan 

BW 39743.647 34680.189 37818.252 

BWF1 34276.667 30005.633 32664.106 

BWF2 29933.778 26282.965 28589.563 

BWF3 30127.034 26471.950 28779.605 

 

Fig. 10. Modulus of elasticity relationship with integral waterproofing concrete with the 
addition of fly ash 

4. Conclusions 

Several discussions about the integral waterproofing concrete result in decreased strength 
compared to normal concrete. This paper discusses the possibility of increasing the 
mechanical properties of integral waterproofing concrete with the addition of fly ash 
regarding the workability, strength, and modulus of elasticity of concrete. From this paper 
it can be concluded: 

• The addition of FA is directly proportional to the slump value, with the highest 
slump value at 12 cm at 15% FA content (BWF3). The addition of fly ash to 
concrete waterproofing improves workability because the particle size is mostly 
spherical, resulting in better traceability. 

• The use of 15% FA produces a compressive strength of 43.32 MPa, and an increase 
of 29.71% from integral concrete waterproofing without FA (BW) of 33.32 MPa. 
The polymerization process of silica on FA to form geopolymer chains is very 
important so that strong bonds in the polymer chains can reduce the pore 
diameter can increase their strength. 

• BWF3 produces the highest split tensile strength of the others at 3.11 MPa and an 
increase of 2.3% compared to BW, which had a tensile strength of 3.04 MPa. 

• The shape of the stress-strain relationship in the test with the FA variation tends 
to be close to the equation proposed by Desay & Khrisnan 

• The greatest ultimate strain value occurs in BWF3 of 0.0029 mm/mm, and the 
lowest is in BW of 0.0017 mm/mm 

• The elastic modulus values of BW, BWF1, BWF2, and BWF3 were 37818.252 MPa, 
32664.106 MPa, 28589.563 MPa, and 28779.605 MPa respectively. 
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This conclusion reveals that it is possible to incorporate FA into construction and building 
materials using waterproofing, without significant changes to its mechanical properties, 
especially compressive strength. FA additives are cheaper than the addition of original 
portland cement or silica fume additives in maintaining the compressive strength of 
concrete by using waterproofing such as normal concrete compressive strength.[36] 
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 The research on concrete is currently developing very rapidly. One of them is 
research on concrete with micro reinforcement. This study aims to find out how 
much influence the variations in micro reinforcement used have on the strength 
of concrete. This study was conducted with variations in the percentage of 
addition of micro reinforcement with various types of micro reinforcement. In 
this study, FTIR analysis was also carried out to determine the absorption area 
and group of micro reinforcement compounds. The micro reinforcement used is 
Jute, Bamboo, Rattan and Plastic with an additional percentage of 0.5%; 1%; 
1.5% and 2% against the weight of cement. The test was performed at the age of 
28 days, with a compressive strength test. The results showed that there was a 
significant influence on the compressive strength of non-micro reinforcing 
concrete compared to micro reinforcing concrete. The optimal compressive 
strength of concrete with the addition of micro reinforcement (Bamboo/Rattan) 
was obtained in concrete with a percentage of 1.5% with an optimum 
compressive strength of 23.31 MPa, plastic reinforcement 22.93 MPa (addition 
of 1.5%), rattan micro reinforcement 22.93 MPa (addition of 2%), and hemp 
micro reinforcement (addition of 2%) 20,665 MPa. The results of the FTIR 
analysis form of the compound group and the most optimal absorption area in 
micro reinforcement micro-compound groups of bamboo and rattan 
reinforcement has 3 peaks with the form O - H, C - H and CH2. When compared 
to compound groups in concrete without micro reinforcement, it only has 2 
compound groups, namely, O – H and CH2 only. 
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1. Introduction 

The Research about material micro reinforced which has good tensile strength, so it is 
expected to add ductility to normal concrete, increase compressive and tensile strength to 
make it more resistant to cracking. The use of rattan as a micro-reinforced material is 
intended to minimize the impact of poor concrete properties, including having a high 
enough specific gravity so that it will cause a loading effect due to its own weight. Plastic 
waste is used as a fine aggregate in varying amounts in burlap fiber reinforced concrete to 
test its suitability. The use of plastic waste as a substitute for fine aggregates. Since plastic 
bottles are harmful to the environment and human health, using them in concrete will help 
protect the environment and human health. The main component of concrete is the partial 
replacement of fine aggregates and coarse aggregates. Plastic fibers are artificial fibers 
used in concrete to increase the split tensile strength and bending strength of concrete (1), 
(2), (3). 
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Micro Reinforced Concrete as a composite material consisting of ordinary concrete and 
other materials in the form of Micro Reinforced (rods with a diameter between 0.10 and 
0.20 mm with a length of about 20 mm to 50 mm). The addition of micro reinforced 
material to concrete is intended to correct the weakness of the properties possessed by 
concrete, that is, it has low tensile strength (4), (5), (6), (7), (8). One of the important 
properties of concrete is ductility. Ductility i.e. the ability of a structure or its components 
to perform repeated alternating inelastic deformations beyond the limits of the first 
melting point, while maintaining a large amount of its load carrying capacity (9). The 
addition of micro reinforced material to concrete is to increase the energy absorption 
capacity of the mixed matrix, which means to increase the ductility of concrete. The 
addition of ductility also means the addition of concrete behavior to fatigue and shock. 
Micro Reinforced Concrete has advantages over micro reinforced concrete in several 
structural properties including ductility, resistance to shock loads (impact resistance), 
tensile and bending strength (tensile and bending strength), fatigue (fatigue life), 
resistance to shrinkage and resistance to wear (abrasion) (8), (10). Observations of 
various stress curves of various concrete strengths, show that generally the maximum 
compressive strength is achieved when the unit value of the ε' compressive strain reaches 
0.002, then the value of the f'c stress will decrease with increasing the value of the crushed 
test object strain at the value of ε' reaching 0.003-0.005. High strong concrete is more 
fragile and will disintegrate at a lower maximum strain value compared to low strong 
concrete. In concrete testing it was established that the maximum working strain taken 
into account on the outermost compressed concrete edge of Micro Reinforced was 0.003 
as the crushed limit (9). The maximum working strain of 0.003 may not be conservative 
for high strong concrete with an f'c value between (11). The addition of Micro Reinforced 
to normal concrete can increase the pressure at peak loads. Fibrous concrete can absorb 
more energy than normal concrete before crushing (12), (13), (5), (14), (15), (16), (17). 
Micro-Reinforced Contribution to stress – concrete strain is distinguished by two types 
(18), (19), (31), namely: 1). Micro reinforced materials are very fragile with matrices, 
shown in Figure 1 where it appears that the shrinkage of matrix collapse is much greater 
than the collapse strain of micro-reinforced materials. 2). A very strong micro-reinforced 
material with a brittle matrix shown in Figure 1 shows that the matrix limit strain capacity 
is lower than the micro-reinforced strain capacity. The matrix will collapse before the full 
potential of the micro-reinforced work, the matrix that has been cracked is held back by 
Micro Reinforced that contributes energy through the bonding process and the reinforced 
micro is pulled out. The figure is a curve of the relationship between the pressure on Micro 
Reinforced concrete and the brittle matrix. 

 

 

Fig. 1 Micro reinforced concrete stress-strain curve with visage matrix (31) 

When the micro-reinforced material begins to be uprooted or damaged, the slope of the 
curve may reach zero, and the capacity of the ability to carry the load begins to decrease. 
This type of collapse allows maximum utilization of Micro Reinforced properties and 
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matrices.  As a result of comparison, Figure 2 below is the data obtained from the results 
of a study entitled The Use of Micro Reinforced Rattan to Improve Concrete Quality, (29). 

 

Fig. 2 The relationship of compressive strength and the percentage of micro 
reinforcement, [29] 

The optimum load was found in the 1% Micro Reinforced rattan variation of 29,714 MPa 
and experienced a decrease in load if added greater than 1%.  Micro Reinforced Concrete 
with the addition of additive ash boiler scale is made using Micro Reinforced empty oil 
palm bunches and boiler scale obtained from one of the palm oil processing plants in the 
Purwodadi Kuala Pesisir area of Nagan Regency (20). Test the average compressive 
strength of cylindrical concrete with the addition of empty bunches of palm micro-
reinforced on concrete with a life ratio of 0% for 28 days each of 31.85 MPa. At 4% Micro 
Reinforced is 25.89MPa. Then 5% Micro Reinforced concrete is 26.23 MPa. In 6% micro 
reinforced concrete is 28.78MPa. In 7% concrete, Micro Reinforced is 30,384 MPa. At 8% 
of micro reinforced concrete is 30.57 MPa. The crack patterns that occurred in this study 
were shear and columnar crack patterns. All in all, it can be seen that the compressive 
strength of concrete has increased, although it is still below the normal concrete 
compressive strength, it is getting bigger and bigger than f'c 25Mpa, and can be used as 
structural concrete (21). This shows that the more Micro Reinforced rattan is added, the 
less work ability of the concrete mixture. From the testing of concrete compressive 
strength, concrete tensile strength, and bending strength of concrete blocks, the highest 
concrete strength addition result on the addition of Micro Reinforced rattan is 1% of the 
weight of cement. The compressive strength of concrete has increased by 12.84% from 
normal concrete. The tensile strength of split concrete has increased by 22.17% from 
normal concrete. For the bending strength of concrete blocks experienced an increase of 
9.69% from normal concrete (21). Rattan was chosen to be developed because in general 
rattan has good natural strength, is flexible and lightweight in dry conditions. Based on the 
results of research that has been carried out, the results obtained that rattan material with 
epoxy resin lamination has a compressive strength of 46.8MPa increased by 47.2% when 
compared to the compressive strength of rattan without lamination of 31.8MPa. The 
average impact strength of rattan test results before lamination with epoxy resin was 39 
kJ/m2 and after going through the lamination process increased by 64% to 64 kJ/m2 (22). 

Preservatives used to preserve micro reinforcement are boron and CCB (copper-chrome-
boron) with cold bath modifications and the Boucherie method. Endurance testing refers 
to (23). The test results showed that boron is effective on petung bamboo to increase 
resistance to soil termites, dry wood termites, as well as weathering fungi, while for 
resistance against dry sawdust beetles, the effectiveness of boron and CCB is almost 
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equivalent (24). Natural fibers outperform synthetic fibers in mechanical properties, are 
cheaper, come from renewable resources, and are recyclable. As a result, partially 
replacing Meta kaolin for Portland cement reduces CO2 emissions while extending the life 
of the structure. In this study, concrete was tested by Meta kaolin cement replacement and 
the addition of burlap fiber. The percentage of burlap fiber added is 0%, 1%, 2%, 3%, 4%, 
5%, and 6%. The percentage of meta kaolin replacement is 0%, 3%, 6%, 9%, 12%, 15%, 
and 18%. Prepare a new mixture with 5% meta kaolin and a different percentage of Jute 
Fiber after analysis. The concrete value used in the analysis is M35 (25). Micro 
reinforcement is commonly used in the resistance and reinforcement of concrete cracks. 
Various fibers are usually used in concrete mixes to achieve the desired strength and 
resistance. Recently, in response to the problem of global warming and the need for a more 
sustainable society, manufacturing with natural ingredients has become more active in 
developing countries. Bamboo, with its low cost, rapid growth, and wide growth 
distribution, is expected to make a significant contribution to earthquake-resistant 
construction and seismic retrofit technology in developing countries. The authors 
investigated the mechanical behavior of bamboo fiber reinforced concrete members. The 
possibility of using 'Bamboo' effectively is discussed based on the results of this 
experiment. Similarly, results for the aspect ratios of different fibers were obtained, 
revealing that there is an aspect ratio of 40. An increase in the weight fraction of the fiber 
results in a consistent increase in ductility to the optimal content (1.0%), with a fiber 
aspect ratio of 40. Overall, the study found that adding bamboo micro reinforcement to 
concrete increases concrete strength, toughness, torque, and tensile stress. More research 
is needed to determine the long-term durability of concrete enhanced with bamboo micro 
reinforcement (26). The addition of micro reinforced materials changes a lot in the 
behavior of concrete after cracking, for example, there is an increase in tensile strain after 
concrete collapses, resulting in harder and more impact-resistant concrete. The increase 
in concrete hardness is strongly influenced by the concentration of Micro Reinforced and 
the resistance of Micro Reinforced to tensile which is mainly determined by the 
comparison of Micro Reinforced aspects (length/diameter ratio) and other factors such as 
surface shape and texture. Micro Reinforced concrete mix planning is determined based 
on (15). The use of Micro Reinforced in concrete mixtures is carried out after the soaking 
process using a solution of Sodium Hydroxide (NaOH) against micro reinforced rattan 
which functions to separate the dirt on the Micro Reinforced and avoid easy printing. 
Compressive strength is the ability of concrete to accept extensive unification compressive 
force. The compressive strength of concrete identifies the quality of a structure. The higher 
the desired strength of the structure, the higher the quality of the concrete produced (4). 
The compressive strength value of concrete is obtained from standard tests with a 
commonly used test object in the form of a cylinder. The dimensions of the standard test 
piece are 300 mm high, 150 mm in diameter. The compressive strength of each test piece 
is determined by the highest compressive (f'c) that the test piece reaches a lifespan of 28 
days due to the compressive load during the experiment. Concrete will have high 
compressive strength if it consists of good quality local materials. The constituent material 
of concrete that needs attention is that the aggregate reaches 70 - 75% of the volume of 
concrete (11). Tensile testing is a method of determining the strength of a material by 
applying a force load. Tensile test results are critical for product engineering and design as 
they produce material strength data. Tensile testing is used to determine the resistance of 
a material to slow-applied static forces. Tensile tests are usually used to supplement basic 
design information on material strength and as supporting data for material specifications. 
The tensile test curve reveals the strength and elasticity values of the test material (4). 
Based on the results of research conducted by the tensile strength of rattan parallel to 
Micro Reinforced shows a fairly high value of 481.99 kg / cm2. This rattan strength has the 
potential to be used for building purposes, namely concrete with high tensile strength (1). 
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2. Material and Methods  

In the treatment carried out on specimens, it is to add a varying percentage of micro 
reinforcement, with various types of micro reinforcement, namely: Bamboo / Rattan, 
Gowon, Rattan and Plastic. In this second treatment, the variation in the percentage of 
micro reinforcement addition was 0; 0.5; 1; 1.5; and 2%. Micro bamboo and rattan 
reinforcement is made by shaving so that the results of bamboo rattan shavings are long 
but small in diameter or square size of about 1 mm x 2 mm. The shavings are then cut into 
pieces with a machete so that they have a length of 20 mm. The treatment of microplastic 
and hemp reinforcement was also cut by 1 mm x 2 mm x 20 mm. The press weight of the 
plan is 25MPa for a cylinder test piece measuring 15/30 cm using a cement water factor 
(w/c) of 0.52. The coarse aggregation used is natural stone with a maximum aggregation 
diameter of 19 mm. The design of the normal concrete mixture uses the method (7), which 
requires a concrete design mixture taking into account its economic side and paying 
attention to the availability of materials in the field, ease of work, as well as the durability 
and strength of concrete work. Figure 3 shows the variety of different types of micro 
reinforcement.  

 
(a) 

 
(b) 

Fig. 3 Micro Reinforcement Bamboo (a) and Hemp (b) 

 
(a) 

 
(b) 

Fig. 4 Micro Plastic Reinforcement (a) and Rattan (b) 

FTIR tests are performed to determine the chemical bonding information of bamboo. Such 
chemical bonds are indicated by distinct peaks. This test was performed for the first time 
to measure the bond between Betung bamboo fibers (Dendrocalamus asper) and rattan 
fibers. Here's how FTIR works: 

The beginning of the substance to be measured is identified in atomic or molecular form. 
Infrared light, which acts as a light source, is split into two beams, one passing through the 
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sample and one passing through the reference beam. Then pass through the chopper. After 
passing through a prism or diffraction grating, the beam hits a detector and is converted 
into electrical signals and recorded by a recorder. An amplifier is also needed if the 
generated signal is very weak, (27). 

The standard used is ASTM E1252 (30). Samples that can be easily tested with FTIR include 
polymer pellets, parts, opaque samples, fibers, powders, wire coatings and liquids. A 
typical infrared scan is produced in the mid-infrared portion of the light spectrum. The 
mid-infrared region has wave numbers between 400 and 4000 cm-1, corresponding to 
wavelengths between 2.5 and 25 microns (10-3 mm). The Figures 3 and 4 show the shape 
and type of micro reinforcement used in fresh concrete mixtures. Successively 3(a) is 
bamboo micro-reinforcement; 3(b) Hemp micro reinforcement, 4(a) plastic micro 
reinforcement, and 4(b) rattan micro reinforcement. The dimensions of micro 
reinforcement are 2 mm x 2 mm x 30 mm. 

4. Results and Discussion 

Figure 5 tends to show almost the same graphic pattern in concrete with the addition of 
micro reinforcement, i.e. the strength of concrete decreases with the addition of micro 
reinforcement of 0.5 – 1 % and the strength of concrete increases again in increments of 
1.5 and 2%. There is a difference with the results of the study (14), (15), (16), (29), where 
the most optimal concrete strength is in the addition of 1.5% fiber. This is thought to be 
related to the dimensions of the fibers or reinforcement used which are different from the 
micro reinforcement used in this study. When compared with the test object in the first 
treatment, the compressive strength obtained was greater than the study (14), (15), (16), 
(29), with an optimal compressive strength obtained of 29.714 MPa (1% fiber addition). 
Figure 5 shows the optimum compressive strength in the addition of micro reinforcement 
of 1.5% with a compressive strength obtained of 23.21 MPa, when compared to non-micro 
reinforcing concrete having a compressive strength of 22.65 MPa.  

 

Fig. 5 Graph of the relationship of Percentage of Micro Reinforcement with concrete 
compressive strength 
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Fig. 6 Graph of Groups of micro non-reinforcing concrete compounds 

 

Fig. 7 Graph of Bamboo micro reinforcing concrete Compound Group  
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Fig. 8 Rattan micro reinforcing concrete Compound Group Graph 

From the results of FTIR analysis we can see in Figure 6,7, and 8 Compound groups and 
peaks of the Chart. It shows the shape of the graph is almost the same but the transmittance 
value is different where non-micro reinforcing concrete has a higher transmittance value 
than micro reinforcement, bamboo and rattan. Then it can be seen that the absorption area 
is almost the same in the area of 3400 cm-1. For micro-compound groups of bamboo and 
rattan reinforcement has 3 peaks with the form O - H, C - H and CH2. When compared to 
compound groups in concrete without micro reinforcement, it only has 2 compound 
groups, namely, O – H and CH2 only. 

5. Conclusions 

Based on the results of data processing and discussion, the conclusions that can be drawn 
from the results of additional micro-research are strengthened on the strength of concrete. 
The optimal compressive strength of concrete with the addition of reinforced micro 
(Bamboo/Rattan) was obtained on concrete with a percentage of 1.5% with an optimum 
compressive strength of 23.31MPa, plastic 22.93MPa (addition of 1.5%), rattan 22.93MPa 
(addition of 2%), and Burlap (addition of 2%) 20,665MPa. It can be concluded from several 
variations of the addition of micro reinforcement obtained optimum compressive strength 
in concrete with micro reinforcement (Bamboo and Rattan), with a percentage of micro 
reinforcement addition of 1.5% to the weight of cement.  Infrared spectra can provide 
information about functional clusters in compounds. Figure 6, i.e. the fiber-free concrete 
sample, has absorption peaks at wave number 3467.97, i.e. alcohol-phenol (H-bond) and 
carboxylic acid, and several peaks in the fingerprint region below 1300 cm -1. Based on the 
nature of molecular vibrations, there are types of stretching vibrations and bending 
vibrations, the absorption range of stretching vibrations is in the range of wavenumbers 
(cm-1) > 2500, and bending vibrations (bending) are in the range of wavenumbers < 2500 
(cm-1) range. 1500 cm-1. The absorption region peaks at 2467.97 can be interpreted as an 
OH stretching group with an alcohol-phenol bond (H-bond) or as a carboxylic acid due to 
the broadening of the spectral shape. A CH2 bend appears in the peak at 1419.71 cm-1 and 
alkanes have spectra in this region. In Figure 8 (concrete + rattan) a peak C = O appears, 
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extending to a wavelength of 1638.33 cm-1. Presence of double bonds and/or aromatic 
rings. In Figure 7, the C=0 bond occurs in the range 1750 to 1625 cm-1 where the C=0 bond 
is a carbon group in which a functional group consisting of carbon atoms is double-bonded 
to an oxygen atom. The presence of peak C═O gives a specific indication of the presence of 
carboxylic acid in the peak at 3467.97 cm −1. Since the reactivity of oxygen is more 
electronegative than carbon, the electron density is attracted to carbon, increasing the 
polarity of the bond. Of the three septa, adding rattan and bamboo to concrete results in a 
C=O bond.  
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 The effect of nano-sized B4C particulates on the Zn85-Sn15 alloy has been 
investigated. Composites reinforced with B4C of (0%, 2%, 4% and 6%, by 
weight) are manufactured by two step stir casting. Microstructural studies 
carried out by SEM, EDS, and XRD and mechanical testing like tensile, hardness, 
and impact were performed on cast samples. The criteria for determining 
strength and fractography are met. EDS analysis confirms the homogeneous 
distribution of B4C particles in the Zn-Sn matrix seen in SEM micrographs.  XRD 
examination revealed the B4C phases in the Zn-Sn alloy matrix as well. When 
B4C reinforcement is added to the basic matrix alloy, it improves its hardness 
and tensile strength with slight decrease in the ductility and impact strength. 
Further, tensile and impact fractured surfaces were studied to know the 
different fracture mechanisms. 
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1. Introduction 

Materials are the starting point for determining human age and the ability to meet daily 
demands. For a long time, people have had access to and used materials. We can 
understand that human advancements are about human usage and utilization of 
materials for social beneficial capacities, research, and innovation if we focus on the 
historical environmental variables of human growth [1].  

As a novel material system, metal matrix composites (MMCs) have staked a claim in a 
wide variety of engineering fields. Domain-specific applications for these materials can be 
found in a variety of fields, such as transportation, aerospace, and medicine. Increased 
strength, increased stiffness, resistance to corrosion and wear, superior damping 
characteristics, a low coefficient of thermal expansion, etc. are just some of the properties 
that can be combined in metal matrix composites. 

It exemplifies humanity's ability to comprehend and alter nature. When a new process for 
creating material is developed, the benefit will also increase dramatically, and human 
culture will advance [2, 3]. As a result, materials have evolved into a picture of human 
progress and have progressed toward being achievements for separating periods of 
human history. B4C nanoparticles were supported to Zinc-compound composite using a 
liquid metallurgical course, in which the blending strategy was accomplished while 
pouring the particles to avoid agglomeration of particulates and to achieve a normal 
homogeneous dispersion of nano particulates in the molten [4, 5].  
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Copper, zinc, and aluminium alloys are some of the most frequently used materials for 
bearing applications. These days, copper-zinc alloys and copper-tin alloys are used in a 
wide variety of commercial industries in place of pure copper. A lot rides on the 
properties constituents for MMCs to be successfully produced, used, and have their 
desired properties. Much of the fundamental research in MMCs has focused on the 
structure and behavior of the interface region. Researchers have created composites of 
Al, Cu, Zn, and Mg by incorporating SiC, Al2O3, B4C, and graphite particles into the alloys in 
liquid, semisolid, and powder metallurgical forms (PM). 

There are benefits to using a stir casting method, but it is still difficult to create high-
quality particulate reinforced MMCs. The true challenges lie in achieving a strong bond 
between the Cu matrix combination and the reinforcement, limiting or avoiding the 
interfacial response between the framework compound and the fortification, and 
increasing the wettability of the fortification in the lattice material. It is common practice 
to add trace amounts of reactive metals like magnesium, titanium, and the like to copper 
melt in order to increase its wettability. In addition, wettability can be improved by 
employing metallic covered fortifications such as graphite, TiO2, Al2O3, and SiC.  

In addition, studies using B4C as reinforcement to synthesize zinc-tin alloy with B4C 
composites by liquid melt technique are extremely limited. The microstructure and 
mechanical properties of the prepared composites of Zn-Sn alloy with boron carbide are 
then analyzed. 

By adding particles in preheated cast iron die by two step method.   Prepared samples are 
machined according to ASTM principles to complete essential tests such as tensile, 
hardness, wear, and microstructure tests [6]. Because of its remarkable hardness, 
outstanding strength, high wear and impact strength, B4C is a more prominent support 
material [7, 8]. The aim of this work is focusing on a wide scope of utilizations in airplane, 
vehicle, auto and other designing applications further writing survey uncovers that many 
works have been done on the utilization of micro-particles as reinforcement to blend 
copper-micro composites by liquid metallurgy procedure [9, 10]. The expected micro-
particles molecule has thickness viable with that of aluminum and copper for all intents 
and purposes high hardness. Upgraded two phase mix stir cast successions is created for 
the composite. Delivered Zn-15Sn alloy with 500 nano size B4C reinforcement composites 
are then suspended to different analyses to concentrate on mechanical and wear conduct 
[11, 12]. 

2. Experimental Details  

Composites using a two-stage melt stir strategy with Zinc 85 percent-Tin15 percent wt. 
(Fig. 1a) were synthesized. Boron carbide particles with 2, 4 and 6 wt. % were used as the 
reinforcement in the Zn-Sn matrix alloy. For casting, an electric furnace with a power 
rating of 60 kW and a maximum temperature of 800˚C is used (Fig. 2a). A graphite 
crucible with the required weight percent of Zn-Sn composite network material in billet 
shapes was placed inside the heater and kept at a temperature of roughly 450°C. At this 
temperature, the entire Zn-Sn compound melted, allowing the base combination to 
dissolve and works out the needed wt. % of B4C powder [13, 14]. 

The nano B4C composites with Zn-Sn alloy matrix with 2% B4C are made using a liquid 
metallurgy method and a stir technique. Metal ingots of a specific amount of Zn-Sn alloy 
are loaded into an electric furnace and heated until they melt. As, zinc-tin alloys melt at 
around 419˚C, but here, the molten metal has already been superheated to 450˚C. Melting 
and superheating temperatures are recorded using thermocouples calibrated for the 
appropriate temperature range. Crucibles are filled with solid hexachloroethane (C2Cl6) 
for about three minutes to degas the superheated molten metal. Zirconium ceramic is 
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applied to a steel rotor mounted on a shaft stirrer to agitate the liquid metal. By rotating 
the stirrer at a speed of about 300 rpm, the molten metal is agitated to the point where a 
vortex is created. The stirrer is immersed in the molten metal, taking up about 60% of the 
depth in the crucible. In addition to stirring the molten metal, a small amount of nano B4C 
particulates, equal to about 2% by weight of charged zinc-tin alloy, must be heated to 
about 300°C in a separate heater before being slowly poured into the molten metal 
vortex. Wetability between the Zn-Sn alloy matrix and the B4C reinforcement particulates 
is brought to a point where interfacial shear strength can be established by continuing to 
stir the mixture for an extended period of time. The nano composites with a Zn-Sn and 2 
wt.% B4C composition are made by pouring a molten metal mixture containing a Zn-Sn 
alloy matrix and B4C composites into cast iron moulds of 125 mm length and 15 mm 
diameter dimensions. Further, Zn-Sn alloy with 4 and 6 wt. % of nano B4C reinforced 
composites were synthesized by similar process. Figure 2 (a-b) are showing the stir cast 
set up and die used to prepare composites. 

 

 

(a) (b) 

Fig. 1 (a) Zn-Sn matrix (b) Nano B4C particles                     

  

(a) (b) 

Fig. 2 (a) Stir cast set up (b) Cast iron die                     

For the purpose of determining whether or not reinforcing particles are distributed 
uniformly throughout the Zn-Sn alloy, the cast specimen is then subjected to a scanning 
electron microscopy (SEM) (TESCAN VEGA 3 LMU, Czech Republic) microstructural 
investigation. Both Zn-Sn alloy and Zn-Sn reinforced composites containing 2 to 6, wt.% 
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of B4C are imaged microscopically. The microstructure sample is 15mm in diameter and 
5mm in height.  

The specimen is machined in accordance with ASTM standard E10 [15] for hardness 
testing. A Brinell hardness tester (Krystal Industries, Ichalkaranji) is used to get an idea 
of the material's tensile strength, or how tough it is. The surface of the polished specimen 
is flawless. The depression is made using a ball indenter with a 5 mm diameter and 250 
kg of pressure. Three indentations are made into the surface of the specimen and the 
results are recorded and counted. 

The specimens are machined in accordance with ASTM standard E8 to investigate the 
tensile behavior of Zn-Sn alloy and Zn-Sn alloy with various percentages of B4C 
composites. Testing tensile strength, studying the behavior of ZN-Sn alloy reinforced 
composites under unidirectional tension, and evaluating the uniform distribution effect 
are all possible with the help of a computer-measured tensile machine by Instron. This 
specimen measures 104 mm in total length, 45 mm in gauge length, and 9 mm in gauge 
diameter. This tensile test is useful for assessing the mechanical properties of composites 
and as cast alloys. The schematic diagram of tensile test specimen is shown in Fig. 3. 

 

Fig. 3 Schematic diagram of tensile test specimen 

Impact test is conducted by using Charpy impact testing machine. The specimen used for 
the impact test is shown in the Fig. 4. The test is conducted on the Zn-Sn alloy and Zn-Sn 
alloy with 2, 4 and 6 wt. % of nano B4C reinforced composites as per ASTM E23 standard. 

 

Fig. 4 Schematic diagram of impact test specimen 

3. Results and Discussion 

 3.1. Microstructural Analysis 

The microstructure of synthesized composites using as-cast Zn-Sn matrix alloy (Fig.5a), 
Zn-Sn-2 wt. percent B4C (Fig.5b), Zn-Sn alloy with 4 wt. percent B4C (Fig.5c), and Zn-Sn 
alloy with 6 wt. percent B4C composites are characterized using SEM (Fig. 5d). 
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(a) (b) 

  

(c) (d) 

Fig. 5 SEM micrographs of (a) as-cast Zn-Sn matrix (b) Zn-Sn alloy matrix with 2 wt.% of 
B4C (c) Zn-Sn alloy matrix with 4 wt. % of B4C (d) Zn-Sn alloy matrix with 6 wt. % of B4C 

composites 

Fig. 5 (b-d) demonstrates the appropriation of B4C support particulates in various wt. % 
of B4C, and it can be seen that the particles were dissolved finely and uniformly with no 
formation clustering. Furthermore, due to its sophisticated two-stage support blending 
method, the predicted metal grid composites show remarkably low isolation [16]. 

Fig. 6(a) represents the EDS of the Zn-Sn matrix whereas Fig. (b-d) can demonstrate the 
presence of boron particles in the Zn-Sn compound lattice. By displaying B and C 
materials in EDS testing, this diagram further revealed that boron and carbide 
components may be found in the Zn –Sn alloy matrix. 

Fig. 7 shows an XRD examination of Zn-Sn alloy and Zn-Sn alloy with 6 wt. % B4C 
particles (Fig. 7b). XRD investigation confirms the presence of the Sn stage over the Zn 
network and boron carbide stage in the Zn- Sn matrix. 
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(a) 

 

(b) 

 

(c) 
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(d) 

Fig. 6 EDS spectrums of (a) as-cast Zn-Sn matrix (b) Zn-Sn alloy matrix with 2 wt.% of 
B4C (c) Zn-Sn alloy matrix with 4 wt. % of B4C (d) Zn-Sn alloy matrix with 6 wt. % of B4C 

composites 

 

(a) 

 

(b) 

Fig. 7 XRD patterns of (a) as-cast Zn-Sn matrix (b) Zn-Sn alloy matrix with 6 wt. % of B4C 
composites 
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3.2. Hardness Measurements 

Hardness benefits from a combination of Zn-2, and 6wt. % in the current research. Brinell 
hardness analyzer has found percent B4C composites. Fig. 8 shows the hardness of Zn-2, 
4& 6, wt% of B4C composite is higher than Zn basis matrix in terms of percentage [17]. 
With increasing of B4C particles, a significant increase in the composite matrix hardness 
can be detected. The presence of B4C particles in the framework Zn alloy is the main 
reason for this. The hardness of the composite material is improved whenever firm 
reinforcement is consolidated into a delicate base alloy. As can be seen in Figure.8, the 
Brinell hardness increases as the B4C particles are increased. The tougher particles are 
responsible for the increase in hardness [18]. 

Table 1. Hardness of Zn-Sn alloy and its nano B4C composites with standard deviation 

Material Composition Hardness (BHN) 

Zn-Sn Alloy 82.03  ± 1.50 

Zn-Sn – 2 wt. % B4C 88.53  ± 1.43 

Zn-Sn – 4 wt. % B4C 100.20  ± 1.15 

Zn-Sn – 6 wt. % B4C 115.02  ± 1.16 

± - SD (Standard Deviation) 

 

Fig. 8 Hardness of Zn-Sn alloy and its nano B4C composites 

3.3. Tensile Properties 

Fig.9 shows the ultimate strength (UTS) and yield strength (YS) for Zn alloy, and 2, 4 and 
6 wt. percent B4C composites. The proximity of hard B4C particles is credited with the 
improvement in ultimate and yield strength. 

Ultimate and yield strength of as-cast Zn alloy with 2, 4 & 6 wt. % B4C reinforcement, as 
illustrated in the Fig. 9. Boron carbide particles enhanced the yield Strength of the base 
matrix. Zn-Sn combination. In a fine Zn composite base network, ceramic particles are 
uniformly combined [19]. Many ceramics, such as boron ceramics, will resist external 
weight in contrast to delicate materials, and as a result, they will not twist plastically 
successfully, increasing their yield resistance rate. 

The tensile properties of these materials might be affected by the consistency of the 
particle dispersion. It has been demonstrated that these are currently quite 
homogeneous, so it is anticipated that they will not significantly affect the trends of the 
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current work. Clusters can cause localized damage that compromises a material's 
strength and ductility. In this sense, such aggregations may be viewed as pre-loading 
danger zones. It is important to note that clustering is often more prevalent in 
composites reinforced with small particulates, despite the fact that these composites 
appear to have greater strength and ductility than materials containing coarse particles. 
Any areas of clustering must be kept to a minimum if top performance is desired, and this 
is especially true for nanoparticle-reinforced composites. 

Table 2. Tensile properties of Zn-Sn alloy and its B4C composites with standard deviation 

Material Composition 
Ultimate Tensile 
Strength (MPa) 

Yield Strength (MPa) 

Zn-Sn Alloy   315.15  ± 1.54    248.37  ± 1.21 

Zn-Sn – 2 wt. % B4C      330.32  ± 1.12    266.86  ± 1.33 

Zn-Sn – 4 wt. % B4C      357.44  ± 1.39    295.09  ± 0.97 

Zn-Sn – 6 wt. % B4C      394.46  ± 0.56    326.03  ± 0.94 

 ± - SD (Standard Deviation) 

 

Fig. 9 Ultimate and yield strength of Zn-Sn alloy and its nano B4C composites 

 

Fig. 10 Elongation of Zn-Sn alloy and its nano B4C composites 
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Elongation of as-cast Zn composite with 2, 4 6 wt. % of B4C reinforcement is shown Fig. 
10. It was shown that as boron carbide particles increased in base matrix the % of 
elongation is reduced, as shown in Figure.11. Harder particles are consistently integrated 
into the Zn-Sn base alloy [20].  Due to two step stir action hard boron carbide particles 
are distributing uniformly throughout the base solution, hence substitution solid solution 
was achieved. As results, boron is influencing on delicate base alloy, then base alloy 
successfully opposes plastically, increasing yield strength rate and diminishes the 
machinability and % of elongation. 

Fig. 11 (a-d) are representing stress-strain graphs of as cast Zn-Sn alloy, Zn-Sn alloy with 
2, 4 and 6 wt. % of nano B4C reinforced composites. Boron carbide reinforced Zn-Sn alloy 
composites exhibited superior load carrying capacity as compared to the as cast Zn-Sn 
alloy. The ultimate tensile stress of as cast Zn-Sn alloy is 311115 MPa, as weight 
percentage of B4C particles content increased in the Zn-Sn alloy, the tensile strength 
incraesed. Zn-Sn alloy with 2, 4 and 6 weight % of boron carbide reinforced composites 
exhibits 330.32 MPa,  357.44 MPa and 394.46 MPa respectively with reduced strain. The 
increase in load carrying capacity with addition of B4C is mainly due to the load bearing 
capacity of hard carbide particles during tensile laoding onditions. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 11 Stress-strain graphs of (a) as-cast Zn-Sn matrix (b) Zn-Sn alloy matrix with 2 
wt.% of B4C (c) Zn-Sn alloy matrix with 4 wt. % of B4C (d) Zn-Sn alloy matrix with 6 wt. 

% of B4C composites 

3.4. Tensile Fractography 

Fig. 12 shows the tensile fractured surfaces of as-cast Zn alloy and Zn-Sn alloy with 6 wt. 
percent of B4C composites (a-b). The goal of the tensile fracture surfaces research is to 
see how boron carbide particles alter Zn alloy fracture behavior [21]. The particles were 
equally distributed throughout the matrix alloy in the current investigation, boosting 
microhardness, ultimate, and yield strength while lowering ductility. Interfaced cohesion 
between the Zn –Sn alloy matrix and B4C particles, reinforcement fracture, and matrix 
failure are all causes of failure in particle-reinforced metal composites [22]. 

The as-cast Zn alloy's tensile cracked surface in Fig. 12 (a) shows larger and more 
uniform dimples, indicating malleable fracture. On the cracked surfaces of Zn alloy 
reinforced with 6 wt .% of B4C particles (Fig.12b), the size dimples are less than on the 
as-cast Zn matrix. On the fracture surfaces of composites, electron microscopy revealed 
particle decohesion with the matrix and reinforcement [23]. The particle fracture is less 
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ductile in the majority of cases, and the surface is smooth and crisp, showing that the 
particle is broken rather than decreased, implying that high interface strength dominates 
these composites. 

  

(a) (b) 

Fig. 12 Tensile fractured surfaces SEM images of (a) as-cast Zn-Sn matrix (b) Zn-Sn alloy 
matrix with 6 wt. % of B4C composites 

3.5. Impact Strength and Fractography 

The impact strength of Zn alloy reinforced metal composites containing 2 to 6 wt.% B4C 
particles is shown in Fig 13. The impact strength of Zn alloy as-cast is 3.5 J, but the impact 
strength of Zn-Sn alloy with 2, 4 and 6 wt.% of B4C composites are 3.0, 2.49 and 2.0 J 
respectively with the addition of ceramic particles. Because of the hard particle and 
matrix contact, composites absorb less energy than as-cast Zn matrix. The creation of a 
hard interface between the matrix and reinforcement is influenced by load transfer, 
which is critical for improving composite brittleness [24]. 

 

Fig. 13 Impact strength of Zn-Sn alloy and its nano B4C composites 

Impact cracked surfaces of as-cast Zn alloy, Zn-2 wt. per cent, and Zn-6 wt. percent, SEM 
micrographs Figure 10 depicts B4C reinforced composites. The Zn-Sn alloy matrix has 
larger dimples with voids, as shown in Fig. 14 (a), while the matrix alloy tends to have 
smaller dimples and voids after introducing B4C particles, as shown in Fig. 14 (b). The 
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soft matrix was turned into a brittle substance by the inclusion of ceramic particles. The 
impact strength of the newly developed composites is reduced due to strong interfacial 
bonding between the Zn matrix and B4C- particles. The impact strength of the newly 
generated composites is lowered due to strong interfacial bonding between the Zn matrix 
and B4C- particles. Brittle materials absorb fewer loads than soft or ductile materials; 
however, the impact strength of the newly developed composites is reduced. The fracture 
surfaces of particles reinforced composites containing 2 and 6 weight per cent particles 
indicate a sharp brittle fracture mode [25]. 

  

(a) (b) 

Fig. 14 Impact fractured surfaces SEM images of (a) as-cast Zn-Sn matrix (b) Zn-Sn alloy 
matrix with 6 wt. % of B4C composites 

4. Conclusions 

A stir casting process was used to make Zn-Sn alloy with 2, 4 and 6 wt. % of B4C 
composites. The prepared composites were studied for microstructural characterization 
by using SEM, EDS and XRD. Scanning electron micrographs were shown the dispersion 
of boron carbide particles in the Zn-Sn alloy matrix. Further, boron carbide particles in 
the Zn-Sn alloy matrix were confirmed by the EDS spectrums containing the Boron and 
Carbon elements, XRD patterns recognized by the Zn, Sn and B4C phases in the prepared 
matrix. With the incorporation of nano sized boron carbide particles various mechanical 
properties like, hardness, ultimate and yield strengths were improved. The percentage 
improvement in the hardness of Zn-Sn alloy with 6 wt. % of boron carbide particles is 
40%. As weight percentage of boron carbide particles were increased to 2 to 6 wt. % in 
the Zn-Sn alloy, ultimate and yield strengths were improved. Ultimate tensile strength of 
as-cast Zn-Sn alloy was 315.15 MPa, with 6 wt. % of nano boron carbide particles it was 
found 394.46 MPa. Addition of hard ceramic particles decreased ductility of Zn-Sn alloy, 
the lowest ductility was observed in the case of Zn-Sn alloy with 6 wt. % of B4C particles. 
Stress-strain patterns of Zn-Sn alloy with boron carbide particles reinforced composites 
exhibited superior load carrying capacity as compared to the as-cast Zn-Sn alloy. Tensile 
fractured surfaces of as-cast Zn-Sn alloy indicated the ductile mode of fracture, whereas 
composites shown brittle fracture. Hard particles addition affected on the impact energy 
of Zn-Sn alloy, impact strength of Zn-Sn alloy decreased as weight percentage of boron 
carbide particles increased from 2 to 6 weight percentage in the Zn-Sn alloy. Further, 
different fracture mechanisms were observed in the case of as-cast Zn-Sn alloy and its 
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boron carbide reinforced composites. Hence, these Zn-Sn alloys with nano born carbide 
particles composites can be used for future load bearing applications. 
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 Reinforced Concrete (RC) building stocks with plan and/or vertical irregularities 
are built routinely world-wide, despite being vulnerable to seismic forces. 
Irregular RC buildings with asymmetry, mass and stiffness irregularities have 
been well researched, however, seismic behaviour of RC building with re-entrant 
corner type plan irregularity is given relatively less attention. In the present 
study, a total of 104 re-entrant corner dominant plan irregular RC building 
models (C-, L-, T- and PLUS-shaped) are developed along with one regular 
rectangular building. Plan Irregularity Descriptors (PIDs) are summarized with 
their limit of regularity and are evaluated for building models. Building models 

have uni-directional and bi-directional re-entrant corner of 𝐴/𝐿 ratio ranging 
between 0.1 to 0.8 in the X-direction and between 0.2 to 0.8 in the Y-direction. 
Seismic response quantities; peak displacement, peak storey drift, normalized 
base shear and normalized overturning moments are evaluated using the 
equivalent static method and response spectrum method specified by the Indian 
seismic code. It has been found that building models yield amplified peak 
displacement responses in the direction perpendicular to that of applied seismic 
forces. Other seismic response parameters for all re-entrant RC building models 

fall well within code based permissible limits. 𝐴/𝐿 ratio limit specified by the 
Indian seismic code is found to be conservative. Out of various building models 
considered, C-shaped building models perform well under seismic forces, while 

PLUS-, L- and T-shaped RC building models with 𝐴/𝐿 ratio ≥  0.4, in both 

directions, overshoot torsional irregularity descriptor, 
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
. 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Buildings with simple and regular configurations offer good seismic behaviour due to 
uniform lateral stiffness and strength distribution. However, building with irregular 
configurations becomes inevitable for various reasons like natural ventilation & 
illumination, limited availability of land, rapid urbanization and aesthetics [1,2]. Irregular 
buildings are broadly classified as plan and vertical irregulars, suffering substantial 
damage under seismic excitation has been a cause of concern for the research fraternity 
and is an active area of research for the past few decades [3]. Real buildings are mostly 
irregular due to either unsymmetric distribution of mass, stiffness, strength or a 
combination thereof or the presence of plan and/or vertical irregular configuration. 
Irregular buildings are prone to structural damage due to torsion, diaphragm deformation 
and stress concentration under seismic forces. Since the early 1970s, experimental and 
analytical research studies, have been conducted to understand the impact of irregularities 
on the seismic response of the building. Studies have revealed that strength and stiffness 

mailto:sharad.purohit@nirmauni.ac.in
http://dx.doi.org/10.17515/resm2022.629me1230


Suthar and Purohit / Research on Engineering Structures & Materials 9(3) (2023) 901-920 

 

902 

eccentricities modify building behaviour, leading to unsatisfactory seismic performance. 
Owing to complexities in modelling and the involvement of a large number of parameters, 
research efforts to understand the seismic behaviour of irregular buildings have been 
limited. Therefore, seismic design codes, worldwide, have limited guidelines with detailed 
discussion missing on irregularities. Prescribed limits of various types of irregularities in 
seismic design codes are by and large conservative and exceedance of limit is not 
permitted, else they recommend altering the structural configuration and/ or architectural 
planning. The design of irregular buildings becomes more complicated than regular 
buildings due to the presence of torsional response under earthquake excitation. And has 
been given attention in the past several decades. It is still an open area of research due to, 
varied provisions across seismic design codes. Seismic design codes have introduced 
provisions of accidental eccentricity as an additional loading condition primarily for 
irregular buildings. 

Initial investigations on torsional response were through simplified single-storey rigid 
deck structures with two or three Degrees of Freedom (DoFs) supported on vertical        
shear-type elements. A comprehensive review paper by Anagnostopoulos et al. [4] has a 
detailed discussion on the torsional response of buildings from early 1938 to the time of 
its publication that provides a well-laid foundation. Goel and Chopra [5] studied the elastic 
and inelastic seismic response of plan asymmetric one-storey systems to show that the 
seismic response of an inelastic system is affected less by plan asymmetry compared to an 
elastic system. Single storey model designed by different seismic code criteria was 
investigated considering the nonlinear behaviour, random stiffness & strength of the 
structural elements and uncertain location of the Centre of Mass (CM) on the performance 
of a symmetric building using, deterministic and probabilistic approaches [6]. Elastic 
analysis of a single-storey building under a set of seismic excitations showed that the 
lateral-torsional response of the building is sensitive to both structural and ground motion 
characteristics [7]. Stathopoulos and Anagnostopoulos [8] examined shear beam type and 
plastic hinge type single-storey models for a set of seismic excitations to find that ductility 
demands of the stiff side increase while no effect on the flexible side of the shear beam type 
models. Peter and Iztok [9] have performed a parametric study of a single-storey 
asymmetric building to determine inelastic seismic response under bi-directional 
earthquake ground motions. Preliminary results based on a limited number of test models 
revealed that maximum response quantities can be obtained by performing uni-directional 
analyses and results can be combined by the Square Root of the Sum of Square rule though 
more investigations are needed. Influence of bi-directional seismic excitations on inelastic 
behaviour of in-plane irregular one-storey models with one symmetry axis showed that 
orthogonal elements always remain elastic while parallel elements undergo inelastic 
deformation under uniaxial analysis leading to a minor change in inelastic response of the 
models [10].  

3D idealized buildings representing more realistic characteristics of the building as 
compared to the single-storey models were investigated for torsional effects under seismic 
excitations. Pinho et al. [11] have applied four Nonlinear Static procedures (NSPs); 
Capacity Spectrum Method (CSM), N2, Modal Pushover Analysis (MPA), Adaptive Capacity 
Spectrum Method (ACSM) on 3D SPEAR building tested in full scale under pseudo-dynamic 
conditions under bi-directional seismic loadings. It has been found that all NSPs yield 
satisfactory results while ACSM showed better capacity in capturing response under 
involved intensity. Bhasker and Menon [12] studied various torsional irregularity indices 
for capturing torsional effects under various intensity levels of seismic excitations using 
Multiple Strip Analysis (MSA). It has been shown that no scalar index of irregularity 

correlates well with seismic demand at all intensities, however, 
∆𝑚𝑎𝑥

∆𝑚𝑖𝑛
⁄  index is the 

most effective for low-intensity levels. Very limited research is conducted to understand 
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the difference between rigid and flexible floor analysis of 3D building models. Ju and Lin 
[13] studied L- and U-shaped FE-based 3D building models using Response Spectrum 
Method (RSM) with rigid and flexible floors and found that building models with shear 
walls are more sensitive to flexible floor analysis. Fang and Leon [14] studied the torsional 
behaviour of braced frames of a 3D steel structure with rigid and semi-rigid floor and 
showed that the ultimate strength of the structure is higher with a rigid diaphragm than a 
semi-rigid diaphragm. Research on plan irregular buildings with re-entrant corners is in 
its initial phase. Khanal and Chaulagain [1] have studied plan irregular L-shaped buildings 
with re-entrant corners under varying angles of the input response spectrum. It has been 
found that a 135-degree angle yields a significant increase in seismic response demand. 

Several reconnaissance studies performed during various earthquakes; Japan (1978), 
Athens (1999), Bhuj (2001), Bam (2003), Nepal (2015) and Imphal (2016) have reported 
damages to buildings due to symmetry and predominantly irregularity [1,3,7]. One of the 
worth studies conducted at the National Autonomous University of Mexico (UNAM) in 
Mexico City for the 1985 Mexico earthquake, reveals that out of 331 surveyed severely 
damaged and collapsed buildings, about 8 % were soft-story structures, 42 % were corner 
buildings, 15 % had story stiffness eccentricities and 40 % had experienced middle and top 
storey collapse [2]. It has been realized from the literature review that most of the research 
efforts have been made to understand the seismic behaviour of asymmetric structures and 
relatively fewer efforts towards other types of irregular buildings, especially, buildings 
with plan irregularity [3]. Fig. 1 shows the research contributions, up to the paper 
published, in different domains of irregular structures. It is realized that seismic behaviour 
of plan irregular buildings with re-entrant corners of geometrical shape C-, L-, T-, PLUS-, 
etc. are less researched and thus, identified as a research gap. 

The present paper aims to study the seismic behaviour of re-entrant dominant plan 
irregular ten-storey RC frame buildings of geometrical shapes, i.e., C-, L-, T- and PLUS-. PIDs 
defined by seismic design codes of various countries are studied, summarized and 
computed to establish that RC buildings possess dominant uncoupled re-entrant corner 
type plan irregularity. Total 32 nos. of 3D building models are developed with 𝐴/𝐿 ratio 
ranges between 0.1 to 0.8 in X- direction and 0.2 in Y-direction for each geometrical shape. 

 

Fig. 1 Research on asymmetric/ irregular structures [3] 

Seismic response parameters; peak displacement, peak storey drift, normalized base shear 
and normalized overturning moment are evaluated. Total of 72 nos. of 3D re-entrant 
dominant RC building models with an 𝐴/𝐿 ratio, which varies between 0.4 to 0.8 in the              
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Y-direction are developed to study the seismic behaviour of these models with                            
bi-directional re-entrant corners. The study is extended to include the effect of rigid and 
flexible (semi-rigid) diaphragms on the seismic behaviour of plan irregular re-entrant 
dominant RC building models. 

2. Plan Irregularity Descriptors (PIDs) 

Seismic design codes worldwide define irregularity, both plan and vertical, for buildings 
with limits on regularity. Physical parameters like; projection ratio, static eccentricity, 
torsional radius, mass-radius of gyration, floor displacement, fundamental period of 
torsional mode, area of cut-outs, out-of-plane offsets, etc. with specific limits have been 
used by the seismic design code to quantify types, and degree of irregularity exists in the 
building. Stringent recommendations on irregularities are imposed to ensure the good 
seismic performance of a building. Table 1 summarizes various PIDs along with their 
definition and limits of regularity prescribed by the seismic design code of representative 
countries of seismically active regions. RC buildings are routinely encountered with 
torsional irregularity type of plan irregularity mostly due to plan asymmetry and/or 
stiffness asymmetry of the lateral load-resisting structural system. Thus, most PID 
definitions are associated with torsional irregularity while the other four types of 
irregularity have a single PID definition as shown in Table 1. Thus, it is evident that plan 
irregularities other than torsional irregularity are relatively less researched.   

Table 1. Plan Irregularity Descriptors; their definition and limits of regularity for buildings 

Types of 
Irregularity 

Plan Irregularity Descriptor (PID) with description and limit of 
Regularity (Seismic Design Code of the Country) 

Re-entrant 

Corner 

𝐴

𝐿
  ratio where, 𝐴= projection length and 𝐿= Plan dimension  

> 0.15 (India [15], Bangladesh [16], Pakistan [17], Philippines [18], Nepal 

[19], Korea [20], EL Salvador [21]); > 0.2 (Peru [22], Turkey [23]); > 0.25 

(Algeria [24], Iran [25]); >0.3 (China [26]) 

Torsional 

Irregularity 

Normalized static eccentricity ratio, 
𝑒𝑘𝑥

𝐿
  or 

𝑒𝑘𝑦

𝐵
 

𝑒𝑘𝑥 = 𝑥𝑟 − 𝑥𝑚; 𝑒𝑘𝑦 = 𝑦𝑟 − 𝑦𝑚 where, 𝑒𝑘 = Static eccentricity; 𝑥𝑚 & 𝑦𝑚= 

Distance of centre of mass in      X- and Y-direction, respectively; 𝑥𝑟  & 𝑦𝑟= 

Distance of centre of rigidity in X- and Y-direction, respectively; 𝐿 & B = 

Plan dimension in X- and Y-direction, respectively 

≥ 0.1 (EL Salvador, Mexico [27]); ≥ 0.15 (Portugal [12], Algeria);                       

≥ 0.2 (Egypt [12], Iran [12]) 

(i) Static eccentricity (𝑒𝑘) to torsional radius (𝑟𝑘)  ratio,
𝑒𝑘𝑥

𝑟𝑘𝑥
 or 

𝑒𝑘𝑦

𝑟𝑘𝑦
 

where, 𝑟𝑘𝑥=√
∑(𝑘𝑥𝑖(𝑦𝑖−𝑦𝑟)2)+∑(𝑘𝑦𝑖(𝑥𝑖−𝑥𝑟)2)

∑ 𝑘𝑦𝑖
; 𝑟𝑘𝑦=√

∑(𝑘𝑥𝑖(𝑦𝑖−𝑦𝑟)2)+∑(𝑘𝑦𝑖(𝑥𝑖−𝑥𝑟)2)

∑ 𝑘𝑥𝑖
 

where, 𝑟𝑚= Mass radius of gyration; 𝑘𝑥𝑖  & 𝑘𝑦𝑖  = stiffness of an element in 

X- and Y-direction, respectively and 𝑥𝑖  & 𝑦𝑖   = distance of an element with 

respect to reference axis in X- and Y -direction, respectively 

≥ 0.15  (Japan [12]); > 0.3 (Europe [28]) 

(ii) Torsional radius (𝑟𝑘) to Mass radius of gyration (𝑟𝑚) ratio,  

𝑟𝑘𝑥

𝑟𝑚
 or 

𝑟𝑘𝑦

𝑟𝑚
 , where, 𝑟𝑚=√

∑ 𝑚𝑖𝑑𝑖
2

∑(𝑚𝑖)
   

where, 𝑚𝑖= lumped mass and 𝑑𝑖= redial distance from CM 

≤ 0.8 (Italy [12]); < 1 (Europe); 
𝑟𝑘𝑥,𝐶𝑀

𝑟𝑚
 𝑜𝑟

𝑟𝑘𝑦,𝐶𝑀

𝑟𝑚
≤ 1 (Greece [12]) 
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(iii) Maximum to the minimum or average floor displacement,  
∆𝑚𝑎𝑥

∆𝑚𝑖𝑛
 or 

∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
  

where, ∆𝑚𝑎𝑥 , ∆𝑚𝑖𝑛and ∆𝑎𝑣𝑔= Maximum, minimum and average floor 

displacement, respectively 
∆𝑚𝑎𝑥

∆𝑚𝑖𝑛
⁄ : > 1.5 (India, Nepal);  

 ∆𝑚𝑎𝑥
∆𝑎𝑣𝑔

⁄ : ≥ 1.2 (Bangladesh, China, India, 

Iran [12], Pakistan, Philippines, Taiwan [12], Turkey, USA [12]);   

≥ 1.3(Peru);  ∆𝑚𝑎𝑥
∆𝑎𝑣𝑔

⁄ ≥ 1.4(New Zealand [29], Bangladesh-extreme);      

 ≥ 1.7 (Canada [30]);  ∆2 − ∆1≥ 0.002H (Chile [31], ∆2 − ∆1=max relative 
displacement between two consecutive floors and H=storey height); 

(
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
)

𝑑𝑟𝑖𝑓𝑡

 > 1.2 (EL Salvador, Korea) 

(iv) The ratio of fundamental torsional to translational modes time 

period, 
𝑇𝜃

𝑇𝑥 
  and 

𝑇𝜃

𝑇𝑦 
 , where, 𝑇𝑥  and 𝑇𝑦= Fundamental time period of 

translational mode in X- and Y-direction, respectively and 𝑇𝜃= 

Fundamental time period of torsional mode 

> 1 (India) 

Floor Slabs 

having 

excessive Cut-
outs or 

Openings 

Opening located anywhere in the slab 

> 0.1 opening edge (India); >0.15 (Algeria); >0.3 (China) ;>1/3 (Turkey);      

 > 0.5 (Bangladesh, EL Salvador, India, Iran, Korea, Nepal, Pakistan, Peru, 

Philippines) 

Out-of-plane 

offsets in 

Vertical 

Elements 

Structural walls or frames are moved out of a plane in any storey along the 

height of the building 

India, Bangladesh, Canada, EL Salvador, Korea, Pakistan, Philippines, Nepal 

(i) In addition to (i), 

(a) For any single column j, the tangent of the offset angle, 
𝑎𝑗

𝑏𝑗
> 0.4 

(b) Average of the absolute values of the tangent of the offset angle, 

∑ |
𝑎𝑗

𝑏𝑗
|

𝑁𝑐

𝑁𝑐
> 0.1 where, 𝑎𝑗  = the horizontal offset at column j 

𝑏𝑗  = the vertical distance between the base of the upper column and the top 

of the lower column j 

𝑁𝑐 = number of columns at the level under consideration 

New Zealand 

Non-parallel 
Lateral Force 

System 

Vertical structural systems resisting lateral forces are not oriented along 

the two principal orthogonal axes in the plan 

India, Bangladesh, Canada, EL Salvador, Korea, Pakistan, Philippines 

3. Re-entrant Dominant Irregular Building Models   

A regular ten-storey RC building of plan dimension 50 m ×   50 m with a square module of   
5 m ×  5 m each, placed symmetrically in both directions is considered as a basic plan 
configuration. Irregular RC buildings of various C-, L-, T- and PLUS-shaped geometrical 
shapes are derived by removing nos. of square modules appropriately from the basic plan 
configuration of a square regular building.  Fig. 2 shows regular RC buildings along with   
C-, L-, T- and PLUS-shaped irregular RC buildings derived from regular RC building to have 
re-entrant corners.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2 Regular and plan irregular RC building models with 𝐴/𝐿 ratio 0.4 in the                     
X-direction and 0.2 in the Y-direction, (a) Regular; (b) C-shaped; (c) L-shaped & (e) 

PLUS-shaped with 𝐴/𝐿 ratio 0.4 in the X direction and 0.2 in the Y-direction and          
(d) T-shaped with 𝐴/𝐿 ratio 0.2 in the X-direction and 0.4 in the Y-direction 

Two categories of re-entrant dominant plan irregular RC building models developed are, 
(i) uni-directional re-entrant models having 𝐴/𝐿 ratio ranges between 0.1 to 0.8 in                        
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X-direction with 𝐴/𝐿 ratio of 0.2 in Y-direction for C-, L- and PLUS-shaped RC building 
models. In T-shaped RC building models- 𝐴/𝐿 ratio of X-direction is 0.2 and in Y-direction 
it ranges between 0.1 to 0.8; (ii) bi-directional re-entrant models having 𝐴/𝐿 ratio ranges 
between 0.1 to 0.8 in X-direction with 𝐴/𝐿 ratio ranges between 0.2 to 0.8 in Y-direction for 
C-, L- and PLUS-shaped RC building models. In T-shaped RC building models 𝐴/𝐿 ratio 
varies from 0.1 to 0.8 in Y- direction with 𝐴/𝐿 ratio ranges between 0.2 to 0.4 in X-direction. 
RC building stocks with relatively high 𝐴/𝐿 ratio, both, uni-directional and bi-directional 
are practiced due to one or other reasons as discussed earlier. 

Building models are analyzed and designed by, the Limit State Method (LSM) following 
Indian design code IS 456:2000 [32] for, gravity and lateral loading. IS 875 (Part-1, 2) 
[33,34], and IS 1893 (Part-1) codes are used for defining gravity and seismic loading 
definition, respectively. 

Table 2. Geometric and design inputs for regular and irregular RC buildings 

Geometric Details of RC Building  

Structural system Moment Resisting Frame (MRF) 

Shape of the building C, L, T and PLUS 

Centre-to-centre distance 

between frames in each direction 

5 m 

Typical floor height 3 m 

Slab thickness 150 mm 

Beam size 300 mm ×  450 mm 

Column sizes 

600 mm ×  600 mm (Typical floor nos. 1 to 3) 

500 mm ×  500 mm (Typical floor nos. 4 to 6) 

400 mm ×  400 mm (Typical floor nos. 7 to 10) 

Diaphragm type Semi-rigid, Rigid 

Design Inputs of RC Building  

Gravity Loading Definition  

Impose load (Live load) 
3 kN/m2 for a Typical floor 

1.5 kN/m2 for Roof floor 

Floor finish 1 kN/m2 

Seismic Loading Definition 

Seismic zone factor 0.36 (∵ seismic zone-v) 

Importance factor 1.2 

Response reduction factor 5 (∵ SMRF) 

Soil type Medium stiff 

Damping 5 % of critical damping 

Time period estimation Code-based formula; Programme calculated 

Seismic Analysis Method 

Equivalent Static Method (ESM) --- 

Response Spectrum Method (RSM) 

Nos. of participating modes Up to mass participation ≥ 90% 

Participating modes [{∅𝑖𝑘}𝑥  {∅𝑖𝑘}𝑦  {∅𝑖𝑘}𝜃] at the floor 𝑖 in mode 𝑘 

Where, 𝑥, 𝑦 = Translational degrees of freedom 

                   𝜃 = Rotational degree of freedom 

Material Definition 

Concrete 𝑓𝑐𝑘  = 25 MPa for 𝑀25 grade 

Steel 𝑓𝑦  = 415 MPa for HYSD 
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The highest seismic zone is considered to have maximum seismic demand on plan irregular 
building models. The floor of the regular RC building models is modelled as rigid 
diaphragm while plan irregular building model have flexible floor diaphragms following 
recommendations by the seismic design codes for seismic analysis of irregular buildings. 
Table 2 summarizes geometrical and design inputs for the analysis and design of various 
structural elements of the RC building models.  

Computational 3D models of regular and irregular RC buildings are created using 

commercial ETABS software (𝑉18) by CSI corporation, USA [35]. Masonry walls are not 

modelled in the 3D model as; (i) non-uniform distribution of walls may lead to accidental 

eccentricities which increase seismic demand and (ii) Stiffness contribution of masonry 

wall is generally not considered in practice as walls are treated as nonstructural element. 

The study aims to investigate the seismic behaviour of re-entrant dominant RC buildings. 

RC building models are analyzed by ESM and RSM as per Indian seismic design code. Both 

seismic analysis methods are required to be performed for each RC building models as per 

Indian seismic design code as base shear and seismic response parameters are required to 

be scaled up by a scaling factor,  (
𝑉𝐵̅̅ ̅̅

𝑉𝐵
) where 𝑉𝐵

̅̅ ̅ is the base shear by ESM and 𝑉𝐵   is the base 

shear by RSM when base shear and seismic response parameters obtained by RSM are 

lesser than those from ESM.   

PIDs for re-entrant dominant RC building models are determined and are compared with 
those of regular RC building model. Table 3 summarizes PIDs for all RC building models 
conducted for the study and are limited to re-entrant corner and torsional irregularity 
types of plan irregularity only since other types of plan irregularity are absent in the RC 

building models. It is evident from Table 3 that all irregular RC building models are                        
re-entrant dominant only since PIDs associated with torsional irregularity are well within 
prescribed limits of regularity defined by various seismic codes. 

Table 3. Plan Irregularity Descriptors for regular and re-entrant dominant plan irregular 
RC buildings 

Building 
Models 

Plan Irregularity Descriptors (PIDs) 

(
𝐴

𝐿
) (

𝑒𝑘

𝐵
) (

𝑒

𝑟𝑘𝑐𝑠
) (

𝑟𝑘𝑐𝑠

𝑟𝑚
) (

𝑟𝑘𝑐𝑚

𝑟𝑚
) 

𝑇𝜃

𝑇𝑋

 
𝑇𝜃

𝑇𝑌

 
 

X Y X Y X Y - - - - X Y 

Regular 0 0 0 0 0 0 1.062 1.062 0.930 0.930 1.064 1.064 

C1* (0.1,0.2) # 0.1 0.2 0.004 0.004 0.009 0 1.033 1.033 0.935 0.931 1.064 1.065 

C2 (0.2,0.2) 0.2 0.2 0.007 0.007 0.015 0 1.040 1.040 0.938 0.931 1.065 1.066 

C3 (0.3,0.2) 0.3 0.2 0.009 0.009 0.020 0 1.034 1.034 0.942 0.931 1.064 1.067 

C4 (0.4,0.2) 0.4 0.2 0.011 0.011 0.024 0 1.035 1.035 0.948 0.932 1.064 1.068 

C5 (0.5,0.2) 0.5 0.2 0.011 0.011 0.025 0 1.038 1.038 0.953 0.933 1.063 1.069 

C6 (0.6,0.2) 0.6 0.2 0.011 0.011 0.024 0 1.021 1.021 0.957 0.933 1.063 1.071 

C7 (0.7,0.2) 0.7 0.2 0.009 0.009 0.020 0 1.010 1.010 0.962 0.932 1.062 1.062 

C8 (0.8,0.2) 0.8 0.2 0.007 0.007 0.014 0 1.017 1.017 0.964 0.930 1.061 1.076 

L1 (0.1,0.2) 0.1 0.2 0.001 0.000 0.001 0.001 1.063 1.063 0.930 0.929 1.065 1.065 

L2 (0.2,0.2) 0.2 0.2 0.001 0.001 0.002 0.002 1.023 1.023 0.931 0.930 1.066 1.066 

L3 (0.3,0.2) 0.3 0.2 0.001 0.002 0.003 0.004 1.064 1.064 0.931 0.930 1.068 1.068 

(
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔

) 
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L4 (0.4,0.2) 0.4 0.2 0.001 0.002 0.002 0.005 1.064 1.064 0.931 0.931 1.069 1.071 

L5 (0.5,0.2) 0.5 0.2 0.001 0.003 0.001 0.007 1.064 1.064 0.932 0.932 1.069 1.073 

L6 (0.6,0.2) 0.6 0.2 0.000 0.004 0.000 0.009 1.064 1.065 0.932 0.932 1.072 1.077 

L7 (0.7,0.2) 0.7 0.2 -0.001 0.005 -0.003 0.011 1.066 1.066 0.931 0.930 1.076 1.082 

L8 (0.8,0.2) 0.8 0.2 -0.003 0.006 -0.007 0.013 1.069 1.069 0.929 0.928 1.08 1.088 

T1 (0.2,0.1) 0.2 0.1 0 -0.001 0 -0.003 1.065 1.065 0.929 0.929 1.066 1.066 

T2 (0.2,0.2) 0.2 0.2 0 -0.002 0 -0.005 1.066 1.066 0.930 0.930 1.069 1.069 

T3 (0.2,0.3) 0.2 0.3 0 -0.003 0 -0.007 1.067 1.067 0.930 0.930 1.074 1.071 

T4 (0.2,0.4) 0.2 0.4 0 -0.003 0 -0.007 1.066 1.067 0.932 0.932 1.083 1.073 

T5 (0.2,0.5) 0.2 0.5 0 -0.002 0 -0.006 1.066 1.066 0.934 0.934 1.092 1.074 

T6 (0.2,0.6) 0.2 0.6 0 -0.001 0 -0.002 1.032 1.032 0.934 0.935 1.103 1.074 

T7 (0.2,0.7) 0.2 0.7 0 0.001 0 0.003 1.026 1.026 0.933 0.934 1.116 1.075 

T8 (0.2,0.8) 0.2 0.8 0 0.005 0 0.012 1.021 1.021 0.927 0.930 1.133 1.077 

PLUS1(0.1,0.2) 0.1 0.2 0.000 0.000 0.000 0.001 1.066 1.066 0.929 0.929 1.069 1.068 

PLUS2(0.2,0.2) 0.2 0.2 0.001 0.001 0.001 0.001 1.064 1.064 0.928 0.928 1.071 1.071 

PLUS3(0.3,0.2) 0.3 0.2 0.001 0.001 0.002 0.002 1.068 1.068 0.929 0.929 1.073 1.075 

PLUS4(0.4,0.2) 0.4 0.2 0.001 0.001 0.002 0.003 1.068 1.068 0.930 0.930 1.074 1.079 

PLUS5(0.5,0.2) 0.5 0.2 0.000 0.002 0.000 0.004 1.068 1.068 0.930 0.930 1.075 1.084 

PLUS6(0.6,0.2) 0.6 0.2 -0.001 0.002 -0.003 0.005 1.069 1.069 0.930 0.931 1.076 1.091 

PLUS7(0.7,0.2) 0.7 0.2 -0.003 0.003 -0.007 0.007 1.071 1.071 0.929 0.929 1.077 1.100 

PLUS8(0.8,0.2) 0.8 0.2 -0.006 0.004 -0.014 0.009 1.076 1.076 0.924 0.926 1.079 1.113 

*Re-entrant RC building Model No., # (𝐴/𝐿 ratio in X-direction, 𝐴/𝐿 ratio in Y-direction) 

4. Results and Discussion   

The seismic behaviour of RC building models with C-, L-, T- and PLUS- type geometrical 
shapes are presented in four parts; (i) unidirectional re-entrant RC building models;            
(ii) bi-directional re-entrant RC building models; (iii) Stress concentration in re-entrant RC 
building models and (iv) Diaphragm modelling of re-entrant RC building models. A three-
dimensional seismic analysis of each RC building models is performed by considering both, 
rigid and flexible diaphragm using ETABS. Seismic response parameters; peak 
displacement, peak storey drift, normalized base shear                                                                                              

(
𝑉𝐵

∑ 𝑊
)-ratio of base shear to seismic weight of the building and Normalized Overturning 

Moment (
𝑀0

∑ 𝑤𝑖ℎ𝑖
) - ratio of overturing moment with product of weight and height of the 

building are evaluated. PIDs evaluated for each RC building models are re-evaluated to 
ascertain coupling of torsional irregularity with re-entrant corner type irregularity, 
especially for higher unidirectional and bi-directional 𝐴/𝐿 ratio. Shear stress distribution 
in the diaphragm of RC building models is studied with greater emphasis on RC building 
models with re-entrant corners. The effect of diaphragm modelling on the seismic 
behaviour of re-entrant dominant RC building models are investigated. 

4.1. Uni-directional Re-entrant RC Building Models 

Effect of increasing 𝐴/𝐿 ratio in a uni-directional direction is studied first with a constant 
𝐴/𝐿 ratio of 0.2 in orthogonal direction. 28 out of 32 plan irregular RC building models are 
re-entrant dominant only since they exceed limit of regularity; 𝐴/𝐿 ratio of 0.15 as per the 
Indian Seismic code in X-direction. 𝐴/𝐿 ratio of 0.2 in Y-direction is considered to 
understand the immediate impact of re-entrant corner PID exceedance in Y-direction on 
seismic behaviour. Peak displacement of RC building models in X- and Y-directions due to 
seismic force are plotted in Fig. 3(a) and Fig. 3(b). It is evident that peak displacement 
response of plan irregular RC building models increases w.r.t. to regular RC building model 
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except C-shaped re-entrant corner RC models. This is because C-shaped RC building 
models are symmetric about the horizontal axis with MR frames resisting lateral loads. 

Most of the other types of re-entrant dominant RC building models show marginal increase 
of ~6 % in peak displacement response. T-shape building models; T5(0.2, 0.5); T6(0.2, 0.6);       

T7(0.2, 0.7) and T8(0.2,0.8) show an increase in peak displacement of 6.11 %; 8.02 %; 10.5 % and 

13.98 %, respectively. It has been observed that peak displacement in Y-direction due to 
applied seismic force increases marginally ~5.44 % for all re-entrant corner RC building 
models, except PLUS type RC building models. PLUS-shaped RC building models; 
PLUS6(0.6,0.2), PLUS7(0.7,0.2) and PLUS8(0.8,0.2) response increase by 6.01 %, 7.9 % and 10.55 %, 
respectively vis-a-vis regular RC building models. C-, L- and PLUS-shaped building models 
with 𝐴/𝐿 ratio > 0.15 yield maximum increase of 4.75 %, 25 % and 35.04 %, respectively in          
Y-direction peak displacement due to X-direction seismic force. 

However, this response shows maximum increase of 173 % for T-shape building models. X-
direction peak displacement response due to seismic force in Y-direction of C-, L- and 
PLUS-shaped building models vary between 8.37 % − 48.91 %, 9.79 % − 98.15 % and 18.06 % −

161.21 %, respectively. However, this response varies between 16.75 % − 34.69 % for T-
shaped building models. Fig. 3(c) and Fig. 3(d) show peak displacement response of re-
entrant dominant RC building models in orthogonal directions to the applied seismic force, 
i.e., peak displacement in X-direction due to seismic force applied in Y-direction and vice-
versa. Peak displacement of re-entrant dominant RC building models is found to be 
amplified for models with 𝐴/𝐿 ratio > 0.15. This is due to coupling between re-entrant type 
plan irregularity with a torsional response. Re-entrant dominant RC building models of C-
, L- and T-shaped show almost identical peak displacement response for 𝐴/𝐿 ratio of 0.1. 
However, PLUS- shape re-entrant dominant RC building models yield ~10 % increase in 
peak displacement response in orthogonal directions to applied seismic loads in both X- 
and Y-direction. Therefore, seismic code limit of 𝐴/𝐿 ratio < 0.15 seems to be underrated 
and such type of plan irregular RC building should be avoided. It has been observed that 
re-entrant corner results in to torsional displacement and thus beyond certain value of 𝐴/𝐿 
ratio re-entrant plan irregularity converted to torsional irregularity.  

Peak storey drift ratio of all building models is evaluated as shown in Table. 4. It has been 
observed that almost all building models have peak storey drift value well within 
permissible limit of 0.004 times height of the storey i.e., 0.012(1.2 % drift ratio). Maximum 
peak storey drift value obtained for T8(0.2,0.8) building model is 0.0063 (0.63 % drift 
ratio) only.  

Fig. 4(a) and Fig. 4(b) shows normalized base shear and normalized overturning moment 
for all building models in the direction of applied seismic forces, i.e., X- and Y-direction. 
These response quantities in orthogonal directions of the applied seismic force direction 
are plotted in Fig. 4(c) and Fig. 4(d). It is evident from these figures that normalized base 
shear in the direction and orthogonal direction of applied seismic forces have similar trend 
and so as for normalized overturning moment. This is due to the fact that seismic response 
quantities are governed by ESM over RSM and these quantities are scaled up by the ratio 
of quantities by ESM to RSM as per Indian seismic design code. Therefore, a general term 
“seismic forces” is used to indicate seismic forces obtained by seismic analysis using ESM 
and RSM leading to identical values owing to scaling up of the value obtained by later. 
Detailed analysis of building models reveals that re-entrant corner with increasing 𝐴/𝐿 
ratio leads to torsional response as these models had non-exceeding PIDs related to 
torsional irregularities as tabulated in Table 1. 
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Fig. 3 Peak displacement response of regular and re-entrant dominant plan irregular RC building 
models, (a) Response in X-direction for seismic force RSM-X; (b) Response in Y-direction for 

seismic force RSM-Y; (c) Response in Y-direction for seismic force RSM-X and (d) Response in X-
direction for seismic force RSM-Y 

Table 4. Peak storey drift ratio of regular and re-entrant dominant plan irregular RC 
building models 

 
 Peak Storey Drift 

Regular C1         C2        C3  C4  C5  C6  C7  C8  

X-dir. 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0017 

Y-dir. 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0019 0.0019 0.0019 

Y         X dir.+ 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 

 X        Y dir.+ 0.0002 0.0002 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003 0.0003 
  L1           L2        L3  L4  L5  L6  L7  L8  

X-dir. 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0019 0.0019 

Y-dir. 0.0018 0.0018 0.0018 0.0018 0.0018 0.0019 0.0019 0.0019 0.0019 

Y        X dir. 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0003 0.0003 

 X        Y dir. 0.0002 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003 0.0004 0.0004 
  T1           T2        T3  T4  T5  T6  T7  T8  

X-dir. 0.0018 0.0018 0.0018 0.0019 0.0019 0.0019 0.0019 0.0020 0.0021 

Y-dir. 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 0.0018 

Y        X dir. 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003 0.0004 0.0005 0.0006 

 X        Y dir. 0.0002 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003 0.0003 0.0003 
  PLUS1           PLUS 2        PLUS 3  PLUS 4  PLUS 5  PLUS 6  PLUS 7  PLUS 8  

X-dir. 0.0018 0.0018 0.0018 0.0018 0.0018 0.0019 0.0019 0.0019 0.0019 

Y-dir. 0.0018 0.0018 0.0018 0.0019 0.0019 0.0019 0.0019 0.0019 0.0020 

Y        X dir. 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 

 X        Y dir. 0.0002 0.0002 0.0002 0.0003 0.0003 0.0003 0.0004 0.0005 0.0005 
+-Displacement response in Y-direction due to earthquake force applied in X-direction or vice-versa. 
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Fig. 4 (a) Normalized base shear response in X-direction for seismic force RSM-X;        
(b) Normalized base shear response in Y-direction for seismic force RSM-Y;                         

(c) Normalized overturning moment response in X-direction for seismic force RSM-X 
and (d) Normalized overturning moment response in Y-direction for seismic force 

RSM-Y of regular and re-entrant dominant plan irregular RC building models 

L-shaped building models; L6(0.6,0.2) to L8(0.8,0.2) as well as PLUS-shaped building models; 

PLUS5(0.5,0.2) to PLUS8(0.8,0.2) exceed torsional irregularity limit of 1.2 for PID; 
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
, at all 

floor levels for X-direction displacement response to Y-direction seismic force. Indian 

seismic code and most seismic codes world-wide have specified 
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 limits under the 

direction of seismic force, but limit of 
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 for orthogonal directions to the applied seismic 

direction is not specified. However, such as bi-directional torsional seismic response is 

typical of a re-entrant irregularity, and thus 
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 limit should be specified for maximum 

torsional response irrespective of seismic force direction. 

4.2. Bi-directional Re-entrant RC Building Models 

In this section, results of seismic response studies conducted for RC building models 
having bi-directional re-entrant corners are reported. New building models are developed 
with 𝐴/𝐿 ratio in Y-direction ranges between 0.4 to 0.8 with an increment of 0.2 while 𝐴/𝐿 
ratio in X-direction is between 0.1 to 0.8 as earlier building models. Building models with  
𝐴/𝐿 ratio of 0.8 in Y-direction for C-shaped and ratio beyond 0.6 for T-shaped building 
models in the X-direction are non-realizable due to geometrical dimensions. As evident 
from discussion in Section 4.1 that peak displacement of orthogonal directions to applied 
seismic force direction shows amplification, therefore, results related to this response are 
reported in Table 5.  
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Table 5. Peak displacement response of re-entrant RC building models in orthogonal 
directions to the direction of seismic force 

Direction of 
Response 

Seismic 
Force 

 

(
𝐴

𝐿
)

𝑦
 

(
𝐴

𝐿
)

𝑥
 

Regular 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

  C-shaped RC Building Model 

Y        X dir. 0.2 4.65 4.79 4.88 4.92 4.93 4.91 4.87 4.85 4.87 

X        Y dir. 0.2 4.65 4.85 5.04 5.25 5.49 5.78 6.11 6.49 6.93 

Y        X dir. 0.4 4.65 4.92 5.09 5.18 5.18 5.12 5.02 4.92 4.92 

X        Y dir. 0.4 4.65 4.97 5.26 5.61 6.04 6.57 7.25 8.06 9.05 

Y        X dir. 0.6 4.65 5.08 5.38 5.57 5.63 5.56 5.42 5.29 5.35 

X        Y dir. 0.6 4.65 5.09 5.49 5.96 6.55 7.29 8.27 9.51 11.05 

 L-shaped RC Building Model 

Y        X dir. 0.2 4.65 4.93 5.11 5.31 5.48 5.61 5.71 5.77 5.82 

X        Y dir. 0.2 4.65 4.93 5.11 5.45 5.90 6.46 7.18 8.09 9.22 

Y        X dir. 0.4 4.65 5.23 5.90 6.51 7.03 7.43 7.70 7.82 7.79 

X        Y dir. 0.4 4.65 5.03 5.45 6.39 7.03 8.23 9.97 12.3 15.67 

Y        X dir. 0.6 4.65 5.81 7.18 8.60 9.97 11.17 12.09 12.53 12.34 

X        Y dir. 0.6 4.65 5.12 5.71 6.53 7.70 9.44 12.09 16.13 22.54 

Y        X dir. 0.8 4.65 6.64 9.22 12.27 15.67 19.23 22.60 24.98 26.23 

X        Y dir. 0.8 4.65 5.19 5.82 6.64 7.78 9.51 12.35 17.23 26.23 

  PLUS-shaped RC Building Model 

Y        X dir. 0.2 4.65 5.15 5.49 5.78 6.00 6.15 6.23 6.26 6.28 

X        Y dir. 0.2 4.65 5.10 5.49 6.01 6.68 7.56 8.70 10.20 12.16 

Y        X dir. 0.4 4.65 5.83 6.73 7.48 8.17 8.68 8.96 8.95 8.69 

X        Y dir. 0.4 4.65 5.35 6.04 6.89 8.17 10.02 12.72 16.67 22.49 

Y        X dir. 0.6 4.65 6.90 8.71 10.69 12.72 14.56 15.70 16.34 14.96 

X        Y dir. 0.6 4.65 5.47 6.23 7.32 8.96 11.59 15.70 23.18 35.84 

Y        X dir. 0.8 4.65 8.56 12.16 16.7 22.4 29.09 35.84 40.23 41.07 

X        Y dir. 0.8 4.65 5.54 6.28 7.28 8.69 10.95 14.96 23.01 41.07 

  T-shaped RC Building Model 

 (
𝐴

𝐿
)

𝑥
 (

𝐴

𝐿
)

𝑦
 

Y        X dir. 0.2 4.65 4.93 5.26 5.80 6.52 7.49 8.78 10.49 12.73 

X        Y dir. 0.2 4.65 5.06 5.43 5.74 5.97 6.12 6.21 6.25 6.27 

Y        X dir. 0.4 4.65 5.12 5.77 6.66 7.94 10.0 13.09 17.66 24.46 

X        Y dir. 0.4 4.65 5.43 6.24 7.04 7.76 8.21 8.55 8.75 8.55 

It has been observed that peak displacement response substantially increases (≥ 137% ) for 
𝐴/𝐿 ≥ 0.6  for C-, L- and PLUS-shaped building models and thus, re-entrant corner of such 
𝐴/𝐿 ratio should not be permitted. T-shaped building model shows amplification of the 
order (> 173 %) in peak displacement response for both 𝐴/𝐿 0.2 and 0.4 and therefore 𝐴/𝐿 
limit of 0.15 by seismic design codes are not in agreement for such building models. Seismic 
analysis suggests that only C- and L-shaped building models yield reasonable peak 
displacement response for 𝐴/𝐿 ratio ≤  0.4. PLUS-shaped building model with 𝐴/𝐿 0.4 also 
yields reasonable peak displacement response. Detailed investigation reveals that building 
models with 𝐴/𝐿 ≥ 0.6 result into flexible projected frames also called cantilever tails and 
thus peak displacement response increases substantially due to deformation of such 
cantilever tails. 
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Buildings with such flexible cantilever tail(‘s) result in exceeding the,  
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 PID limit of 1.2 

while other torsional irregularity PIDs were verified to fall within the limit.  Fig. 5 shows 

building models with 𝐴/𝐿 ratio in X- and Y-direction with,  
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 PID values. Dark line 

indicates that building models within have the PID value < 1.2, permissible value by seismic 

design codes. PID,   
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
  is obtained for peak displacement of building model in orthogonal 

directions to the applied seismic force as tabulated in Table 5. Re-entrant corner type plan 
irregularity defined by 𝐴/𝐿 ratio with permissible limit of regularity as 0.15 by Indian 
seismic design code is marked in Fig. 5 with dash-dot line. It is evident from Fig. 5 that, 
permissible limit of regularity is quite conservative since many building models don’t 

exceed  
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 PID for 𝐴/𝐿 ratio up to 0.4 in Y-direction for C-, L- & PLUS-shaped and                           

X-direction for T-shaped and for 𝐴/𝐿 ratio in X-direction up to 0.6, 0.3 & 0.2 for C-, L- & PLUS-
shaped, respectively and in Y-direction up to 0.4 in T-shaped building models. Few building 
models with 𝐴/𝐿 ratio of 0.2 in Y-direction for C-, L- & PLUS-shaped and X-direction for          

T-shaped show  
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 PID within limit for 𝐴/𝐿 ratio in X-direction up to 0.8, 0.5 & 0.4 for C-, L- 

& PLUS-shaped and in Y-direction up to 0.6 for T-shaped building models.  

 

Fig. 5 Torsional response type PID, (
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
) for bi-directional re-entrant irregular RC 

building models 

Based on this analysis, it can be recommended that the limit of regularity of 𝐴/𝐿 ratio for 
re-entrant corner type plan irregularity may be increased to 0.4 from present value of 0.15, 
as indicated by dash line in Fig. 5. Note that, school, business centre, hotel, hospital and 
hostel buildings typically have C-, L- and T-shaped geometry and are widely practiced 
world-wide. It can be realized from Fig. 5 that PLUS-shaped building models with                 

𝐴/𝐿 ≥ 0.6 shows   
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 PID exceeded even for 𝐴/𝐿 ratio ≤ 0.1  in X-direction. Therefore, it is 

not recommended to practice PLUS-shaped buildings owing to their torsional behavior 
with low level of re-entrant corners. Amongst various geometrical shapes of building 
models considered in the present study, C-shaped building models show better seismic 
response followed by T-shaped and L-shaped building models.  

Plan irregular buildings with re-entrant corners are expected to undergo complicated 
deformed shapes during modal analysis [3,13]. The present study has observed such 
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behaviour of building models when 𝐴/𝐿 ratio become ≥ 0.4 in, both, X- and Y- directions due 
to cantilever tail(‘s) (i.e., flexible projected frames). However, complicated deformed shape 
of these building models is associated with higher modes which have very low time period 
(very high frequencies). Therefore, mass participation of such complicated deformed 
shape is very low (~ ≤ 1%). The mass participation for re-entrant dominant building 
models is driven by vibration associated with high time period (low frequency) associated 
to fundamental translational and rotational modes.  

C8(0.8,0.6) C7(0.7,0.6) L8(0.8,0.6) L7 (0.7,0.8) 

T8(0.4,0.8) T7(0.4,0.7) PLUS7(0.7,0.6) PLUS6(0.6,0.8) 

Fig. 6 Representative complicated deformed mode shapes of re-entrant RC building 
models 

Modal analysis of building models reveal that re-entrant corner dominant building models 
have time period of translational mode in principal directions higher than time period of 
rotational mode. Though, with an increase in 𝐴/𝐿 ratio ≥ (0.7, 0.8) for L-shaped, (0.4, 0.8) for 
T-shaped and (0.8, 0.6) & (0.6, 0.8) for PLUS-shaped in X- and Y-directions, mass participation 
by transitional mode decreases while it increases from rotational modes leading to 
translational-rotational combined modes of vibration.  

Table 6 shows summary of the complicated deformed shapes of building models with their 
time period and mass participation ratio. It can be seen that with increasing 𝐴/𝐿 ratio, 
corresponding time period associated with the complicated deformed shape increases due 
to the flexibility of the cantilever tail(‘s) and reduced seismic weight of the building model. 
Few representatives, complicated deformed mode shapes are shown in Fig. 6 for C-, L, T- 
and PLUS-shaped building models 

Table 6. Summary of time period and mass participation factor of complicated deformed 
shape of re-entrant RC building models  

RC Building Model Mode Shapes with A/L Ratio-Time period and Mass Participation Factor  

C-shaped 

Mode-4: (0.8, 0.2)- 0.61 sec, ~0 %, (0.8, 0.4)-0.65 sec, ~0 %, (0.8, 0.6)-0.668 sec, 
~0 % 

Mode-6: (0.7, 0.6)- 0.465 sec, ~0 % 

Mode-7: (0.6, 0.2)- 0.284 sec, ~0 %, (0.7, 0.2)- 0.398 sec, ~0 %, (0.6, 0.4)-           
0.308 sec, ~0 %, (0.7, 0.4)- 0.428 sec, ~0 %, (0.6, 0.6)- 0.234 sec, ~0 % 

Mode-10: (0.4, 0.6)- 0.189 sec, ~0 %, (0.5, 0.6)- 0.258 sec, ~0 % 

Mode-12: (0.4, 0.6)- 0.189 sec, ~0 % 

L-shaped 

Mode-7: (0.7, 0.8)- 0.296 sec, < 1 %, (0.8, 0.8)- 0.365 sec, < 1 % 

Mode-10: (0.7, 0.6)- 0.192 sec, ~0 %, (0.8, 0.6)- 0.246 sec, ~0 %, (0.5, 0.8)-0.2 sec, 
~0 %, (0.6, 0.8)- 0.247 sec, ~0 % 
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T-shaped 
Mode-10: (0.6, 0.4)- 0.204 sec, < 1 %, (0.7, 0.4)-0.232 sec, < 1 %, (0.8, 0.4)-       
0.25 sec, ~0 % 

PLUS-shaped 

Mode-4: (0.8, 0.8)- 0.561 sec, ~0 % 
Mode-7: (0.8, 0.6)- 0.36 sec, < 1 %, (0.5, 0.8)- 0.281 sec, < 1 %, (0.6 0.8)- 0.36 
sec, < 1 %, (0.7, 0.8)- 0.44 sec, < 1 % 
Mode-10: (0.8, 0.4)- 0.205 sec, ~0 %, (0.7, 0.6)- 0.231 sec, ~0 % 
Mode-12: (0.6, 0.6)- 0.28 sec, ~0 % 

    4.3. Stress Concentration in Re-entrant RC Building Models 

Re-entrant corner dominant building models are likely to have stress concentration at 
corner(‘s) due to torsional response resulting from combined translational-torsional 
modes of vibration. All building models are modelled with semi-rigid diaphragm following 
seismic design code stipulations related to irregular building. Such modelling approach 
enables seismic analysis to capture in-plane forces developed in the diaphragm due to 
inertia force of the building. Fig. 7 shows the in-plane stress distribution produce in the 
diaphragm of C-, L-, T- and PLUS-shaped building models for 𝐴/𝐿 ratio of 0.8 in X-direction 
and 0.4 in Y-direction. Von-mises shear stresses are evaluated for each building model 
which reveal that corners are subjected to higher shear stress. Additionally, it can be seen 
that, peripheral portion of diaphragms also suffered from shear stress concentration due 
to the flexibility of cantilevered tail(‘s). Most building models yield low values of shear 

stress at re-entrant corner (‘s) due to relatively lower value of (
𝑒𝑥

𝐵
) ratio resulting to low 

additional shear force by the twisting moment. As discussed earlier, complicated deformed 
mode shapes of the building models do not contribute significantly due to low mass 
participation and thus, produces negligible shear stresses in the diaphragm. Shear stress 
concentration at re-entrant corners may become significant, if complicated deformed 
mode shape contribution increases significantly due to the asymmetric mass and stiffness 
distribution for the building model. 

C8 (0.8,0.4) L8(0.8,0.4) 

T8 (0.4,0.8) PLUS8(0.8,0.4) 

Fig. 7 In-plane stress distribution C-, L-, T- and PLUS-shaped building models 

4.4. Diaphragm Modelling of Re-entrant RC Building Models 

Diaphragms is an important element of the RC buildings since it transfer lateral load to 

vertical load resisting system. In-plane stiffness of the diaphragm relative to the stiffness 

of the lateral load resisting system defines rigidity or flexibility. Indian seismic design code 

recommends use of flexible diaphragm to perform seismic analysis of RC building with       

re-entrant corner as per latest version. All building models in the present study are 
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developed using both, semi-rigid (flexible) and rigid diaphragm modelling approach to 

understand effectiveness of their lateral load distribution capabilities to vertical load 

resisting system using ETABS. It has been found that re-entrant dominant building models 

with semi-rigid (flexible) diaphragm yield exactly identical seismic behaviour with that of 

the rigid diaphragm since semi-rigid diaphragm also have relatively higher in-plane 

stiffness. Though, deformation of semi-rigid diaphragm is different than rigid diaphragm 

where later has rigid translation only. The said observations are of good agreement with 

result reported by other literature [14] related to semi-rigid diaphragm.  

 
(a) 

 
(b) 

Fig. 8 Displacement profile in semi-rigid diaphragm  
(a) seismic force in X-direction and (b) seismic force in Y-direction 

Difference between shear force results obtained for all building models with rigid and 

semi-rigid diaphragm are found to be ≤ 5 % only. A representative, C-shaped building 

model with 𝐴/𝐿 ratio 0.8 in X-direction and 0.2 in Y-direction is shown in Fig. 8 for seismic 

force in X- and Y-directions. Peak displacement of building models with semi-rigid 

diaphragm are found to be higher vis-à-vis building model with a rigid diaphragm. In semi-

rigid diaphragm, floors are capable of transferring internal forces which is not possible in 

case of rigid diaphragm. 

5. Conclusions 

Irregular RC buildings have suffered damages during past earthquakes and are vulnerable. 

Irregularities are classified as plan and vertical irregularity by seismic design codes      

world-wide. Present paper aims to investigate the seismic behaviour of plan dominant 

with re-entrant corners irregular RC buildings of C-, L-, T- and PLUS-shaped. Total 104 

building models comprising of C- (24 nos.), L- (32 nos.), T-(16 nos.) and PLUS- (32 nos.) 

shaped with 𝐴/𝐿 ratio ranges between 0.1 to 0.8 in X-direction and of 0.2, 0.4, 0.6 and 0.8 in Y-

direction for C-, L- and PLUS- shapes and 𝐴/𝐿 ratio of 0.2 and 0.4 in X-direction and of 0.1 to 

0.8 in Y-direction for T-shaped models are developed along with a regular RC building 

model. Plan Irregularity Descriptors (PIDs) are defined and computed to ensure developed 

building models are re-entrant dominant. Seismic response parameters; peak 

displacement, peak storey drift, normalized based shear and normalize overturning 

moment are determined using Equivalent Static Method and Response Spectrum Method 

recommended by Indian Seismic design code for all building models. Combined 

translational-torsional modes of vibration resulting to stress concentration at re-entrant 

corner and other places of the building models are studied. Recommendation by seismic 
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design code for 3D analysis of irregular building with flexible diaphragm is investigated by 

modelling building models with both, rigid and flexible diaphragm approach. 

The major observations of the present study are summarized as follows. 

Building models show a marginal increase of  ~6% in peak displacement due to seismic 
forces, except for T- and PLUS-shaped building models with 𝐴/𝐿 ratio ≥ 0.6 in the                            
X-direction and 0.2 in Y-direction. 
• Building models with an 𝐴/𝐿 ratio of 0.2 to 0.8 in the X-direction and  0.2 in the                       

Y-direction yield moderate to substantial increase (34.68 % to 173.31 %) in peak 
displacement of orthogonal directions to the direction of seismic force applied. 

• Peak storey drift response of all building models falls well within permissible limit of 
0.4% of storey height by Indian seismic code. 

• Normalized base shear and normalized overturning moment of building models are 
found to be at par with the regular building model.  

• L- and PLUS-shaped building models with 𝐴/𝐿 ratio  ≥ 0.5 in the X-direction exhibit 

torsion type PID, 
∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 exceeding the permissible limit of 1.2. Thus, such building 

models shall be modified in terms of geometric dimensions. 
• Complicated deformed mode shapes are observed for increasing 𝐴/𝐿 ratio, however, 

these modes have insignificant mass participation due to low time period. 
• Limit of re-entrant corner PID, 𝐴/𝐿 ratio of 0.15 defined by Indian seismic design code 

is found to be conservative. 𝐴/𝐿 ratio limit of 0.4 is recommended from the present 
study since beyond this limit PID, ∆𝑚𝑎𝑥

∆𝑎𝑣𝑔
 exceeding permissible limit of 1.2. 

• C-shaped building models perform well under seismic force for large range of 𝐴/𝐿 in 
X- and Y- direction. 

• Shear stress values at the re-entrant corner of building models are found to be 
relatively low. Stress concentration is observed at the periphery of semi-rigid 
diaphragm for few building models. 

• Building models with semi-rigid (flexible) diaphragm yield similar (difference ≤ 5%) 
lateral load force distribution in the lateral-load resisting system as that of building 
models with rigid diaphragm. However, peak displacement response of building 
models with semi-rigid (flexible) diaphragm is different and higher vis-à-vis rigid 
diaphragm building models. 
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 An explosion within or near a building can cause terrible damage to the 
building. Ultra-high performance fibre reinforced concrete (UHPFRC) increases 
the strength and ductility of designing the structural elements with reduced 
sections. UHPFRC has a better load-carrying capacity, tensile strength (TS), and 
enhanced energy absorption capacity than the normal strength concrete (NSC) 
and high-performance concrete (HPC). This study focuses on understanding the 
behaviour of UHPFRC and HPC structural elements when subjected to the blast 
loading. Stress-strain behaviour, total deformation versus time response, and 
other ductility associated characteristics of UHPFRC based structural elements 
under blast loading of different charge weights were investigated. The design 
was carried out according to unified facilities criteria (UFC: 3-340-02). The total 
deformation of the beam was verified and compared with computed ANSYS 
R18.1 generated result. A significant reduction in total deformation was 
observed in UHPFRC compared to HPC and NSC structural elements. Flexural 
member designed to withstand a blast of 1.315 kN was found to resist a blast 
load of 5 kN within elastic range and up to 15 kN in the plastic field due to the 
inclusion of UHPFRC. The use of UHPFRC made the structural elements to 
reduced section dimensions thereby, decreasing the dead load, which is always 
advantageous in earthquake-resistant structures. UHPFRC can benefit blast-
resistant facilities under high strain rates because of its extremely higher force 
capacity for the same size and reinforcement. 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Structures under blast loading demonstrate improved strength than those subjected to 
static loading. The rapid strain rates in explosive-laden elements recognize the 
enhancement in force for composites and rebars [1]. The ultimate dynamic capacity is 
higher than its maximum static capacity. NSC and rebars are higher when subjected to high 
strain rates. HPC and UHPFRC illustrate higher compressive strength (CS), increased 
tensile resistance, toughness, and significant energy absorption capacity compared to NSC. 
UHPFRC and HPC are thus very economical to reduce the size of structural elements and 
develop resistance against blast loading [2]. 

Considerable significance has been given to blast loading effects on structures because of 
accidental or intentional activities due to terrorism. Therefore, it is imperative to protect 
civil infra-structures against blast shocks, accidental/deliberate actions worldwide target 
essential infrastructure facilities. There is a need to design the structures, especially of 
strategic importance, to withstand the effect of blast loads. Because of the nonlinear 
behaviour of material, dynamic response of the structure under blast loading is quite 
intricate and challenging to analyze. The progressive collapse of the structure is minimized 
by designing and constructing structural elements as blast-resistant. HPC has been found 
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to impart more strength, durability, and serviceability on this front to obtain reduced 
section dimensions of the features. An extensive literature review study reveals that 
HPC has a better ability to load carrying capacity, TS, and significant energy absorption 
capacity than NSC. This study concentrates on enhancing the understanding of behaviour 
of UHPFRC and HPC structural elements under blast loading. 

2. HPC and UHPFRC 

The term high performance infers an improved arrangement of structural properties like 
durability, stiffness, strength, energy absorption capacity, multiple cracking, etc., 
considering the overall cost of the material and the products manufactured. HPC is defined 
as concrete with superior performance and uniformity that can be accomplished using 
special mixing, placing, and curing techniques. The structure involves high early strength, 
long-term mechanical properties, durability and toughness, longer life under poor 
environmental conditions, flowability, and self-leveling capacity. It also has a high modulus 
of elasticity, low permeability, placement, and compaction without segregation and 
resistance to chemical attack [3]. HPC is manufactured with high-quality material 
ingredients and a proper mix design. It has a low water-binder ratio and excellent 
performance characteristics that satisfy the requirements to withstand high tensile and 
flexural stresses subjected to high-intensity blast loads. UHPFRC is another novel material 
class with exceptionally high strength and durability. It is high in strength and flexibility 
and is prepared by mixing cement, fine silica sand, silica fume, quartz floor, plasticizer, 
high-strength steel fibres (SF), and water [4]. 

UHPFRC, a new class of material, which was developed to overcome the comparatively 
brittle behaviour of HPC. Larrard FD et al. [5] presented the term UHPFRC, which required 
hot curing at 90o C or higher and vacuum pressure before and during the setting. Although 
these special procedures are advantageous to mechanical properties, they result in high-
energy consumption and low production efficiency [6]. Therefore, researchers have 
conducted a good selection of materials to influence the mechanical and microstructural 
properties and durability of UHPFRC to facilitate its production and application.  The 
typical static stress-strain behaviour of UHPFRC in compression is illustrated in Fig. 1. 

 

Fig. 1 Compressive stress-strain curve of UHPFRC [7] 

The behaviour of UHPFRC is characterized by very high CS, more than 150 MPa, elastic 
modulus, TS of 4-5 % of CS, and a significantly higher post-peak ductility. Generally, the 
influence of SF on enhancing CS and elastic modulus is very low [8]. UHPFRC is expensive 
compared to NSC and requires hot curing, and the mix must be designed appropriately to 
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suit unique structures. The TS of UHPFRC varies from 8 to 15 MPa [9], as illustrated in Fig. 
2. The tensile behaviour of UHPFRC is characterized by linear-elastic stress level 
corresponding to TS, strain hardening behaviour corresponding to non-continuous micro-
cracks in the cementitious paste ended by single crack localization. After that, the 
resistance drops, and strain-softening behaviour is exhibited until complete failure. SFs 
strongly affect the stress-strain curve's behaviour and post-cracking non-linear 
descending portion. 

 

Fig. 2 Tensile behaviour of UHPFRC [7] 

Structural performance assessment against blast loading is an urgent issue that needs to 
be addressed due to increased terrorist activities and unintentional explosions. Computer 
modeling involving numerical analysis is considered valuable for modeling such structures 
when subjected to blast loading. Therefore, the current study is intended to investigate the 
response of NSC, HPC, and UHPFRC structural elements using UFC 3-340-02 to explore 
HPC and UHPFRC structural elements using standard software ANSYS R18.1 for other blast 
loading conditions. 

3. Explosion and Blast 

The blast effect of an explosion is in the form of shock waves comprising of a high intensity 
shock wave front that develops outward from the surface of explosive into the adjacent air. 
As the wave propagates, it decays in strength, lengthens in duration, and decreases in 
velocity. This phenomenon is created by spherical deviation and chemical reactions, but 
for some after-burning related with the hot explosion products mixing with the nearby 
surrounding. As the wave develops in the air, the front impinges on constructions within 
its path, and shock pressures engulf the whole system. The magnitude and dispersal of the 
blast loads arising from these pressures are a function of the factors like explosive 
characteristics (lower or higher order detonation) and explosive weight, the location of the 
explosion, and magnitude of the reinforcement. The blast loading on the structures can be 
classed into two categories on the basis of confinement of the systems, confined explosion, 
and unconfined explosion [10]. 

3.1 Pressure and Time Profile of Blast Load 

The blast pressure vs. time profile is illustrated in Fig. 3. At an arrival time tA due to 
explosion, the pressure increases suddenly to a peak overpressure, Pso, on ambient 
pressure (Po). Then, pressure decreases to the ambient level at a time to decrease again to 
an under-pressure Pso- until ambient conditions are attained. The term Pso is denoted as 
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peak overpressure, incident peak overpressure, or peak overpressure. The incident peak 
overpressure Pso is augmented by a reflection factor as the shock wave comes across the 
structure in its path. The reflection factors, which are affected by shock wave intensity and 
normal incidence in the case of explosives, can raise incident pressures by an order of 
magnitude. Two main phases are observed during the pressure-time profile.  The portion 
above ambient is called +ve phase of duration, denoted by to, and the leg below ambient is-
ve phase of time, to‾. The –ve phase is always has a longer but lower intensity than the +ve 
duration. When standoff distance (SD) increases, positive-phase blast wave duration also 
increases, leading to a longer-duration shock pulse of lower amplitude. Blast charges close 
to a target inflict an impulsive and high-intensity pressure load, whereas blast charges at 
some distance yield a low intensity- longer-duration uniform pressure of lower intensity 
over the structure. Finally, in this process, the whole target is bounded by the shock wave, 
with diffraction and reflection effects forming shadow and focused zones around the 
structure. The deteriorated structure can be subjected to fragments, which may cause 
further destruction during the –ve phase. The ambient pressure increases and 
subsequently decreases forming a triangular overpressure. Brode [11] obtained peak 
overpressure expressions in close-in-contact conditions. 

 

Fig. 3 Pressure vs. time profile [10] 

It is crucial that the negative pressure phase marks in a vacuum in which air gets filled 
accordingly at a faster rate, on account of which pressure acts in a direction reverse top to 
the incident pressure. Therefore, just like seismic loads, blast loads are also cyclic. 
However, the number of cycles and frequency is inconsequential compared to the positive 
one. The negative amplitude, almost negligible compared to the Po negative phase, is often 
neglected to simplify the analysis. Baker recommended Friedlander's equation (12) as, 

Ρ𝑠(𝑡) =  Ρ𝑠𝑜(1 −
𝑡

𝑡0
)𝑒

−𝑏
𝑡

𝑡𝑜 
(1) 

Here ‘P (t)’ represents the incident pressure at (t), ‘(P0)’ is the region atmospheric pressure, 
‘(Pso+)’ is peak positive incident over-pressure, and ‘(tpos)’ is positive phase duration. The 
decay parameter is (b). The integrated area under the pressure history curve is called 
impulse. The impulse is called a positive specific impulse for the positive pressure phase, 
and for the negative pressure phase, it is called a negative specific impulse. Fig. 4 illustrates 
various strain rate values for different extreme load scenarios. The strain rate ranges in 
10-8 s-1 are considered for creep and 103 s-1 for explosive loading (blast and impact loads). 
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Fig. 4. Ranges of Strain rate for Concrete Structures [9] 

3.2 Prediction of the Blast Wave 

Many researchers also provided empirical equations for overpressures ‘(Ρ𝑠𝑜)’ in units of 

MPa, weight of charge ‘(w)’ in kg, ‘(R)’ is the SD in meters, and scaled distance, [𝑍 =
𝑅

𝑊
1
3

 ] in 

m/ (kg1/3) as tabulated in Table 1. 

Table 1. Empirical equations anticipated by different authors for peak positive over-
pressure ‘Ρ𝑠𝑜 ‘ 

S.No 
Author (s)/ 
year 

Equations 

1.  
Sadovskyi 
(1952) [13] 

Ρ𝑠𝑜 =
0.085

𝑍
+
0.3

𝑍2
+
0.82

𝑍3
 

2.  
Brode 
(1955) [11] 

Ρ𝑠𝑜 =
0.0975

𝑍
+
0.1445

𝑍2
+
0.585

𝑍3
− 0.0019         𝑓𝑜𝑟 (0.01 ≤  Ρ𝑠𝑜 ≤ 1) 

Ρ𝑠𝑜 =
0.67

𝑍3
+ 0.1         𝑓𝑜𝑟 (Ρ𝑠𝑜 > 1) 

3.  

Adushkin 
and 
Korotkov 
(1961) [14] 

Ρ𝑠𝑜 =
0.08

𝑍
+
0.28

𝑍2
−
0.322

𝑍3
 

4.  
Newmark 
and Hansen 
(1961) [15] 

Ρ𝑠𝑜 = 93(
𝑊

𝑅3
)

1

2

+ 6784
𝑊

𝑅3
 

5.  

 

Henrych and 
Major (1979) 
[16] 

Ρ𝑠𝑜 =

{
 
 

 
 
14.072

𝑍
+
5.54

𝑍2
−
0.375

𝑍3
+
0.00625

𝑍4
         𝑓𝑜𝑟 (0.05 < 𝑍 < 0.3)

−6.194

𝑍
−
0.326

𝑍2
+
2.132

𝑍3
       𝑓𝑜𝑟 (0.3 ≤ 𝑍 ≤ 1)

0.662

𝑍
+
4.05

𝑍2
+
3.288

𝑍3
         𝑓𝑜𝑟 (1 ≤ 𝑍 ≤ 0.3)

 

6.  
Held (1983) 
[17] 

Ρ𝑠𝑜 = 2
𝑊

2

3

𝑅2
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7.  
Kinney and 
Graham 
(1985) [18] 

Ρ𝑠𝑜 = Ρ0.
808 [1 + (

𝑍

4.5
)
2

]

{[[1 + (
𝑍

0.048
)
2

]] × [1 + (
𝑍

0.32
)
2

] × [1 + (
𝑍

1.35
)
2

]}

1

2

 

8.  
Mills (1987) 
[19] 

Ρ𝑠𝑜 =
0.108

𝑍
−
0.114

𝑍2
+
1.772

𝑍3
 

9.  

Hopkins-
Brown and 
Bailey 
(1998) [20] 

Ρ𝑠𝑜 = {
−1.245 +

1.935

𝑍
+
0.2353

𝑍2
−
0.01065

𝑍3
     𝑓𝑜𝑟(0.05 ≤ 𝑍 ≤ 1.15)

0.0707

𝑍
+
0.3602

𝑍2
+
0.4891

𝑍3
     𝑓𝑜𝑟 (1.15 < 𝑍 ≤ 40)

 

10.  
Low and Hao 
(2001) [21] 

Ρ𝑠𝑜 = {

1.050

𝑍3
− 0.0981     𝑓𝑜𝑟(𝑍 ≤ 1)

0.0745

𝑍
+
0.250

𝑍2
+
0.637

𝑍3
     𝑓𝑜𝑟 (1 < 𝑍 ≤ 15)

 

11.  
Gelfand and 
Silnikov 
(2004) [22] 

Ρ𝑠𝑜 = {
1.7 × 103 𝑒𝑥𝑝(−7.5 × 𝑍0.28) + 0.0156     𝑓𝑜𝑟(0.1 ≤ 𝑍 < 8)

8 × 103 𝑒𝑥𝑝(−10.7 × 𝑍0.1)   𝑓𝑜𝑟(𝑍 ≥ 8)
 

12.  
Wu and Hao 
(2005) [23] 

Ρ𝑠𝑜 = 1.059 × 𝑍−2.56 − 0.051         𝑓𝑜𝑟 (0.1 ≤ 𝑍 ≤ 1) 

Ρ𝑠𝑜 = 1.008 × 𝑍−2.01         𝑓𝑜𝑟 (1 < 𝑍 ≤ 10) 

3.3 Structural Response with Blast Loading 

The structure's behaviour under blast is usually denoted in design ranges in the form of 
pressure intensity as high, low, and very low, Fig. 5. At the high-pressure design zone, curve 
A, the duration of the load applied is short, mainly when venting of the explosion product 
of the detonation happens. The durations are lacking compared to the response- time of 
the individual elements of the structures. In the case of the low-pressure design of curve B, 
structures under blast pressures withstand smaller peak pressures than those related with 
an earlier range corresponding to curve A. Structural elements are therefore designed for 
the low-pressure range depending on impulse and pressure. Likewise, in the case of a very 
low-pressure design range, curve C, blast pressure duration is substantial compared to the 
response time. The structure responses designed to withstand the impact of detonations 
are considered in the "very low-pressure range." 

 

Fig. 5. Variation of structural response and blast load vs. time [24] 
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4. Published Literature 

Luccioni, BM et al. 2004 [25] studied the failure of RC buildings caused by blast loading and 
validated the damage produced after the explosion. They concluded that the numerical 
results showed collapse under the blast load. The failure was due to the destruction of 
lower columns. Byfield, MP et al. 2006 [26] studied the behaviour of blast loading on 
structures. In recent attack happened due to the detonation of vehicle-borne devices in the 
Middle East, Europe, and North America. Modern commercial buildings may be vulnerable 
to progressive collapse, as seen during the attack on the Murrah building in 1995. 
Conventional beams showed a noteworthy higher flexural strength during design. Vehicle-
used devices were capable of destroying the frame system at close range. Ngo, T et al. 2007 
[1] extensively studied the influence of blasts on the structure. Terrorist organizations 
have used vehicle bombs to assault worldwide in their activities. A bomb explosion inside 
or nearby can inflict major damage to the structures' internal and external frames, collapse 
walls, window panels, and cause the loss of humans. The structural analysis and design 
under blast loading necessitate a deep knowledge of diverse structures' dynamic 
responses and blast phenomena. Yanchao, S et al. 2007 [27] conducted numerical 
simulations to investigate the blast wave interaction in a structural column. It was 
observed that when the blast wave column behaviour is considered, the influence 
marginally decreases the positive reflected pressure and the positive impulse increases. 
They concluded that the blast column interaction is significantly influenced by column size. 
UFC 3-340-02, 2008 [10] illustrated the step-to-step analysis and design methods. The 
parameters included the dynamic analysis, blast fragment, reinforced concrete (RC), and 
steel construction shocks. Zeynep, K et al. 2008 [28] observed a rise in the terrorist attack, 
and the effects of blast loading on the structure is a great concern that should be considered 
in the construction and design. The attacks were artificial and dynamic blast loads that 
were calculated similarly to wind and earthquake loads. The buildings protect to resist 
blast load using several techniques in structural design. Every member of the structure 
should be designed to stand blast load. Nystrom, U et al. 2009 [24] conducted an analytical 
investigation to study the influence of fragments caused by explosions. The combined blast 
and fragment loading effects on RC walls were investigated using a numerical simulation. 
Numerical simulations were conducted on the response subjected to fragments and blast 
loading. Wu, C et al. 2009 [29] investigated a series of test conducted on slabs under blast 
loading. Different types of slabs were cast and tested using UHPFRC, reinforced ultra-high 
performance fibre concrete (RUHPFC), and fibre reinforced polymer (FRP). The authors 
concluded that the UHPFRC slabs suffered less damage as compared with RC slabs when 
subjected to blast loading. Hassan, MZ et al. 2012 [30] investigated blast resistance of 
sandwich panels made up of aluminium alloy. Experimental studies were carried out using 
a ballistic pendulum, and it was found that the sandwich panels were damaged as the 
density of foam increased. The authors also concluded that the blast response of sandwich 
structures showed significant energy absorption. Shallan, O et al. 2014 [31] investigated 
the influence of blast loading on buildings for different ratios numerically. Finite element 
simulation on the buildings was developed using AUTODYN. Blast loads with varied SDs 
were applied at two distinct locations and distanced from the structure. Nicolaides, D et al. 
2015 [32] studied the mechanical and fracture behaviour of UHPFRC under blast loading. 
The mix's water-to-binder ratio and SFs were 0.16 as 6%, respectively. The authors 
concluded that the CS and fracture energy obtained were obtained as 175 MPa and 26000 
N/m, respectively. Conrad K et al. 2017 [33] presented the influence of axial loading and 
transverse reinforcement spacing on RC columns at a small-scaled distance under blast 
loading. An analytical study was conducted to understand the transverse reinforcement 
effects under blast loading on RC columns. Li et al. 2017 [34] investigated the blast 
resistance of segmental RC columns. The results indicated that the performance of RC 
columns under blast loading differs from seismic excitation on the ground. The author 
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performed a numerical analysis of RC columns segmentally. The central deflection of the 
segmental column under blast load is reduced by the addition of prestress by post-
tensioning tendons. The results showed that the behaviour of segmental columns 
subjected to blast loading differs from that of seismic ground excitations. Yang, HW et al. 
2018 [35] studied the failure behaviour of four different hemispherical shells subjected to 
blast loading. Simulation studies of the collapse behaviour of hemispherical shells were 
conducted using ANSYS and LS-DYNA. The analysis considered material and geometric 
non-linearities for extreme loading conditions. Experiments and computations 
demonstrated relatively small variation for both empty and liquid-filled shells. Kaan, T et 
al. 2019 [36] studied the flexural behaviour of UHPFRC beams numerically and 
experimentally. The fibre used in the beam is 13 mm straight fibre and 60 mm hooked 
fibre. The deflection of non-fibre beams varies from 8.14 to 2.11 while increasing the 
reinforcement ratio. Rizwanullah et al. 2020 [2] presented an extensive review to study 
the effect of various parameters on UHPFRC elements under blast loading. They also 
discussed the effects of w, blast loading with changing CS, and SD. It was observed that 
detailing structural elements under earthquake conditions also presents improved blast 
performance. 

An extensive literature review conducted to study the influence of blast loading illustrated 
that several investigators had studied the effect of blast intensity, SD, and location of the 
blast in their studies. However, researchers did not consider the influence of elevated 
temperature on structural elements. Lee, J-Y et al. 2020 [37] investigated six RC columns 
of 160 × 160 × 2468 mm and tested them using a shock tube. In addition to retrofitted 
jackets, UHPFRC was studied to calculate the influence of seismic detailing and transverse 
reinforcement. UHPFRC columns were improved by including seismic in the case of blast 
and impact resistance. Castedo, R et al. 2021 [38] investigated RC slabs under close-in 
explosion. The slab was subjected to 1.74 kg of trinitrotoluene (TNT) at 1 m and the other 
slab of 13.05 kilograms of TNT at 0.5 m. 

Scaled distance determines the type of failure and damaged concrete slab area. Khadim, 
MMA et al. 2021 [39] studied the performance of UHPC in comparison to NSC. UHPC has 
exceptional CS and carries less post-cracking tensile behaviour. The beams with and 
without fibres were modeled in finite element analysis (FEA) and validated results with a 
reinforcement ratio of 0.009. Mahmud, GH et al. 2021 [40] investigated the structural 
behaviour of UHPFRC under bending. They have performed using different thickness and 
boundary conditions, i.e., simply supported and fixed ends. The failure pattern in both 
conditions has similar cracks. Further, very few analytical works have been done on the 
behaviour of HPC and UHPFRC structural elements under close-range blast conditions. No 
one has recommended analysis and design procedures for structural components to resist 
different blast loading. Mandal, J et al. 2021 [41] studied the post-blast release of kinetic 
energy, and some were converted into ground shock waves, which affect the shock 
propagation and crater depth. The present study has therefore been conducted to 
investigate these parameters. Anas, SM et al. 2022 [42] investigated RC   structures used to 
store ammunition, explosives, and chemical weapons. Such structures are considered very 
important, like war zones under critical conditions. The structures were subjected to 
extreme loading conditions from blasts and explosions. Safe on-ground, free air SDs, and 
safe blast pressure, were forecast for both the hemispherical surface detonation (HSD) and 
spherical air detonation (SAD). It was concluded that the proposed shelter can withstand 
blast loads of 4.98 and 0.93 MPa against SAD and HSD, respectively. Yan, J et al. 2022[43] 
investigated the combination of UHPC with Glass fibre reinforced concrete (GFRP) 
structure subjected to blast loading. The authors studied damage caused by UHPC beams 
for different scaled distances. Adding GFRP in the beams improves the blast resistance of 
UHPC compared with NSC. LL, M et al. 2023 [44] investigated critical infrastructures prone 
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to accidental and manmade explosions. The authors analytically evaluate the performance 
of RC beams/columns subjected to blast loading. The researchers concluded that the scaled 
distance for global and local responses of RC members can be determined as 0.78 m/kg1/3. 

Calculation of peak overpressure using UFC 3-340-02 [10] 

Calculation of blast parameters for 5 kN of TNT. 

Steps: 

1. Given data, 

Height (Hc) = 10m= 32.8 ft., Length (L) =10m= 32.8 ft. 

Weight= 5 kN = 1102.31 lbs. 

2. Apply a 20% safety factor to the charge weight 

    W= 1.2 (1102.31) = 1322.772 lbs. 

3. At the point of interest, evaluate the SD, ‘R’, and ‘Z’ 

        𝑅 = √(32.8)2 + (32.8)2  = 46.4 𝑓𝑡. 

                𝑍 =
𝑅

𝑊
1
3

=
46.4

(1322.772)
1
3

= 4.2  ft/lb1/3 

4. Determine incident blast wave parameters, see Fig. (6-7) 

Ρso = 50 psi 

Positive incident impulse,’ 𝑖𝑠’ 

 
𝑖𝑠

𝑊
1
3

= 35 psi-ms/lb1/3 

     𝑖𝑠= 35 (1322.772)1/3 = 384.2 psi-ms 

            Positive phase duration, 𝑡𝑜 

 
𝑡𝑜

𝑊
1
3

= 1.5 ms/lb1/3 

                                                    𝑡𝑜= 1.5 (1322.772)1/3= 16.46 ms 

Arrival time, 𝑡𝐴 

𝑡𝐴

𝑊
1
3

= 0.9 ms/lb1/3 

𝑡𝐴 = 0.9 (1322.772)1/3 = 9.88 ms 

       For negative blast wave pressure,  

                   Negative incident pressure, Ρ𝑠𝑜
−= 3 psi 

                   Negative phase duration, 𝑡𝑜
− 

 
𝑡𝑜
−

𝑊
1
3

 = 8 ms/lb1/3 

     𝑡𝑜
−= 8 (1322.772)1/3 = 87.82 ms 

Positive and negative blast wave parameters and Peak overpressure for positive phase 
time for different TNT charge weights are tabulated in Table 2. Fig. (6-7) represent as 
negative and positive phase duration of free air explosion. 
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Table 2. Peak overpressure and time for different charge weight 

Load (kN) 
Peak 

Overpressure 
(MPa) 

Positive Phase Negative Phase 

Pso 

(psi) 
is (psi-ms) 

to 
(ms) 

tA (ms) 
Pso- 

(psi) 
to- 

(ms) 

5 0.344 50 384.2 16.46 9.88 3 87.82 

10 0.55 80 221.3 19.63 9.68 4 99.57 

15 0.655 95 269.14 23.74 7.6 7 118.7 

25 1.103 160 375.41 28.16 7.5 9 140.8 

 

 

Fig. 6 Negative Phase Parameter of Free Air Explosion [10] 

An interior roof slab-beam assembly has studied the behaviour of flexural members for 
free air blast loading shown in Fig. 8. The assembly section was analyzed and designed by 
UFC 3-340-02 for NSC, HPC, and UHPFRC. Free airbursts of charge weights 1.315, 5, 10, 15, 
and 25 kN TNT were considered for evaluating the blast wave parameters.  The detonation 
was assumed at 10 m above the ground and 10 m away from the point of interest. An 
intermediate T- beam was considered for HPC and UHPFRC under blast loading from UFC 
3-340-02. A free airburst was assumed to occur, and negative phase pressure was 
neglected due to the very low intensity of the blast. The equivalent elastic deflection, XE 
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was obtained as 1.27 mm. For the natural period of the beam corresponding to 16.77 ms, 
blast wave parameters were calculated for different TNT charges. 

 

Fig. 7 Positive Phase Parameter of Free Air Explosion [10] 
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Fig. 8 Plan of an interior roof beam and section of Interior roof T- beam 

 5. Analytical Investigations 

A finite element analysis using standard software ANSYS R18.1 was conducted to validate 
the typical results obtained. 3D solid elements SOLID 65 and LINK8 were used for 
nonlinear modeling of concrete and reinforcement for numerical simulation, as shown in 
Fig. 9. When cracking and concrete crushing are used, the load is gradually applied to check 
the possible crushing of concrete before proper load transfer takes place through a closed 
crack. 

 
 

Fig. 9 Solid 65 and Link 8 Element [45] 

5.1 Modelling of Interior Roof Slab Beam Assembly 

 Modeling the flexural member assembly was done in ANSYS R18.1 explicit dynamic 
software, Fig. 10. The geometry of the beam has been made in the Design Modular of 
explicit dynamics. The body interaction in explicit dynamics automatically made the 
bonded connection between steel reinforcement and concrete. UFC 3-340-02 calculates 
the end time of the analysis in the positive phase duration of the pressure of different blast 
loading conditions. Table 3 illustrates the properties of steel reinforcement and concrete 
for NSC, HPC, and UHPFRC, respectively. 
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Fig. 10. Design Modular user interface of the software and meshed of interior roof 

Table 3. Properties of the material 

Steel Reinforcement Properties RHT Concrete Model of NSC, HPC, and UHPFRC 

Properties/Unit Values 
Properties/Unit 

Values 

Density (kN/m3) 78.50 NSC HPC UHPFRC 

Young’s Modulus 
(MPa) 

200000 Density (kN/m3) 23.14 24.00 25.00 

Poisson's ratio 0.3 
Specific heat  
(J/Kg °C) 

654 654 654 

Bulk Modulus 
(MPa) 

166670 CS, fc (MPa) 35 80 140 

Shear Modulus 
(MPa) 

76923 TS, ft /fc 0.1 0.15 0.2 

Tensile Yield 
Strength (MPa) 

415 
Shear strength, 
fs/fc 

0.18 0.2 0.28 

Specific Heat (J kg-

1C-1) 
434 

Compressive 
strain rate 
exponent, α 

0.032 0.0091 0.0091 

Plastic Strain 
Failure 

0.02 
Tensile strain 
rate expo, 𝛿 

0.036 0.0.0125 0.0013 

Strain-Life 
Parameters 

 
Minimum strain 
to failure 

0.01 0.01 0.01 

Strength Coefficient 920 
Damage 
constant, D1 

0.04 0.04 0.04 

Strength Exponent -0.106 
Damage 
constant, D2 

1 1 1 

Ductility Coefficient 0.213 
Shear modulus 
(MPa) 

16670 22060 22060 
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Cyclic Strain 
Hardening 
Coefficient 

0.2 
Solid density 
(kN/m3) 

27.50 27.50 27.50 

Porous sound speed (m/sec) 2920 3242 3242 

Initial compaction pressure, Pe (MPa) 23.3 93.3 93.3 

Solid compaction pressure, Ps (MPa) 6×103 6×103 6×103 
Compaction exponent, n 3 3 3 

 

ANSYS R18.1 software was used for explicit dynamics for finite element modeling to solve 
time-dependent load problems. Explicit dynamics divide the problem into four categories: 
engineering data, geometry, model, and results. The geometry is part of the solver in which 
the problem has been to be taken. Explicit dynamics used the Design Modeler program to 
draw the geometry. In the model part of explicit dynamics, various steps are connections, 
meshing, analysis settings, pressure application, support fixing, and the results. Explicit 
dynamics automatically make connections between two different materials depending on 
their properties. 

6. Analysis and Discussion of Results 

The analytical investigation on NSC, HPC, and UHPFRC structural elements was conducted 
under blast loading using ANSYS R18.1 software. The characteristic CS of NSC, HPC, and 
UHPFRC for 35, 80, and 140 MPa, respectively, for TNT charge 5, 10, 15, and 25 kN. This 
paper has studied the flexural members of different magnitudes at 10 m above and away 
from the structures. The assembly was designed to resist an airburst of charges of 1.315 
kN. The deflection corresponding to equivalent elastic deflection and maximum deflection 
for such a control beam (CB) has been calculated as 1.27 mm and 19.75 mm, respectively. 

6.1 Stress-Strain Behaviour 

The typical results of stress-strain behaviour for NSC, HPC, and UHPFRC beams for TNT 
charge corresponding to 5, 10, 15, and 25 kN are illustrated in Fig. 11-12, respectively. It 
has been observed that for a TNT charge of 5 kN, values of maximum stress have been 
obtained as 49.22, 48.53, and 51.57 MPa in NSC, HPC, and UHPFRC beams, respectively, 
whereas values of maximum strain are obtained as 0.001137, 0.001618, and 0.00026 
mm/mm, in the corresponding beams. It was also found that there is no substantial change 
in maximum stress values corresponding to NSC and HPC beams. However, HPC beams 
illustrated a significant increase in elastic deformation by 142%. HPC is, therefore, found 
to behave more elastically than NSC. There was an increase in maximum stress value in 
UHPFRC in the beam, but the max strain was significantly decreased, illustrating no 
damage in the UHPFRC beam for a blast of 5 kN TNT. UHPFRC beam remained intact 
without any damage. It is also stated that stress-strain behaviour has only been plotted for 
ascending values for the first cycle. This trend was observed in several processes until 
stresses and strains were finally stabilized. An identical behaviour was observed in the 
case of 10 and 15 kN of TNT charges. However, in the case of the 25 kN TNT charge, the 
maximum strain value is significantly on the lower side, illustrating that UHPFRC, being of 
high strength and stiffness, behaved linearly during 25 kN of TNT. 
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Fig. 11 Stress-Strain behaviour of NSC, HPC, and UHPFRC beams for 5 and 10 kN of 
TNT 

  

Fig.12 Stress-Strain behaviour of NSC, HPC, and UHPFRC beams for 15 and 25kN of 
TNT 

6.2 Total Deformation-Time Behaviour 

The variation of total deformation with time regarding NSC, HPC, and UHPFRC beams for 
TNT charge corresponding to 5, 10, 15, and 25 kN are shown in Fig. 13-14, respectively. It 
was found that there is a significant decrease in maximum values corresponding to NSC 
and HPC beams. UHPFRC beams illustrated a substantial reduction in total deformation to 
0.89 mm compared to 6.89 and 5.53 mm in the case of the control beam of NSC and HPC 
beam for a TNT of 5 kN. UHPFRC is therefore found to illustrate significant ductility than 
NSC and HPC. There was a decrease in deformation value in the UHPFRC beam while 
demonstrating no damage in the UHPFRC beam for a blast of 5 kN TNT. UHPFRC beam 
remained intact without any damage. Maximum stress-strain behaviour and total 
deflection values of NSC, HPC, and UHPFRC are obtained at different times in these 
composites, as shown in Table 4. A significant reduction in total deformation was observed 

0

10

20

30

40

50

60

0 0,001 0,002

St
re

ss
 (

M
P

a)

Strain (mm/mm)

NSC HPC

0

10

20

30

40

50

60

70

80

90

0 0,001 0,002 0,003

St
re

ss
 (

M
P

a)

Strain (mm/mm)

NSC HPC
UHPFRC

0

20

40

60

80

100

120

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

St
re

ss
 (

M
P

a)

Strain (mm/mm)

NSC HPC
UHPFRC

0

20

40

60

80

100

120

140

160

180

200

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

St
re

ss
 (

M
P

a)

Strain (mm/mm)

NSC HPC

UHPFRC



Rizwanullah and Sharma / Research on Engineering Structures & Materials 9(3) (2023) 921-946 

 

936 

in the case of HPC and UHPFRC beams compared to the control beam of NSC, clearly 
illustrating that HPC and UHPFRC showed tremendous resistance to blast loading 
compared to the NSC beam. 

  

Fig.13 Total deformation and time graph of NSC, HPC, and UHPFRC for 5 and 10 kN of 
TNT 

  

Fig.14 Total deformation and Time Graph of NSC, HPC, and UHPFRC for 15 and 25 kN 
of TNT 

Table 4. Maximum Stress-Strain and deformation values with time for NSC, HPC, and 
UHPFRC 

Blast 
Load, 
TNT 
(kN) 

Time 
(ms) 

Maximum Stress-Strain 
Tim
e 
(ms
) 

Total deformation (mm) 
NSC HPC UHPFRC 

NSC HPC UHPFRC Stress 
(MPa) 

Strain 
(mm/mm
) 

Stress 
(MPa) 

Strain 
(mm/mm
) 

Stress 
(MPa) 

Strain 
(mm/
mm) 

5 
  

8.23 49.22 0.001137 - - - - 9.06 6.89 - - 
6.59 - - 48.53 0.001603 - - 5.77 - 5.53 - 

4.95 - - - - 51.57 
0.0002

1 
4.12 - - 0.89 

10 
  

5.81 53.92 0.001246 - - - - 
19.3

7 
32.77 - - 

5.81 - - 79.61 0.00265 - - 5.81 - 9.13 - 

0

1

2

3

4

5

6

7

8

0 5 10 15 20

T
o

ta
l d

ef
o

rm
at

io
n

 (
m

m
)

Time (ms)

NSC HPC UHPFRC

0

5

10

15

20

25

30

35

0 10 20 30
T

o
ta

l d
ef

o
rm

at
io

n
 (

m
m

)
Time (ms)

NSC HPC UHPFRC

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30

T
o

ta
l d

ef
o

rm
at

io
n

 (
m

m
)

Time (ms)

NSC HPC

0

100

200

300

400

500

0 10 20 30

T
o

ta
l d

ef
o

rm
at

io
n

 (
m

m
)

Time (ms)

NSC HPC



Rizwanullah and Sharma / Research on Engineering Structures & Materials 9(3) (2023) 921-946 

 

937 

3.88 - - - - 80.31 
0.0040

2 
4.84 - - 1.41 

15 
  

4.75 55.76 0.001289 - - - - 
23.7

4 
91.8 - - 

5.94 - - 97.11 0.03237 - - 5.94 - 11.11 - 

4.75 - - - - 
103.8

5 
0.0005

2 
4.75 - - 1.74 

25 
  

4.22 62.38 0.00144 - - - - 
23.9

4 
350.9 - - 

4.22 - - 107.61 0.00197 - - 
28.1

6 
- 

275.5
7 

- 

4.22 - - - - 
171.9

5 
0.0008

6 
4.23 - - 2.99 

 

6.3 Equivalent Stress and Equivalent Strain Pattern 

Free air explosion on flexural members was analyzed to study the equivalent stress 
behaviour for NSC, HPC, and UHPFRC beams under TNT charge corresponding to 5, 10, 15, 
and 25 kN. The worst situation is in the NSC, HPC, and UHPFRC beam under 25 kN TNT. 
Fig. 15-20 illustrate the response of NSC, HPC, and UHPFRC beams with plastic strain 
contour. NSC flexural member deformed, and spalling damage in the portion was found, 
which can be seen when strains are stabilized, and contours show significant cracking in 
NSC and HPC slabs. However, no scabbing, spalling, or peeling of concrete was observed in 
HPC assembly. Therefore, UHPFRC illustrated considerable strength and energy 
absorption capacity compared with NSC, and HPC may be conveniently used in blast-
resistant structures.  

  

(a) (b) 

Fig. 15 (a, b) Equivalent stress pattern for NSC 
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(a) (b) 

Fig. 16 (a, b) Equivalent strain pattern for NSC 

  

(a) (b) 

Fig. 17 (a, b) Equivalent Stress Pattern for HPC 
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(a) (b) 

Fig. 18 (a, b) Equivalent Strain Pattern for HPC 

 
 

(a) (b) 

Fig. 19 (a, b) Equivalent Stress Pattern for UHPFRC 
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(a) (b) 

Fig. 20 (a, b) Equivalent Strain Pattern for UHPFRC 

6.4 Damage Behaviour 

Fig. 21-22 illustrate the damage pattern in NSC and HPC beams under 25 kN of TNT. There 
is no damage occurs in the UHPFRC slab beam assembly at a load intensity of 25 kN. As 
explained earlier, concrete crushing, spalling, and peeling is an exceedingly localized 
phenomenon, and the structure re-establishes its strength in the short period in UHPFRC. 
High CS associated with significant flexural and shear strength significantly confined 
damage compared to NSC. 

 
 

(a) (b) 

Fig. 21 (a, b) Damage Pattern of NSC 
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(a) (b) 

Fig. 22 (a, b) Damage Pattern of HPC 

6.5 Comparison of Results 

The time history curves of the flexural structural system are plotted for HPC, shown in Fig. 
23. It has been observed that the dynamic analysis of the assembly gives a maximum 
deformation of 1.27 mm and a peak value of 1.81 mm obtained numerically. It has also 
been seen that higher values demonstrated a plastic deformation in HPC flexural members. 
Due to the wide-open cracks, the total deformation gradually decreased by 0.19 mm at 10 
ms to transfer the stresses in the reinforcing bars.  The use of SF reinforcement in the 
UHPFRC assembly has been found to significantly reduce spall damage in concrete. 
Therefore, it conclusively stated that the numerical model presented in this research work 
could reproduce the damage response of NSC, HPC, and UHPFRC assembly under blast 
loads. UHPFRC produced superior blast resistance capacity compared with NSC and HPC. 

 

Fig. 23 Total Deformation and Time-History Curve for HPC 
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The pattern of peak deformation with blast intensity demonstrates that the values in NSC, 
HPC, and UHPFRC are minimal blast loads of 5 and 10 kN, as shown in Fig. 24. At 15 kN 
TNT, NSC members showed a significant deformation. At 25 kN intensity, peak 
deformations in NSC and HPC were increased significantly, and the structure may not 
survive under the blast load. However, a small deformation was shown by the UHPFRC 
assembly, which illustrates that the member withstands a higher blast intensity of 25 kN. 
The load-deformation curve calculated the values of energy absorption capacity, improved 
strength, stiffness, and ductility. Therefore, the UHPFRC assembly can withstand blast 
loads of higher intensities without appreciable damage. UHPFRC was also an efficient 
material that could withstand a blast of large magnitude at a small distance. 

 

Fig. 24 Load-Deformation behaviour of different strengths of concrete 

The comparison of maximum stress with blast intensity for NSC, HPC, and UHPFRC is 
shown in Fig. 25-26. It illustrates the exciting results at low blast loads and maximum 
stress developed when the blast intensity increases in the case of NSC and HPC. However, 
there is no variation in HPC and UHPFRC due to their improved toughness and energy 
absorption capacity.  

At the peak blast intensity of 25 kN, a significant variation was observed for maximum 
stresses. The values of NSC, HPC, and UHPFRC vary in strength, compactness, and energy 
absorption capacity. In comparison, maximum strain values on the lower side in UHPFRC 
compared with NSC and HPC. After validating with UHPFRC, flexural member possesses 
improved resistance against blast loads of higher magnitude and can be used 
advantageously for structures of strategic significance near border areas and structures of 
national importance. Since the numerical model provides an excellent prediction of the 
damage to the structure, it is always possible to enhance structural performance against 
blast. Improving the toughness of key elements and increasing SD can further provide 
occupants with a reasonable chance to escape injury and death. 
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Fig. 25 Maximum Stress Vs. Blast Load Intensity Behaviour for Different Grades of 
Concrete 

 

Fig. 26 Maximum Strain Vs. Blast Load Intensity for Different Grades of Concrete 

7. Conclusions 

The present study demonstrates the performance of NSC, HPC, and UHPFRC flexural 
assemblies under high strain rate conditions of blast loading.  Based on the analysis and 
detailed investigation, the following conclusions are drawn.   

• UHPFRC offers the improved capability to distribute an enormous amount of energy 
under blast loading compared to NSC and HPC. Hence, UHPFRC can be used to 
construct blast-resistant structures because of the fact that it has about four times 
higher force capacity for the same size and reinforcement.   

• UHPFRC flexural members demonstrate greater compressive and tensile resistance 
against extreme conditions like blast, impact loadings. 

• Compared with controlled concrete, a significant reduction in total deformation of 
22 and 99% have been observed in HPC and UHPFRC. 
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• NSC members were severely damaged because of the weak bond with steel 
reinforcement under blast loads, and bond failure was observed between the 
composite and reinforcement when subjected to a blast load of 25 kN.   HPC, 
however, did not fail due to de-bonding with reinforcement and offered bond 
resistance more effectively than NSC for more duration. UHPFRC was also capable 
of surviving the blast load during the entire period of blast and showed no damage.  

• The flexural members are designed to resist blast load of 1.315 kN at a charge 
weight of 5 kN within the elastic-range, and 15 kN in the plastic- range due to HPC 
and UHPFRC. 

• UHPFRC enhances flexural stiffness of structural members significantly thereby   
decreasing section dimensions, resulting in reduced dead load. 

• UHPFRC was also an efficient material that could withstand a blast of large 
magnitude at a small distance. 

• The numerical model presented in this research work could reproduce the damage 
response of NSC, HPC, and UHPFRC assembly under blast loads. UHPFRC produced 
superior blast resistance capacity compared with NSC and HPC. 
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 Currently, there is a need to assess the structural integrity of concrete structures 
situated near or within seawater in a faster manner using a rebound hammer 
test. However, this test is limited to its reliability, particularly if the rebound 
hammer device has not been calibrated according to its specific tested 
environment. Hence, this study assessed the reliability of the rebound hammer 
test in the compressive strength estimation of concrete cured in a specific 
environmental condition. As such—the seawater environment, the seawater in a 
controlled area, and the potable water stored in a normal room condition were 
the environmental conditions that were considered in the study. Results showed 
that the rebound hammer test consistently underestimated the direct 
compression test in three (3) environmental conditions. It was found that the 
underestimated compressive strength errors ranged from 15.22% to 59% in 
seawater environment, 33.33% to 58.33% in seawater in a controlled area, and 
37.70% to 57.57% in potable water stored in a normal room condition, 
respectively. Furthermore, this study also established a rebound correlation 
model, both graphical curve and empirical equation, which can be the basis for 
concrete compressive strength estimation cured in three (3) different 
environments. 
 

© 2023 MIM Research Group. All rights reserved. 

 
Keywords:  
 
Compressive strength; 
Direct compression; 
Rebound hammer; 
Reliability;        
Seawater 

 

1. Introduction 

Seawater is an aggressive and complex marine environment. If concrete structures are 
constructed and situated in seawater, these will cause deterioration through biological, 
chemical, mechanical, and physical processes [1]. Due to the perception of seawater in 
concrete, its durability has been a problem for many years. Hence, poor-quality cement in 
the concrete design mixture is not long-lasting for such aggressive and complex 
environments [2]. In the Philippines, particularly in Davao Region, some ongoing and 
upcoming major infrastructure (e.g., bridges, coastal roads, and ports) are situated near or 
within seawater. Most of these infrastructures are reinforced-concrete designs [3]. 

Generally, in the reinforced-concrete structure, the durability of concrete is determined 
through compressive strength. It can be measured by taking concrete samples in cylinder 
forms [4]. The samples are brought to laboratories and loaded in the direct compression 
machine until cracking failure occurs. While this method is commonly practiced in the 
construction industry up to this day because of its accuracy, this also requires considerable 
time and expenses [5]. Recently, researchers have developed a non-destructive testing 
technique in a faster manner to determine the in-situ concrete compressive strength. 
These techniques have estimated the compressive strength of the concrete structures by 
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evaluating some concrete properties and then relating the measured properties to the 
mechanical properties of concrete [6]. 

One of the most widely known non-destructive testing techniques is to use a device called 
the Rebound Hammer. This device measures the concrete surface hardness through the 
rebound principle of spring, also referred to as the rebound number, to correlate with its 
compressive strength. Moreover, this development provided a portable, low-cost, and 
easy-to-use non-destructive device [6], [7]. Studies revealed that the near-surface 
properties of concrete could affect the rebound readings. Consequently, it came with 
certain drawbacks and was limited in its reliability. Factors that contributed to its accuracy 
are aggregates, air voids of concrete, calibration of the rebound hammer, carbonation, 
concrete age, surface hardness, moisture content, and environmental temperature. These 
factors have demonstrated that the obtained measurements are not unique for the 
rebound hammer device and that the test outcome is based on the tested properties of 
concrete [6], [8]. 

Many research works have verified if the non-destructive test using the rebound hammer 
was a reliable technique to estimate the concrete compressive strength. Some of these 
findings revealed that this technique provided adequate information and was an 
acceptable method for conducting a fast approximation in determining the concrete 
compressive strength [6]–[9]. Sanchez & Tarranza (2014) [6] examined the rebound 
hammer test of concrete samples exposed to a brackish water environment. They found 
out that rebound number readings were affected by the concrete surface hardness. Also, 
the type of environment significantly influenced the compressive strength result from the 
rebound hammer test compared to the actual compressive strength result in the direct 
compression test. In the study of Co (2019) [8], the rebound hammer test was investigated 
for concrete samples cured in potable water and compared to the actual test result in the 
direct compression test. Hence, the rebound hammer consistently underestimated the 
actual compressive strength result. From the consistent underestimation, the study 
developed an empirical model to estimate the compressive strength of concrete when 
using the rebound hammer device in assessing a concrete structure. 

Moreover, Brencich et al., 2020 [7], investigated the reliability of the rebound hammer test 
in concrete structures with different water-cement ratios cured in standard clean potable 
water. They concluded that the irregularities of the concrete mixture within the concrete 
surface significantly affected the rebound hammer readings. The interaction of the plunger 
in the rebound hammer and concrete sample during their test provided large dispersion 
in the compressive strength results. However, they also inferred that the rebound hammer 
test was still acceptable as a non-destructive test to estimate the compressive strength of 
concrete if the universal calibration curve has been developed from the actual compressive 
strength result of the concrete sample. Jain et al., (2022) [10] used the rebound hammer 
device to measure the compressive strength of the concrete samples with additive 
materials in the standard curing procedure. The rebound hammer readings still 
underestimated the compressive strength result around 34.3% to 38.1% for 28th days and 
84th days after the curing period. The linear correlation graph from the rebound number 
versus the compressive strength obtained a 0.98 coefficient. In addition, Pushpakumara & 
Fernando (2023) [11] assessed the existing concrete structures exposed to splash zone 
partially submerged in seawater using the rebound hammer test. The study found that 
water quality exposure achieved the highest priority for the deterioration of concrete 
structures in the splash zone area. Hence, the rebound hammer still provided an adequate 
prediction of estimating the concrete compressive strength. 

The abovementioned studies also concluded that the rebound reading estimation can only 
be accepted if the device has undergone calibration for a particular type of concrete. Thus, 
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the rebound hammer device relied on its physical condition and must be maintained 
regularly [12]. In addition, a rebound correlation curve must be developed from the 
laboratory experimentation, made with the concrete specimen, similar to the materials in 
the existing concrete structure [6], [7], [13]–[15]. With this, the rebound hammer test must 
also be evaluated in actual marine conditions, particularly in seawater, to investigate the 
concrete structure when subjected to extreme changes in weather conditions [6]. 
Therefore, to the author’s knowledge, the evaluation of compressive strength in concrete 
samples cured in seawater using the rebound hammer test has never been reported in the 
existing literature, specifically in the Philippine setting. Furthermore, the development of 
the rebound correlation curve has yet to be provided in actual marine conditions for the 
particular type of concrete samples. 

This present study aimed to assess the reliability of the rebound hammer test in estimating 
the concrete compressive strength cured in seawater. Thus, produced in this context were 
concrete cube samples that were cured in three environmental conditions: 1) seawater 
environment, 2) seawater in a controlled area, and 3) potable water stored in a normal 
room condition. Consequently, this study provided a distinction of the obtained concrete 
compressive strength using the tests of rebound hammer versus direct compression. The 
study also determined the carbonation development in the concrete cube samples cured 
in three (3) environmental conditions since carbonation development was one factor that 
influenced the rebound reading. It also determined the true relationships between the 
compressive strengths from the rebound hammer and direct compression tests, 
respectively. Furthermore, this work established a rebound correlation curve and equation 
models from the calculated rebound hammer estimation.  

2. Methodology  

2.1. Materials and Design Mixture 

Twenty-seven (27) samples were produced for experimentation in this study. The 
concrete samples in a cubic shape form with a 150-mm size [6] for all sides were used, 
shown in Figure 1. The concrete design mixture was class A with a standard proportion of 
1:2:3 ratio, and the minimum attainable compressive strength was 21 MPa (3000 psi). This 
ratio was equally divided by weights for cement in one-part, fine aggregates in two parts, 
and coarse aggregates in three parts. To produce all concrete cube samples, the following 
were the used materials: 1) Type 1 Ordinary Portland cement, 2) crushed-washed sand 
fine aggregates, and 3) 3/4-inch diameter crushed gravel. The properties of cement, fine 
aggregates and coarse aggregates were provided by the supplier, shown in Table 1. 

The gradation of curves for fine aggregates and coarse aggregates used for 
experimentation is presented in Figure 2. The test for geometrical properties using the 
sieving method to determine the size distribution was based on BS EN 933-1 standards 
[16]. After preparing all materials and determining their properties, they were blended 
using a 0.45 water-cement ratio [17] with clean potable water for casting all concrete 
samples. Thereafter, the mixed concrete was poured into a cubic molder using a 3/4-inch-
thick phenolic board to attain the fair-faced finish concrete surface. The abovementioned 
materials were supplied by Green Rise Marketing and Co., located in Davao City, Davao del 
Sur, Philippines.  
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Fig. 1 Concrete cube samples 

Table 1. Properties of Materials 

Materials Parameter Properties 

Cement Specific gravity 3.15 

Fine aggregate 

Specific gravity 2.50 
Fineness modulus 3.16 

Moisture content (%) 7.75 
Absorption values (%) 4.20 

Coarse aggregate 
Specific gravity 2.45 

Moisture content (%) 3.15 
Absorption values (%) 3.08 

 

 

Fig. 2 Grain size distribution of fine aggregates and coarse aggregates 

2.2. Curing Environments 

2.2.1. Seawater Environment 

The concrete cube samples were divided into three (3) groups and were cured in the 
following environmental conditions: 1) seawater environment, 2) seawater in a controlled 
area, and 3) potable water stored in a normal room condition. In the first environmental 
condition, nine (9) concrete cube samples were cured using the continuous immersion of 
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seawater in a private fish cage (Figure 3b) located at Brgy. Biao, Digos City, Davao del Sur, 
Philippines, shown in Figure 3a. Moreover, these samples were wrapped in a fishnet and 
tied with a 1/4-inch nylon rope one to two meters below the surface of seawater to ensure 
stable conditions during the strong presence of waves. This specific procedure measured 
the effect of extreme changes on weather conditions in the concrete cube samples [6]. 
Moreover, the authors in this present work conducted this specific curing condition in June 
2022 since this month had recorded a normal range and above-normal range temperature 
from 23°C to 31°C [18]. 

 

 

Fig. 3 Seawater environment in: (a) topographic view [19] and (b) actual curing condition 
of concrete cube samples 

2.2.2. Seawater in a Controlled Area 

The second environmental condition in this study was seawater in a controlled area, 
shown in Figure 4. Another nine (9) concrete cube samples were cured in a controlled area 
at 20°C to 26°C temperature and 75% relative humidity. The concrete cube samples were 
placed in an emptied container that was alternately cured and filled with seawater instead 
of brackish water [6]. The seawater was replaced weekly in an alternate cycle of drying 
and wetting, in which the concrete cubes were air-dried for six (6) hours. After air-drying, 
the emptied container was slowly filled with seawater to immerse all concrete cube 

(a) 

(b) 
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samples fully. This condition was maintained until all nine (9) concrete cube samples were 
removed from the container for a rebound hammer test and a direct compression test, 
respectively. This procedure was consequently performed in a vacant room in Brgy. 
Calinan, Davao City, Davao del Sur, Philippines. 

 

Fig. 4 Concrete cube samples cured in seawater in a controlled area 

2.2.3. Potable Water in a Normal Room Condition 

In the third environmental condition, the last nine (9) concrete cube samples were cured 
in potable water at a normal room condition, shown in Figure 5. The container with potable 
water was stored at a temperature from 20°C to 26°C at 75% relative humidity in a vacant 
room in Brgy. Calinan, Davao City, Davao del Sur, Philippines. Following the curing 
procedure of concrete samples in the laboratory test, this study observed the standard 
practice provided by ASTM C192 [20] for all nine (9) concrete cube samples. Hence, this 
group served as the controlled samples [6] set by the researcher as a baseline reference 
for the abovementioned environmental conditions. 

 

Fig. 5 Concrete cube samples cured in potable water in a normal room condition 

2.3. Equipment, Measurement and Variation of Tests 

After the twenty-seven (27) concrete cube samples had been extracted from the molders 
and were cured in three (3) different environmental conditions, the non-destructive and 
the destructive tests were employed. All concrete cube samples were air-dried for twenty-
four (24) hours before they were tested on the 7th, 14th, and 28th day for compressive 
strength. Moreover, the conventional N-type rebound hammer device, shown in Figure 6a, 
was used for the non-destructive test. On the other hand, the digital direct compression 
machine, shown in Figure 6b, was used for the destructive test with a 5000-kN maximum 
load capacity. The direct compression machine and the rebound hammer device used to 
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conduct the tests were from Terms Concrete and Materials testing Laboratory Inc. in Davao 
City, Davao del Sur, Philippines. 

 

Fig. 6 Destructive and non-destructive tests using: (a) N-type rebound hammer device 
and (b) one unit test automatic compression machine 

When the concrete cube samples were ready for testing, all samples in each group were 
tested first by the rebound hammer device, following the procedure set forth by ASTM 
(2008) [21] and ACI Committee 228 (2003) [22]. Consequently, when the rebound 
hammer was employed, its plunger part penetrated and struck the ten (10) marking zone 
[23]–[25] in each concrete cube sample. The plunger in the rebound hammer should be 
perpendicular to each zone and spaced 30 mm from each marked zone to achieve the 
desired readings. This penetration estimated the hardness of concrete for the compressive 
strength. All samples had visual inspection to identify the smooth surface before testing.  
The schematic diagram of the rebound hammer test is illustrated in Figure 7a, where the 
device was pressed towards the surface of each sample at the horizontal position, shown 
in Figure 7b. Every tested sample must lean in the solid wall so that when the rebound 
hammer impacted in the concrete sample, the stability condition was still achieved. 

 

Fig. 7 Rebound hammer device in: (a) schematic diagram [26] and (b) actual position 

Moreover, all concrete cube samples with the highest and lowest rebound reading 
numbers were discarded, and the remaining eight (8) rebound reading numbers were 
averaged [23], [24], [27]. The average rebound readings were taken for calculations and 
were compared to the rebound hammer graph provided by the manufacturer. Equation 1, 
shown below, was used to calculate the estimated rebound hammer compressive strength 
reading [7]. 

𝑅𝑐(𝑡) = 𝑅𝑐 , 28𝑒
𝑠(1−√

28

𝑡
)
 

(1)                                                                                                                                    

(a) (b) 

(b) (a) 
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where Rc is the estimated rebound hammer compressive strength reading, s is the 
exponential equation provided [28] at the given time t in the designated tests at 7th, 14th, 
and 28th days. 

Henceforth, the concrete cube samples were immediately placed in the direct compression 
machine and loaded for failure after the rebound hammer test was performed. The 
destructive test was set at a gradual load rate of 140 kg/cm2 per minute until it reached 
the maximum compressive failure capacity. After recording the obtained compressive 
strength from the direct compression machine, the percentage error (%Error) of 
compressive strength reading from the rebound hammer test was determined. The 
percentage error used by Co (2019) [8] was employed as presented in Equation 2. 

%𝐸𝑟𝑟𝑜𝑟 =
𝑅𝐷 − 𝑅𝐶(𝑡)

𝑅𝐷

 
(2) 

where RD is the compressive strength from the direct compression machine, and Rc is the 
estimated rebound hammer compressive strength reading at the given time t in the 
designated tests at 7th, 14th, and 28th days. 

After the concrete samples had undergone the destructive test approach in the direct 
compression machine, the crushed crack part of the concrete cube sample was tested using 
a chemical indicator that assessed the concrete carbonation. The purpose of the 
carbonation test in this study was to identify if concrete cube samples have been suspected 
of corrosion during the curing process in three (3) environmental conditions. This 
procedure adopted the carbonation test using a phenolphthalein [29], [30]. The 
phenolphthalein liquid solution has the following properties (Table 2) and was purchased 
in Davao Mineral Laboratories, Inc. Brgy. Lanang, Davao City, Davao del Sur, Philippines. 

Table 2. Properties of phenolphthalein indicator solution 

Molecular 
mass 

(g/mol) 

Purity 
(%) 

Solution in 
ethanol 

(%) 

Denatured 
(%) 

ph 
balance 

Density at 
20°C 

(g/mL) 
color 

318.328 98 1 90 8-10 0.82 clear 

 
When phenolphthalein is applied and sprayed around 0.1 mL to 0.3 mL in the crushed 
crack portion of each concrete sample at contacts in alkaline, the color of the undisturbed 
cracked part of the concrete cube sample turns pink if it has a high pH level. In contrast, if 
the concrete cube sample has the presence of carbon, it will remain uncolored. 

2.4. Statistical Analysis 

The relationship between the readings from the rebound hammer device versus the 
calculated rebound hammer compressive strength and the direct compressive strength 
results were determined in probabilistic and statistical analysis [6], [8], [25], [31]–[33]. 
The correlation and regression of the Pearson r coefficient equation, presented in Equation 
3, has been used in this study to identify the true relationship between the test results of 
the rebound hammer and the direct compression in concrete compressive strength for the 
twenty-seven (27) concrete cubes in three (3) environmental conditions. 

𝑟 =
𝑛 ∑ 𝑥𝑦 − (∑ 𝑥)(∑ 𝑦)

√[𝑛 ∑ 𝑥2 − (∑ 𝑥)2][𝑛 ∑ 𝑦2 − (∑ 𝑦)2]
   

(3) 

where the rebound reading is the independent variable x, the calculated compressive 
strength estimation from the test of rebound hammer and the compressive strength from 
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the test of direct compression are dependent variables y, and the twenty-seven (27) 
concrete cube samples are considered as n. 

In determining the covariance of the variables considered, the computed r coefficient must 
be between -1 and +1. Hence, r must be a non-zero value so that the relationship between 
variables is evident [34]. In addition to this analysis, two (2) hypotheses were considered: 
1) null hypothesis, which stated that the variables considered have no linear correlation, 
and 2) alternative hypothesis, which stated that the variables considered have a linear 
correlation. A 95% confidence level was used, with an 𝛼 value equal to 0.05, in selecting 
the hypothesis. The 𝛼 value was compared to the calculated p-value; hence, if the computed 
p-value was greater than 𝛼, the alternative hypothesis was accepted. In contrast, if the 
computed p-value was lesser than 𝛼, the accepted hypothesis was null. 

3. Results and Discussion  

3.1. Compressive Strength in Rebound Hammer and Direct Compression Tests 

The compressive strength of all concrete cube samples placed in three (3) different curing 
environments was determined using a rebound hammer and direct compression tests. 
Table 3 shows the compressive strength results for the concrete samples cured in a 
seawater environment.  

Table 3. Compressive strength results for rebound hammer versus direct compression at 
7th, 14th and 28th days of curing in seawater 

Curing 
days 

Sample Strength 
*Number of readings Rebound 

hammer 
(MPa) 

Direct 
compression 

(MPa) 
% Error 

1 2 3 4 5 6 7 8 9 10 

7 

1 

Rebound Reading 20 18 22 13 20 14 18 18 14 14 

10.00 15.00 33.33 
Equivalent computed 

compressive 
strength (MPa) 

10 10 13 10 10 10 10 10 10 10 

2 

Rebound Reading 16 16 22 18 19 17 17 20 20 19 

10.00 17.00 41.18 
Equivalent computed 

compressive 
strength (MPa) 

10 10 13 10 10 10 10 10 10 10 

3 

Rebound Reading 14 17 20 16 16 20 18 20 23 18 

10.00 17.00 41.18 
Equivalent computed 

compressive 
strength (MPa) 

10 10 10 10 10 10 10 10 14 10 

14 

1 

Rebound Reading 22 17 27 27 21 28 24 27 25 18 

15.80 22.00 28.18 
Equivalent computed 

compressive 
strength (MPa) 

12 10 20 20 12 22 16 19 17 10 

2 

Rebound Reading 26 32 30 32 21 24 23 28 20 21 

16.64 24.00 30.67 
Equivalent computed 

compressive 
strength (MPa) 

18 28 24 28 12 16 14 21 10 12 

3 

Rebound Reading 24 31 30 25 23 23 23 27 23 28 

19.50 23.00 15.22 
Equivalent computed 

compressive 
strength (MPa) 

16 26 24 17 14 14 14 20 14 21 

28 

1 

Rebound Reading 25 21 27 23 19 16 21 21 22 12 

12.50 25.00 50.00 
Equivalent computed 

compressive 
strength (MPa) 

17 12 20 14 10 10 12 12 13 10 

2 

Rebound Reading 19 20 21 19 18 15 17 18 16 22 

10.25 25.00 59.00 
Equivalent computed 

compressive 
strength (MPa) 

10 10 12 10 10 10 10 10 10 13 

3 

Rebound Reading 24 21 20 25 21 21 20 21 20 18 

12.00 26.00 53.85 
Equivalent computed 

compressive 
strength (MPa) 

16 12 10 17 12 12 10 12 10 10 
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*Note that the minimum and maximum rebound readings were eliminated and the remaining 
eight (8) rebound readings were considered. 

For the observations herein, the direct compression test results for the concrete 
compressive strength samples cured in a seawater environment ranged from 15 MPa to 17 
MPa for the 7th day curing period, 22 MPa to 24 MPa for the 14th day curing period, and 25 
MPa to 26 MPa for the 28th day curing period, respectively. The results demonstrated that 
the mixture of concrete achieved a compressive strength of 21 MPa (3000 psi) from the set 
standard mix [20]. Moreover, in Figure 8a, the results in compressive strength for the 
rebound hammer test underestimated all the direct compression test results. Using 
Equation 2 to calculate the percent error in the rebound hammer reading, it was found that 
the consistent underestimation for concrete cube samples cured in a seawater 
environment has a minimum error of 15.22% on the 14th day and a maximum error of 59% 
on the 28th day curing period as illustrated in Figure 8b. In comparison, the study of Co 
(2019) [8] has recorded minimum and maximum errors of 5.95% to 44.18%, respectively. 
The recorded errors in this study provided higher results because the rebound hammer 
device used by Co (2019) [8] was calibrated before it was used.  

  

Fig. 8 Variations of concrete samples per curing periods in seawater environment versus: 
(a) compressive strengths from the rebound hammer and direct compression, and (b) 

obtained %Error 

Furthermore, as the age of curing in concrete increased, the obtained compressive strength 
also increased. Thus, the hydration process continued [35]. The compressive strength for 
the rebound hammer test in this study revealed similar results to the study of Co (2019) 
[8], which indicated that the compressive strength results varied accordingly. However, 
the compressive strength of the rebound hammer test yielded only after the 14th day 
(Figure 8b) because the longer the concrete cube samples were cured, the higher the 
moisture content retained. Additionally, concrete cube samples were air-dried only after 
each curing period for twenty-four (24) hours instead of a much more extended period 
before they went through a rebound hammer test. Although the age of exposure to a 
particular environmental condition and the moisture content in concrete cube samples 
were not explored in this study, nonetheless, both factors were observed during 
experimentation that can influence the obtained high rebound readings percent errors [6]. 

Table 4 exhibits the compressive strengths of the rebound hammer and the direct 
compression test results of the concrete samples cured in seawater in a controlled area. 
Similar to Table 3, the test results of the rebound hammer underestimated all the test 
results in the direct compression for the compressive strength. Hence, on the 7th day curing 
period, when the rebound hammer test was employed, the concrete cube samples had 
recorded 10 MPa, while the direct compression test ranged from 15 MPa to 16 MPa 
compressive strengths. Subsequently, on the 14th day curing period, the rebound hammer 
test recorded from 10.63 MPa to 12 MPa compressive strengths, while the direct 
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compression test ranged from 20 MPa to 21 MPa. Also, for the curing period on the 28th 
day, the results in the rebound hammer test obtained 10.67 MPa to 11.63 MPa. On the other 
hand, the direct compression test ranged from 24 MPa to 26 MPa.  

Table 4. Compressive strength results for rebound hammer versus direct compression at 
7th, 14th and 28th days of curing in seawater in a controlled area 

Curing 
days 

Sample Strength 
*Number of readings Rebound 

hammer 
(MPa) 

Direct 
compression 

(MPa) 
% Error 

1 2 3 4 5 6 7 8 9 10 

7 

1 

Rebound Reading 17 12 18 13 15 16 16 17 17 12 
10.00 

 
16.00 

 
37.50 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 10 10 10 10 10 10 10 10 

2 

Rebound Reading 13 18 18 17 14 14 15 18 14 17 
10.00 

 
15.00 

 
33.33 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 10 10 10 10 10 10 10 10 

3 

Rebound Reading 12 15 18 14 17 14 14 18 18 18 
10.00 

 
15.00 

 
33.33 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 10 10 10 10 10 10 10 10 

14 

1 

Rebound Reading 20 22 25 26 22 21 18 21 18 18 
12.83 

 
20.00 

 
35.85 

 
Equivalent computed 

compressive 
strength (MPa) 

10 13 17 18 13 12 10 12 10 10 

2 

Rebound Reading 10 18 23 22 18 20 21 19 19 19 
10.63 

 
20.00 

 
46.85 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 14 13 10 10 12 10 10 10 

3 

Rebound Reading 18 20 20 18 18 22 21 22 24 24 
12.00 

 
21.00 

 
42.86 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 10 10 10 13 12 13 16 16 

28 

1 

Rebound Reading 23 21 20 21 14 12 14 18 16 10 
10.67 

 
24.00 

 
55.54 

 
Equivalent computed 

compressive 
strength (MPa) 

14 12 10 12 10 10 10 10 10 10 

2 

Rebound Reading 17 22 25 23 19 18 17 16 22 22 
11.63 

 
26.00 

 
55.27 

 
Equivalent computed 

compressive 
strength (MPa) 

10 13 17 14 10 10 10 10 13 13 

3 

Rebound Reading 14 17 17 15 16 10 18 20 13 19 

10.00 24.00 58.33 
Equivalent computed 

compressive 
strength (MPa) 

10 10 10 10 10 10 10 10 10 10 

*Note that the minimum and maximum rebound readings were eliminated and the remaining 
eight (8) rebound readings were considered. 

The underestimated compressive strength result in the second environmental condition is 
illustrated in Figure 9a. The results also revealed that the maximum error plotted in Figure 
9b occurred on the 28th day curing period at 58.33%, the same curing period in a seawater 
environment where the maximum error also occurred.  
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Fig. 9 Variations of concrete samples per curing periods in seawater in a controlled area 
versus: (a) compressive strengths from the rebound hammer and direct compression, 

and (b) obtained %Error 

Aside from the calibration error factor and the less drying period after curing, it was also 
observed in the rebound hammer test that all rebound readings at the middle zones in 
concrete cubes had the highest results. In contrast, zones at the corner of the concrete cube 
samples revealed low readings. The results can be attributed to the rebound hammer 
device that the impact of the plunger on the nearby concrete surface edges provided a high 
slenderness effect [23]. Hence, the applied plunger force becomes more distributed when 
the rebound hammer strikes a larger zone area. Thus, the rebound readings recorded 
lower strength in the nearby edges and higher strength in the middle zone. 

In the last environmental condition, the compressive strength results of concrete cube 
samples cured in potable water stored in a normal condition revealed that the compressive 
strengths had obtained barely higher strength, shown in Table 5. Hence, the rebound 
hammer test recorded 10 MPa on the 7th day of curing, while the direct compression test 
recorded from 17 MPa to 18 MPa compressive strengths. For the 14th day of curing, the 
tested concrete cube samples for the rebound hammer recorded from 13 MPa to 14.33 MPa 
compressive strengths. 

Table 5. Compressive strength results for rebound hammer versus direct compression at 
7th, 14th and 28th days of curing in potable water stored in a normal condition 

Curing 
days 

Sample Strength 
*Number of readings Rebound 

hammer 
(MPa) 

Direct 
compression 

(MPa) 
% Error 

1 2 3 4 5 6 7 8 9 10 

7 

1 

Rebound Reading 15 13 18 13 10 18 16 15 15 18 
10 

 
18 

 
44.44 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 10 10 10 10 10 10 10 10 

2 

Rebound Reading 20 19 22 19 18 15 14 20 17 19 
10 

 
17 

 
41.18 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 13 10 10 10 10 10 10 10 

3 

Rebound Reading 16 18 22 16 17 12 16 22 17 20 
10 

 
17 

 
41.18 

 
Equivalent computed 

compressive 
strength (MPa) 

10 10 13 10 10 10 10 13 10 10 

14 

1 

Rebound Reading 20 21 22 22 20 26 20 23 22 20 
 

13 
 

      21 
 

38.20 
Equivalent computed 

compressive 
strength (MPa) 

10 12 13 13 10 18 10 14 13 10 

2 

Rebound Reading 22 21 21 20 25 20 21 24 20 22 
 

13 
 

21 
 

38.20 
Equivalent computed 

compressive 
strength (MPa) 

13 12 12 10 17 10 12 16 10 13 

3 

Rebound Reading 22 24 22 20 21 20 22 24 22 22 
 

14.33 
 

23 
 

37.70 
Equivalent computed 

compressive 
strength (MPa) 

13 16 22 10 12 10 13 16 13 13 

28 

1 

Rebound Reading 21 17 19 17 18 22 14 25 18.5 21 
 

10.88 
 

24 
 

54.67 
Equivalent computed 

compressive 
strength (MPa) 

12 10 10 10 10 13 10 17 10 12 

2 

Rebound Reading 21 13 24 18 16 19 19 26 25 19 
 

11.88 
 

28 
 

57.57 
Equivalent computed 

compressive 
strength (MPa) 

12 10 16 10 10 10 10 18 17 10 

3 

Rebound Reading 21 19 27 19 18 22 16 21 21 17 

11.13 25 55.48 
Equivalent computed 

compressive 
strength (MPa) 

12 10 20 10 10 13 10 12 12 10 
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*Note that the minimum and maximum rebound readings were eliminated and the remaining 
eight (8) rebound readings were considered. 

In comparison, the direct compression test recorded from 21 MPa to 23 MPa. Lastly, the 
test results for the rebound hammer in compressive strength ranged from 10.88 MPa to 
11.88 MPa for the 28th day of curing. In contrast, the direct compression test recorded from 
24 MPa to 28 MPa, respectively. The test results for direct compression in three (3) 
environmental conditions shown in Tables 3, 4, and 5 for compressive strength have 
comparable results. However, in the last environmental condition, the rebound hammer 
test results still underestimated the compressive strength results in the direct 
compression, shown in Figure 10a. Likewise, the concrete compressive strength results in 
the rebound hammer and the direct compression tests in the last environmental condition, 
the maximum error reached 57.57% for the samples in potable water stored in a normal 
condition environment, shown in Figure 10b.  

 

Fig. 10 Variations of concrete samples per curing periods in potable water stored in a 
normal condition versus: (a) compressive strengths from the rebound hammer and direct 

compression, and (b) obtained %Error 

This maximum error is slightly lower than 1.43% compared to the maximum error of 
concrete cube samples in the seawater environment and 0.76% lower than the maximum 
error of the samples in seawater in a controlled area. The results are similar to the study 
of Sanchez & Tarranza (2014) [6], where the concrete cube samples cured in potable water 
in a normal room condition provided higher compressive strength from the direct 
compression test. However, compared to brackish water [6] from the seawater 
environment in this study, samples from the seawater environment had slightly 
comparable results of compressive strength versus the rebound hammer test of the 
samples cured in the potable water environment. Additionally, it was also observed in the 
rebound hammer test for all environmental conditions that the compressive strength 
results on the 7th day had a similar reading of 10 MPa (Tables 3, 4, and 5). This was 
associated with the fact that at early curing age, the rebound reading only registered and 
obtained a barely minimum reading from the rebound hammer device provided by the 
manufacturer. 

Furthermore, concrete cube samples were susceptible to crack failure in nearby edge 
surfaces, as observed during the direct compression test. This kind of failure provided a 
lesser estimation of the compressive strength of concrete. Additionally, one element that 
influenced the inconsistent estimation of the concrete compressive strength was that when 
concrete cube samples were transported from one place to another, they were subjected 
to frequent disturbances, thereby reducing the rebound reading and compressive strength. 
It was advised that when using the rebound hammer device to assess the concrete 
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structures situated in seawater, the adjustments of rebound readings and compressive 
strength results in a particular setting must be developed. 

3.2. Results for Carbonation Test in Three (3) Environmental Conditions 

After the direct compression test was performed and cracked portions of the concrete cube 
samples were visible, the samples went through a carbonation test. The phenolphthalein 
liquid solution was immediately applied and sprayed to all the cracked portions of the 
samples to determine the occurrence of carbon that had been developed during the 
consequent curing periods. As observed in Figures 11a, 11b, and 11c, all the cracked 
portions in concrete cube samples turned pink. 

 

 

 

Fig. 11 Phenolphthalein solution in crack portion of concrete cube samples cured in: (a) 
seawater environment, (b) seawater in a controlled area, and (c) potable water stored in 

a normal room condition 

In the carbonation test performed in this study, it can be inferred that all twenty-seven 
(27) concrete cube samples cured in three (3) environmental conditions had no carbon 
development during their designated curing periods. This test was done to verify the 
carbonation existence in concrete cube samples. Hence, carbon could significantly affect 
the rebound readings and may indicate higher than 50% inconsistency than those without 
carbonation [30]. 

Thus, the finding in this work revealed that more than 50% of the rebound reading errors 
were not directly influenced by carbonation development. Therefore, this contradicted the 

(a) 

(b) 

(c) 
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previous result in the existing literature in the aforementioned. In addition, this finding 
also indicated that when the concrete cube samples were in continuous immersion in the 
seawater environment, any acidic agents had not intruded inside the concrete during their 
curing periods. Thus, in this present work, only the calibration of the rebound hammer 
device, less drying period after curing, the high water retained in the concrete samples, and 
the uneven distribution of force in the plunger of the rebound hammer device to the 
concrete surface were the factors that can affect the high rebound readings errors. 

Furthermore, as the concrete cube samples aged in the seawater environment, seashells 
and other marine organisms, particularly algal species, slowly grew on the concrete 
surface. These organisms produced extraordinarily toxic compounds [36] that could affect 
the rebound hammer and direct compression tests in concrete cube samples. However, 
weekly cleaning maintenance on the surfaces of all nine (9) concrete cube samples cured 
in a seawater environment was conducted as part of the methodology in this present work 
to maintain the smoothness of the concrete surface. Thus, the continued growth of 
seashells and the development of marine organisms on concrete surfaces were prevented. 

3.3. Regression and Correlation Results and Development of Correlation Models 

In regression analysis for the variables considered in the seawater environment, the 
computed p-value of 0.000000247 between the rebound reading versus the rebound 
hammer compressive strength test was less than the set significant level (𝛼). On the other 
hand, the computed p-value of 0.141883304 for the variation between the rebound 
reading versus the direct compression compressive strength test was greater than the set 
significant level (𝛼). These showed that both variations had contrasting results. Hence, the 
null hypothesis was accepted in the former variation, while the alternative hypothesis was 
accepted for the latter variation. 

In the calculated correlation coefficient R2 using Equation 3 for the rebound reading versus 
the rebound hammer compressive strength test, the result was 98.16%, which indicates a 
significantly high correlation. In contrast, the rebound reading versus the direct 
compression compressive strength test was 28.12%, which can be considered a negligible 
correlation. The result of the regression and correlation analysis in the latter variation can 
also be observed in Figure 12a. The plotted values were dispersedly unaligned in the linear 
trendline. This study found that rebound readings from approximately 12 to 16 had no 
direct effect on the direct compression compressive strength test results in a seawater 
environment. These findings showed that extreme weather changes in the seawater 
environment with a normal range and above-normal range recorded temperatures from 
23°C to 31°C [18] can also significantly affect the rebound readings. 

Moreover, for the variables considered in seawater in a controlled area, the computed p-
values of 0.000348684 and 0.065826142 in the variations between the rebound reading 
versus the rebound hammer compressive strength and the direct compression 
compressive strength tests in concrete cube samples were less than the set significant level 
(𝛼). These showed that the considered variables had linear relationships with each other. 
Hence, the null hypothesis in the second environmental condition was accepted. The 
correlation coefficient R2 between the rebound reading versus the rebound hammer 
compressive strength test was computed to have 85.62%, which was considered a high 
correlation result. Contrary to the former variation, the correlation coefficient R2 of 
40.40% in the rebound reading and the direct compression compressive strength test 
indicated a low correlation. Subsequently, the regression and correlation analysis results 
in both variables in seawater in a controlled area can also be observed in Figure 12b. 
Hence, in the former variation, the plotted values were in a consolidated arrangement in 
the linear trendline. On the other hand, the plotted values in the latter variation were 
scattered in the linear trendline. 
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Lastly, for concrete cubes cured in potable water stored in a normal room condition, shown 
in Figure 12c, the regression analysis for the variables considered had a 0.001870707 
computed p-value, less than the set significant level (𝛼). On the other hand, the computed 
p-value for the variation between the rebound reading versus the direct compression 
compressive strength test was 0.162301988, which was greater than the set significant 
level (𝛼). Since both variations had contrasting results, the null hypothesis was accepted. 
In contrast, the alternative hypothesis was accepted for the latter variation. Hence, the 
correlation coefficient R2 between the rebound reading versus the rebound hammer 
compressive strength test was 77.02%, which was considered a high correlation result. 
However, the rebound reading and the direct compression compressive strength test was 
25.84%, a considerably negligible correlation.  

 

 

 

y = 1,0419x - 8,9935

y = 0,6537x + 7,7786

0

5

10

15

20

25

30

0 5 10 15 20 25 30

C
o
m

p
re

ss
iv

e 
 S

tr
en

g
th

 

(N
/

m
m

2
)

Rebound Number 

Rebound Hammer

Direct Compression

y = 0,3166x + 5,0125

y = 1,1527x - 0,0402

0

5

10

15

20

25

30

0 5 10 15 20 25 30

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

(N
/

m
m

2
)

Rebound Number

Rebound Hammer

Direct Compression

y = 0,5851x + 0,1857

y = 0,8192x + 5,6045

0

5

10

15

20

25

30

0 5 10 15 20 25 30

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

(N
/

m
m

2
)

Rebound Number

Rebound Hammer

Direct Compression

(a) 

(b) 

(c) 



Celerinos et al. / Research on Engineering Structures & Materials 9(3) (2023) 947-967 

 

963 

Fig. 12 Rebound correlation curve of concrete cube samples cured in: (a) seawater 
environment, (b) seawater in a controlled area, and (c) potable water stored in a normal 

room condition 

The plotted values were unaligned in the linear trendline (Figure 12c) for the variation 
between the rebound reading versus the direct compression compressive strength test. 
Meanwhile, the variation between the rebound reading versus the rebound hammer 
compressive strength test shown in the same figure revealed that the plotted values were 
within the linear trendline. These indicated that the outcome of the non-destructive test 
using the rebound hammer in assessing all the samples was significantly far from the actual 
compressive strength using the correlation curve graph provided by the manufacturer. 
Consequently, there was a need to develop a rebound correlation model to assess the 
compressive strength of concrete for its reliability, either a graphical curve or an empirical 
equation derived from the actual compressive strength data. 

Finally, this study established three (3) correlation curves for the graphical model in the 
rebound hammer test in concrete samples, as presented in Figure 13. The graphical model 
considered the rebound reading as x and the estimated compressive strength as y. The 
developed graphical model adopted the exponential power model of Co (2019) [8] as the 
rebound correlation curve graph in this work. The model increased the estimation by 
7.86% in a seawater environment, 5.93% in seawater in a controlled area, and 9.15% in 
potable water stored in a normal room condition, respectively. 

 

Fig. 13 Developed rebound correlation curve in three (3) environmental conditions 

Aside from the graphical model, this study also established an empirical equation model 
for the predictor variable (rebound reading) to emerge with an outcome variable 
(compressive strength) when the rebound hammer test was used. The established 
equations can also be the basis for estimating the concrete compressive strength cured in 
a seawater environment (Equation 4), seawater in a controlled area (Equation 5), and 
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potable water stored in a normal room condition (Equation 6) for rebound hammer test, 
respectively. 

𝑦(𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) = 10.2780𝑒0.0343𝑥(𝑟𝑒𝑏𝑜𝑢𝑛𝑑 𝑟𝑒𝑎𝑑𝑖𝑛𝑔) (4) 

𝑦(𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) = 6.8166𝑒0.0608𝑥(𝑟𝑒𝑏𝑜𝑢𝑛𝑑 𝑟𝑒𝑎𝑑𝑖𝑛𝑔) (5) 

𝑦(𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) = 9.6049𝑒0.0408𝑥(𝑟𝑒𝑏𝑜𝑢𝑛𝑑 𝑟𝑒𝑎𝑑𝑖𝑛𝑔) (6) 

4. Conclusions and Recommendation 

The rebound correlation curve provided by the manufacturer in this study shows high 
dispersion in actual compressive strength results. The conventional rebound hammer 
device recorded low accuracy of 28.12%, 40.40%, and 25.84% in the actual concrete 
compressive strength estimation in three (3) environmental conditions. Therefore, the 
non-destructive test using the rebound hammer is inadequate to determine the actual 
compressive strength of concrete during the earlier days of its curing period. 

The study also shows that the changes in temperature in the seawater environment, the 
calibration and maintenance of the rebound hammer device, less drying period of concrete 
samples after curing, the high water retained in the samples, and the uneven distribution 
of force in the plunger of the rebound hammer device to the concrete surface have greatly 
influenced the rebound reading which provided a high percentage error. Hence, the 
obtained compressive strength results were affected. It was also found that there was no 
carbonation development in all concrete samples in three (3) environmental conditions 
during their curing periods. Moreso, it was confirmed that the rebound reading was not 
linearly correlated with actual compressive strength results for concrete samples cured in 
the seawater environment and potable water stored in a normal room condition. 
Additionally, the rebound reading of concrete cured in seawater in a controlled area has a 
low correlation with the compressive strength in the direct compression test. In general, 
contrary to the specifications provided by the manufacturer, the rebound readings were 
not directly correlated with the actual compressive strength results. 

Although the rebound hammer test had an inferior prediction in the actual compressive 
strength of concrete, still the rebound hammer device is good enough to estimate the 
concrete compressive strength if it is calibrated and regularly maintained to have a good 
condition. The study also developed rebound correlation models (graphical curve and 
empirical equation) as baseline references to estimate the concrete compressive strength 
when assessing the reinforced-concrete structure situated in seawater. The models 
increased the reliability estimation by 7.86%, 5.93%, and 9.15% in three (3) 
environmental conditions, respectively.  
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 This paper presents a nonlinear coupled thermal-structural analysis using 
ANSYS Workbench to determine precast beam-to-column connections' thermal 
and structural behaviour. Three precast connection models, a concrete corbel, a 
concrete nib, and an inverted E steel nib, are exposed to ambient and cellulose 
fire curves. Firstly, the precast connection models are verified based on the 
previous experimental result at ambient temperature. Then, the verified precast 
connection models are exposed to the cellulose fire curve for two hours before 
being loaded to failure. The results are compared with the recent experimental 
fire test conducted by the authors. Based on the result, finite element models at 
ambient temperature were validated with a percentage difference of less than 
10%. However, finite element models at high temperatures were not verified due 
to the percentage difference exceeding 10 %. The significant difference was due 
to the non-uniformity of sample dimensions and different test setups in the 
previous experiment. Finite element models for concrete corbel and inverted E 
steel nib have a higher stiffness than the experimental sample. However, the 
finite element model for concrete nib has a lower stiffness than the experimental 
sample. Concrete nib recorded the most significant thermal percentage 
deterioration (32.1 % and 57.4 %) compared to concrete corbel (22.4 % and 
11.52 %) and inverted E steel nib (26.9 % and 27.9 %). The validation result of 
nonlinear coupled thermal-structural analysis executed using ANSYS 
Workbench gives good efficiency for predicting the fire performance of precast 
concrete corbel beam-to-column connections at high temperatures. 
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1. Introduction and Objectives 

Precast concrete technology is widely used around the world. The various advantages of 
precast concrete make it the leading choice in construction materials today. Prefabrication 
of concrete on structural components outside the construction site during construction 
will reduce the period and use of materials, thus saving costs compared to conventional 
construction methods (1). Precast structures contain complex precast concrete 
connections that contribute to the overall structure (2). Precast beam-to-column 
connections are one of the structural elements that are important in improving structures' 
behaviour. Concrete corbel and concrete nib are the most used type in precast 
construction. They transfer vertical loads from the beam to the columns. In addition, a new 
method of hybrid connection was introduced, such as an inverted E steel nib (3). 

According to Eurocodes (4), fire is classified as an accidental load that must be considered 
in the structural design process. The connection's behaviour of precast concrete exposed 
to fire or high temperatures is determined by complex interactions during the heating 
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process and depends on the composition of the mixture (5–7). When exposed to fire, the 
failure mode of precast concrete connection is distinguished by fire type or temperature, 
load system and structure. Teja (8) stated that post-fire effects on connection elements in 
precast structures, such as bearing, pavement, and welding, also influence moment-
rotation characteristics. Fire-damaged to beam-to-column connections also reduces the 
rigidity of the beam structure and the integrity between the beam end and the column face, 
reducing the toughness of the connection. The ASTM E119 (9) and ISO 834 (10) methods 
provided the standard test to identify the response of structures and materials to fire. The 
behaviour of structural members is analysed and measured according to the period of 
resistance to the fire load. However, the methods focus on the individual structural 
members, not the structural subassembly, including beam-to-column connections. The 
response can only be observed and analysed in vertical structural members such as 
columns, walls, and dividers and transverse structural members such as beams and slabs.  

Literature shows that the fire test study on the precast beam-to-column connection at high 
temperatures is limited compared to the study on monolithic and steel connection (11,12). 
An experimental study by Teja (8) on three types of precast beam-to-column connections 
at high temperatures only made against a temperature of 400 °C, which is too low 
compared to the maximum cellulose fire curve temperature (1057 °C). Radzi (13) has 
performed a fire test of a precast beam-to-column connection at a cellulose fire curve to 
overcome this gap. The test involves two types of connections commonly used in precast 
building construction: concrete corbel and concrete nib, and a new connection type 
inverted E steel nib (3). A comparison was made with the result at ambient temperature 
on the load-deflection and moment-rotation curves. 

The use of computer software aims to simplify the calculation of complex structural 
analysis and can save time. Finite element simulation using computer software can 
perform analysis for various engineering problems. Computer software such as ABAQUS, 
VULCAN, ADAPTIC, DIANA, and ANSYS can be used in transient structural analysis and 
coupled thermal structural analysis of beam-to-column connections (14–16). Finite 
element simulations can confirm experimental findings, predict thermal and structural 
behaviour using different parameters, and improve engineering recommendations. 
Considerations are made based on thermal and structural constraints, thermal and 
structural loads, and material properties. 

In this paper, a nonlinear coupled thermal-structural analysis is executed using ANSYS 
Workbench to determine the thermal and structural behaviour of precast beam-to-column 
connections (concrete corbel, concrete nib, and an inverted E steel nib) exposed to ambient 
and cellulose fire curve. Firstly, the finite element models are verified based on the 
previous experimental test result at ambient temperature (3,17,18). Since the previous 
experiment (3,17,18) were not made for high temperature, the comparison of the finite 
element simulation at high temperature was made with the experiment by Radzi (13). The 
study's findings are presented as load-deflection and moment-rotation curves. Finally, the 
thermal percentage deterioration of the connection summarised the best connection with 
fire resistance capability at high temperatures. 

2. Description of Specimens at Ambient Temperature 

This study adopted the experimental test results at ambient temperature by Abd. Rahman 
et al. (17) for the concrete corbel model, Mokhtar et al. (18) for the concrete nib, and 
Bahrami et al. (3) for the inverted E steel nib. The test setup, detail of the test specimen, 
material properties, and test procedure are summarised in this section. More details of this 
experiment can be found in the paper (3,17,18).  
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2.1 Concrete Corbel 

The sizes of the concrete corbel components, beams and columns are shown in Fig. 1. The 
size of the precast beam is 160 mm x 280 mm, while the size of the precast column is 200 
mm x 200 mm. Table 1 lists the concrete corbel connection's reinforcement and concrete 
cover details. Half-depth precast beams were installed on both sides of the corbels, 
followed by the installation of 2Y16 top reinforcement bars, while 2Y16 of the bottom 
reinforcement bars were already cast in the half beam. A second stage of concreting using 
wet cast-in-place concrete was carried out using simple side formwork along the beam to 
complete the connection between the precast beam and precast column.  

 

 

Fig. 1 Concrete corbel connection detailing (17) 

 

Table 1. Reinforcement and concrete cover detailing (17) 

Items Descriptions 

Top and bottom steel bar beam 

Stirrup beam 

Main bar column 

Stirrup column 

Dowel bar 

2Y16 

R8-125 

4Y16 

R8-125 

Y16 

Concrete cover of column and corbel 25mm 

Concrete cover of beam 25mm 

2.2 Concrete Nib 

The sizes of the concrete nib components, beams and columns are shown in Fig. 2. The 
beam size is 300 mm × 450 mm and 1500 mm long. The column is 300 mm × 300 mm, with 
a total height of 3000 mm and a cross-section containing four T25 mm rebars. The tension 
reinforcements are fully anchored and lapped to ensure that full tensile force can be 
developed at this connection without slippage or failure. Flexural reinforcements were 
anchored inside the columns with a 90° bend. The connection used two 20 mm high-yield 
deformed bars as top reinforcement. The precast components' compressive strength, fcu, 
at 28 days was 40 N/mm2. The compressive strength of the infill concrete mix, fcui, was 
designed to be 40 N/mm2 in 7 days. 
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Fig. 2 Concrete nib connection detailing (18) 

2.3 Inverted E Steel Nib 

The sizes of the inverted E steel nib components, beams and columns are shown in Fig. 3. 
The beam size is 250 mm × 320 mm and 1376 mm long. The column is 250 mm × 250 mm, 
with a total height of 1500 mm. The precast concrete beam is placed on the embedded steel 
corbel in the continuous column, and the bottom threaded bars of the beam are tightened 
between the grooves of the corbel by two nuts and steel gaskets with a thickness of 10 mm. 
The space of the connection area is filled with expandable grout. After grouting, two top 
bars were passed through two holes in the column. Those holes are also grouted, and the 
connection is completed by slab concreting. 

 

 

Fig. 3 Inverted E steel nib connection detailing (3) 
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3. Previous Study at High Temperature 

Radzi (13) studied the behaviour of precast concrete beam-to-column connections 
subjected to standard cellulose fire exposure, as shown in Fig. 4. The behaviour of precast 
concrete beams to column connection specimens, namely concrete corbel, concrete nib, 
and inverted E steel nib, were compared with monolithic type specimens. The specimens 
were produced based on the IBS catalogue produced by the Public Works Department of 
Malaysia (JKR) and the Construction Industry Development Board of Malaysia (CIDB). The 
dimensions and test setup used were not uniform in this study. However, the test results 
by Radzi (13) can still be used as a reference for comparison purposes. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 4 Fire damaged of precast concrete beam to column connections: (a) concrete 
corbel, (b) concrete nib, and (c) inverted E steel nib (13). 

4. Numerical Models 

4.1 Finite Element Models 

The details of the finite element models are given in Table 2. A total of six finite element 
models are provided, three for ambient temperature and three more for high temperature. 
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For the finite element model references, the first letter CC, CN, and EN stands for concrete 
corbel, concrete nib, and Inverted E steel nib, respectively, while the following letter A and 
HT represents the ambient and high temperature conditions. The geometric modelling was 
executed using additional software, SpaceClaim 2021 R2. Fig. 5 shows the geometric 
models produced: concrete corbel, concrete nib, and inverted E steel nib. The geometry of 
concrete, grout, rubber pads, and steel plates as volumes were produced by solid modelling 
methods. In contrast, the geometry of the steel reinforcement was produced as a line using 
the direct generation method. Convergence analysis subjected to an increasing static load 
at the end of the beam until the connection fails was done on five different mesh sizes of 
the beam to monolithic column connection model. The sizes were 125 mm, 100 mm, 75 
mm, 50 mm, and 25 mm. The deflection values for the 50 mm and 25 mm mesh sizes show 
a lower gradient with a consistent deflection difference of only 0.5 mm. Because the small 
mesh size (25 mm) will affect the duration of the simulation solution, this thesis chooses a 
more appropriate and reasonable mesh size of 50 mm based on the size of the large-scale 
model and requires a suitable period to complete. The chosen type of mesh was linear and 
hexahedral in shape with six surfaces. 

 

 
(a) 

 
(b) 

 

 
(c) 

Fig. 5 Geometric modelling: (a) concrete corbel, (b) concrete nib, and (c) inverted E 
steel nib 
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Table 2. Details of finite element models at ambient temperature 

Conditions Connections Finite Element Model References 

Ambient Concrete corbel (17) CC-A 

Concrete nib (18) CN-A 

Inverted E steel nib (3) EN-A 

High Temperature Concrete corbel (17) CC-HT 

Concrete nib (18) CN-HT 

Inverted E steel nib (3) EN-HT 

4.2 Simulation Procedures 

The nonlinear coupled thermal-structural analysis using ANSYS Workbench was 
performed to validate the experimental result and predict the behaviour under different 
parameters (19). This sequential coupling technique was chosen to connect thermal and 
structural analysis. The simulation procedures inside the ANSYS program are illustrated 
in Fig. 6. In Step 1, the transient structural analysis was executed. The material properties 
at ambient temperature and structural boundary conditions were assigned to the model.  

 

Fig. 6 Fire Finite element simulation procedures 

The gradual load was applied to the end of the beam to allow for beam failure. Then, the 
ultimate capacity of the structure at ambient temperature was evaluated. In Steps 2 and 3, 
The transient thermal and structural analyses were executed. Transient thermal analysis 
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was performed first and followed by transient structural analysis. The temperature-
dependent thermal properties and thermal boundary conditions were assigned to the 
model. The cellulose fire curve temperature profile was applied to the model. The 
temperature solution at a high temperature was evaluated. Then, the computed 
temperature solution was used as input data to determine the deformation and thermal 
stress of the structure at high temperatures. 

Mesh studies are performed to determine the optimal finite element mesh, which provides 
a relatively accurate solution method with low calculation time. This section divides the 
large structure into small parts to facilitate analysis. The optimal size and short analysis 
period were used in this study. Trial-and-error methods for different sizes determine the 
optimal mesh size. In this analysis, the selected mesh size is 25 mm (for concrete nib) and 
50 mm (for concrete corbel and inverted E steel nib) because it shows reasonable force 
convergence (Force Convergence). This value is adapted for all model components, such 
as concrete, reinforcement bar and stirrups. The fixed support was assigned at the top and 
bottom of the precast concrete column. The interface between rebar elements and 
concrete was assumed to be fully bonded using the discrete reinforcing method. The 
explosive spalling phenomena on the concrete surface during heating were neglected. 

4.3 Thermal and Structural Elements 

The element characteristics were described by ANSYS (20). For transient thermal analysis, 
SOLID278 was assigned to simulate the concrete element. SOLID278 has a 3-D thermal 
conduction capability. The element has eight nodes with a single degree of freedom and 
temperature at each node. For transient structural analysis, SOLID278 was replaced by 
SOLID185 to simulate the concrete element. SOLID185 was selected for or the 3-D 
modelling of solid structures. Eight nodes define it with three degrees of freedom at each 
node: translations in the directions of the nodal x, y, and z. The element has plasticity, hyper 
elasticity, stress stiffening, creep, large deflection, and large strain capabilities. REINF264 
was assigned for the transient thermal and transient structural analysis to reinforce the 
elements. REINF264 has plasticity, stress stiffening, creep, large deflection, and large strain 
capabilities. 

4.4 Materials Properties 

Table 3 lists the properties of the material used in ANSYS. The thermal and mechanical 
material properties assigned in the simulation were according to Eurocode (4) and 
previous studies (21,22).  

Table 3. Materials properties 

Properties Concrete Steel 

Density (Kg mm-3) 2.3 × 10-6 7.8 × 10-7 

Young’s modulus (MPa) 35000 2 × 105 

Poisson ratio 0.2 0.3 

Bulk modulus  19444 1.63 × 105 

Shear modulus (MPa) 14583 77160 

Coefficient of thermal expansion (C-1) 1.48 × 10-5 1.6 × 10-5 

Thermal conductivity (W mm-1 C-1) 0.002 0.054 

Specific heat (mJ Kg-1 C-1) 9 × 105 4.8 × 105 

 

The isotropic thermal conductivity and specific heat constant pressure vary with 
temperature. The density, isotropic elasticity (Young’s modulus and Poisson’s ratio), 
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multilinear isotropic hardening of concrete (plastic stress-strain), and bilinear isotropic 
hardening of reinforcement (yield strength-tangent modulus) are varied with respect to 
temperature. 

4.5 Process of Data Analysis 

The results obtained from the experimental and simulation were load-deflection and 
moment-rotation curves. For the simulation result using ANSYS, the load-deflection curves 
were directly obtained from a combined force and total deformation appeared in the graph 
and tabular data, as shown in Fig. 7 (a). For the experiment, the load-deflection curves were 
generated based on the applied load and the vertical directional deformation data at the 
end of the beam, as shown in Fig. 7 (b).  

 
(a) 

 
(b) 

Fig. 7 Load-deflection of connections: (a) results from ANSYS and (b) experimental 
relationship between deflection, δ and rotation, θ 

 
From the load result, the moment (M) was calculated according to equation (1). 

𝑀 = (𝐹 × 𝑑) + (𝑆𝑊𝑏 ×
𝑑

2
) 

(1) 

where F is the applied force (in kN), d is the distance from the fixed axis (in mm), and SWb 
is the selfweight of the beam (in kN). The rotation (θ) was calculated based on the 
difference between the rotation in the beam (θbeam) and the rotation in the column 
(θcolumn) according to equation (2). 

𝜃 = {[tan−1
𝑏

𝑑
] − [tan−1

𝑎

𝑐
]} 100𝜋/18 

(2) 

where a is the deflection in the column (in mm), b is the deflection in the beam (in mm), c 
is the distance of the LVDT to the center of rotation of the column (in mm), and d is the 
distance of the LVDT to the center of rotation of the beam (in mm). 

5. Results and Discussions 

5.1 Concrete Corbel 

5.1.1 Ambient Temperature 

For model validation, Fig. 8 compares the load-deflection curves of model CC-A and the 
experiment by Abd. Rahman et al. (17) at ambient temperature. It is observed that the 
curves showed a good agreement between them. The deflection for the experiment was 
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45.7 mm with a maximum load of 62.4 kN. The deflection for model CC-A was 47.6 mm 
with a maximum load of 67 kN. The percentage difference for deflection and load was 4 % 
and 6.8 %, which validated the finite element model. Fig. 9 shows the moment–rotation 
curves of model CC-A and the experiment by Abd. Rahman (17) at ambient temperature. 
At the beginning of loading, there was a difference in the load value between the two 
curves. Model CC-A had a higher stiffness compared to the experiment. At load 67 kN, the 
curves showed a good agreement between them. The percentage difference for moment 
and rotation was 9.2 % and 7.7 %, respectively. 

  
Fig. 8 Load – deflection curves of model 
CC-A and experiment (17) at ambient 

temperature 

Fig. 9 Moment – rotation curves of model 
CC-A and experiment (17) at ambient 

temperature 

5.1.2 High Temperature 

For model validation, Fig. 10 shows the load-deflection curves of model CC-HT and the 
experiment by Radzi (13)at high temperatures. It is observed that there was a difference 
in the load value of 10 kN between the two curves. This is due to the non-uniformity of 
sample dimensions and different test setups in the study by Radzi (2023) (13), which was 
not considered in the simulation. A constant load of 10 kN was applied to the sample during 
the experiment. Table 4 compares the load–deflection ratio between the model CC-HT and 
the experiment by Radzi (13). The load–deflection ratio showed a good agreement 
between them, with a slight difference of 6.1%. 
 

Table 4. Load – deflection ratio between CC-HT and experiment [9] at high temperature 

Items 
CC-HT 

[A] 
Experiment (13) 

[B] 
Differences 

[B] – [A] 
Percentage 

Difference (%) 
Load (kN) 52.39 60 7.61 12.68 
Deflection 

(mm) 
52.43 64.66 12.23 18.91 
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Fig. 10 Load – deflection curves of model CC-HT and experiment [9] at high 
temperature 

5.1.3 Comparison of Ambient and High Temperature 

Fig. 11 illustrates the deflection of model CC-A at ambient temperature and model CC-HT 
at high temperature. The comparison between these two results is important to determine 
the effect of the term on the model after being loaded at high temperature. The maximum 
deflection for model CC-A was 47.6 mm, with a maximum load of 67 kN. The maximum 
deflection for model CC-HT was 53.8 mm, with a maximum load of 52 kN. Observation 
showed that CC-A was performing better than CC-HT. Even though the deflection at 
ambient temperature is high, the maximum load is lower compared to the high 
temperature. Model CC-A had a higher stiffness compared to the CC-HT. The thermal 
percentage deterioration of load and displacement is 22.4 % and 11.52 %, respectively. 
 

 
(a) 
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(b) 

Fig. 11 Deflection of connection: (a) Model CC-A and (b) Model CC-HT 

5.2 Concrete Nib 

5.2.1 Ambient Temperature 

For model validation, Fig. 12 and Fig. 13 show the deflection of model CN-A and load-
deflection curves of model CN-A and the experimental test by Mokhtar et al. (18) at 
ambient temperature, respectively. It is observed that the curves showed a good 
agreement between them. In the experimental test, the deflection recorded was 8.33 mm 
with a maximum load of 60 kN. The deflection recorded in the simulation was 9 mm with 
a maximum load of 60 kN. The percentage difference for deflection was 7.8%, which 
validated the finite element model. Fig. 14 shows the moment–rotation curves of model 
CN-A and the experiment by Mokhtar et al. (18) at ambient temperature. It is observed that 
the curves showed a good agreement between them. The experiment specimen had a 
higher stiffness compared to the model CN-A. The percentage difference for rotation was 
8.9%. 

 

Fig. 12 Deflection of connection for model CN-A 
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Fig. 13 Load – deflection curves of model 
CN-A and experiment [12] at ambient 

temperature 

Fig. 14 Moment - rotation curves of 
model CN-A and experiment [12] at 

ambient temperature 

5.2.2 High temperature 

For model validation, Fig. 15 shows the load-deflection curves of model CN-HT and the 
experiment by Radzi (13) at high temperatures. Table 5 compares the load–deflection ratio 
between the model CN-HT and the experiment by Radzi (13). The load–deflection ratio 
showed a difference of 29.3%. This significant difference was due to the non-uniformity of 
sample dimensions and different test setups in the study by Radzi (2023) (13). The load in 
the simulation was a lateral applied at the column. The load in the experiment was vertical 
and applied to the beam. 

 

 

Fig. 15 Load – deflection curves of model CN-HT and experiment [9] at high 
temperature 
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Table 5. Load – deflection curves of model CN-HT and experiment (13) at high 
temperature 

Items 
CN-HT 

[A] 
Experiment (13) 

[B] 
Differences 

[B] – [A] 
Percentage 

Difference (%) 
Load (kN) 40.70 56.47 15.77 27.9 
Deflection 

(mm) 
22.93 45.26 22.33 49.34 

5.2.3 Comparison of Ambient and High Temperature 

Fig. 16 shows the load-deflection curves of models CN-A and CN-HT. The maximum 
deflection for model CN-A was 9.76 mm with a maximum load of 60 kN. The maximum 
deflection for model CN-HT was 22.93 mm with a maximum load of 40.7 kN. Observation 
showed that CN-A was performing better than CN-HT. The thermal percentage 
deterioration of load and displacement is 32.1 % and 57.4 %, respectively. 
 

 

Fig. 16 Load – deflection curves of model CN-A and CN-HT 

5.3 Inverted E Steel Nib 

5.3.1 Ambient Temperature 

For model validation, Fig. 17 and Fig. 18 show the deflection of model EN-A and load-
deflection curves of model EN-A and the experimental test by Bahrami et al. (3) at ambient 
temperature, respectively. It is observed that the curves showed a good agreement 
between them. In the experimental test, the deflection recorded was 43 mm with a 
maximum load of 130 kN. The deflection recorded in the simulation was 39 mm with a 
maximum load of 130 kN. The percentage difference for deflection was 9.3 %, which 
validated the finite element model. Fig. 19 shows model EN-A's moment–rotation curves 
and the experiment by Bahrami et al. (3) at ambient temperature. It is observed that the 
curves showed a good agreement between them. Model EN-A had a higher stiffness 
compared to the experiment. The percentage difference for rotation was 8.5%. 
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Fig. 17 Deflection of model EN-A 

 

  
Fig. 18 Load – deflection curves of 
model EN-A and experiment [3] at 

ambient temperature 

Fig. 19 Moment - rotation curves of 
model EN-A and experiment [3] at 

ambient temperature 

5.3.2 High temperature 

For model validation, Fig. 20 shows the load-deflection curves of model EN-HT and the 
experiment by Radzi (13) at high temperatures. Table 6 compares the load–deflection ratio 
between the model CN-HT and the experiment by Radzi (13). The load–deflection ratio 
showed a difference of 24.2%. This significance was due to the non-uniformity of sample 
dimensions and different test setups in the study by Radzi (2023) (13). The load in the 
simulation was a lateral applied at the column. The load in the experiment was a vertically 
applied beam. 

Table 6. Load – deflection curves of model CN-HT and experiment (13) at high 
temperature 

Items 
EN-HT 

[A] 
Experiment (13) 

[B] 
Differences 

[B] – [A] 
Percentage 

Difference (%) 
Load (kN) 92 63 29 31.52 
Deflection 

(mm) 
60.1 54.3 5.8 9.7 
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Fig. 20 Load – deflection curves of model EN-HT and experiment [9] at high 
temperature 

5.3.3 Comparison of Ambient and High Temperature 

Fig. 21 shows the load-deflection curves of models EN-A and EN-HT. The maximum 
deflection for model EN-A was 43.04 mm with a maximum load of 130 kN. The maximum 
deflection for model CN-HT was 59.51 mm with a maximum load of 94.68 kN. Observation 
showed that CN-A was performing better than CN-HT. The thermal percentage 
deterioration of load and displacement is 26.9 % and 27.9 %, respectively. 

 

Fig. 21 Load – deflection curves of model EN-A and EN-HT 

6. Results Comparison 

Table 7 lists the validation of finite element models based on the previous experiment at 
ambient temperature (3,17,18) and high temperature (13). The percentage difference for 
finite element models at ambient temperature was less than 10 %, which validated the 
finite element model. However, the percentage difference for finite element models at high 
temperatures exceeded 10 %, which were not validated the finite element model. This 
significant difference was due to the non-uniformity of sample dimensions and different 
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test setups in the study by Radzi (2023) (13). The load in the simulation was a lateral 
applied at the column. The load in the experiment was vertically applied to the beam. 

Table 7. Validation of finite element models 

Connections Validation with Previous Experiment 
Ambient 

[3], [11], [12] 
High Temperature 

[9] 
Concrete corbel √ × 

Concrete nib √ × 
Inverted E steel nib √ × 

 

√ = Validated, percentage difference less than 10% 

× = Not validated, percentage difference more than 10% 

 
Table 8 lists the comparison of thermal percentage deterioration based on load and 
deflection values at high temperatures compared to ambient temperatures. Concrete nib 
recorded the most significant thermal percentage deterioration (32.1 % and 57.4 %) 
compared to concrete corbel (22.4 % and 11.52 %) and inverted E steel nib (26.9 % and 
27.9 %). The concrete corbel and inverted E steel nib models had an additional strength 
factor by the vertical dowel reinforcement and the stiffness of the E steel component 
compared to the concrete nib. 

Table 8. Thermal percentage deterioration of finite element models 

Connections Thermal Percentage Deterioration (%) 
Load Deflection 

Concrete corbel 22.4 11.52 
Concrete nib 32.1 57.4 

Inverted E steel nib 26.9 27.9 

7. Conclusions 

Based on the results of nonlinear coupled thermal-structural analysis using ANSYS 
Workbench on three precast connection models presented in this paper, the following 
conclusions can be drawn on the nonlinear coupled thermal-structural analysis of precast 
concrete beam-to-column connections: 

• Finite element models CC-A, CN-A, and EN-A at ambient temperature were 
validated with a less than 10% percentage difference. However, finite element 
models CC-HT, CN-HT, and EN-HT at high temperatures were not verified due to 
the percentage difference exceeding 10 % due to the non-uniformity of sample 
dimensions and different test setups between the simulation and the 
experimental study by Radzi (2023) (13).  

• At ambient temperatures, the finite element models CC-A dan EN-A have a higher 
stiffness than the experimental sample. However, the CN-A finite element model 
has a lower stiffness than the experimental sample.  

• At high temperatures, the concrete nib recorded the most significant thermal 
percentage deterioration (32.1 % and 57.4 %) compared to concrete corbel (22.4 
% and 11.52 %) and inverted E steel nib (26.9 % and 27.9 %). The concrete corbel 
and inverted E steel nib models had an additional strength factor by the vertical 
dowel reinforcement and the stiffness of the E steel component compared to the 
concrete nib. 

• The post-fire effects on connection elements in precast structures such as bearing 
pads, grouting, and welding influenced the thermal percentage deterioration. 
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Fire-damaged to beam-to-column connections reduce the rigidity of the beam 
structure and the integrity between the beam end and the column connection.  

• The validation result of nonlinear coupled thermal-structural analysis executed 
using ANSYS Workbench gives good efficiency for predicting the fire performance 
of precast concrete corbel beam-to-column connections at high temperatures. 
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 Seismic excitation causes the soil to begin acting nonlinearly at higher strain. 
Hence, the nonlinearity of the soil, foundation, and structure should be 
appropriately considered. This can be achieved by proper modelling of soil-
structure-foundation interaction (SSI). The continuum, Winkler-based, and 
Macroelement models are the major modelling techniques for considering SSI. 
The continuum method involves determining absorbing boundaries, the size of 
the soil domain, soil element size, constitutive soil model, and soil structure 
interface. In contrast, the Winkler-based model uses nonlinear spring and 
dashpot to represent inelastic behaviour and energy dissipation properties of 
soil, respectively. Macroelement replaces the entire soil foundation arrangement 
with one element at the bottom of the superstructure. The trade-off between the 
advantageous effects of the SSI model, particularly in terms of energy dissipation, 
and its unfavourable effects, such as settling or tilting, should also be optimised 
during the analysis and design phases. The present paper aims to provide a 
concise review and comparative analysis of the several methodologies proposed 
by the researchers that consider the nonlinearity in soil-foundation-structure 
interaction (SSI). The importance of the study lies in the adoption of an approach 
that reduces computational effort and time. Moreover, the experimental works 
are also reviewed with regard to the soil structure interaction. It can be inferred 
from the current study that various approaches have some benefits and 
drawbacks; thus, these approaches can opt accordingly. 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Soil structure interaction (SSI) is considered a multidisciplinary field that combines soil 
and structural dynamics, earthquake engineering, geomechanics and geophysics, 
material science, and various other technical fields. Following the successful result of SSI, 
many theories, methodologies and experimental settings are employed to continue the 
study of SSI. Several analytical methods, numerical methods, analytical-numerical 
techniques, experiments, and prototype observation paved the roadways for SSI analysis 
after technology advancement. 

Nonlinearity in the superstructure, foundation, and soil can be geometric nonlinearity, 
material nonlinearity, or both. Consideration of the nonlinearity of soil-structure-
foundation is crucial for better accuracy of results simulating the actual behaviour of the 
entire system. Nonlinearity comes into the scenario due to various reasons, including (a) 
deformation in the seismic force-resisting element of the superstructure, (b) foundation 
structural element yielding, (c) gapping between foundation base and soil (e.g., base 
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uplift), (d) soil yielding, which can get amplified by pore-pressure-induced strength loss. 
Modelling nonlinearity has become easy with the advancement in computation 
techniques suggested by researchers. 

Typically, structural components are modelled as skeletal, but soil can be either 
modelled as a skeletal spring or a continuum. Early research into SSI analysis, often 
known as the "Winkler Model," began in the 1860s. Following this, different soil 
idealisation types were examined using two-parameter and three-parameter models 
that solely consider the elasticity of the soil [1]. The majority of Winkler's nonlinear 
model is also covered in the subsequent sections. With the introduction of FEM in the 
1960s, the concept of modelling soil as a continuum emerged. This led to the 
development of numerous constitutive relations for modelling soil as linear or nonlinear 
elastic and elastoplastic. Popular constitutive relations include, for instance, Linear 
Elastic Model, Mohr-Coulomb Model, Hyperbolic Model, Strain Hardening Model, etc. [2]. 
The concept of incorporating an interface element between two distinct materials was 
first proposed in the 1970s. The interface makes it possible to simulate how the structure 
and soil move in relation to one another [3]. Macroelement concept was introduced in 
foundation engineering, which allows taking into account the coupling phenomena 
involved in SSI while avoiding the complexity and the numerical cost of nonlinear finite 
element dynamic analysis. It is equipped with a nonlinear "constitutive law" (defined by 
the mean of the relationship between forces and displacements) formulated in accord 
with the theory of plasticity or hypo-plasticity and making it possible to model the 
dynamic couplings (linear and nonlinear) in several directions between the 
superstructure, the soil and the foundation [5]. The primary contribution of this novel 
technique is to consider all such nonlinearities and the coupling between different 
degrees of freedom.  

Summarising concepts discussed in the above paragraph, classification of SSI analysis 
with nonlinear soil and foundation behaviour can be done majorly in three ways: (1) 
continuum models, (2) beam-on-nonlinear Winkler foundation models, and (3) 
Microelement modelling. This study reviewed previous methods adopted to model 
nonlinearity in SSI analysis. The study also discusses various advantages, disadvantages 
and applicability of the abovementioned techniques.  

Many experiments were performed to verify the result obtained from the analysis 
methods discussed in the previous section. Shake table and centrifuge tests are the major 
experiments performed, but a few full-scale models have been conducted in recent days. 
A concise review of some experimental setups relevant to numerical technique is also 
presented herein. 

2. Modelling Approaches 

2.1. Continuum Approach 

Continuum modelling of the soil gives its precise and meticulous behavioural response 
for an SSI problem. The idea of the elastic continuum comes from using Boussinesq's 
theory for estimating static stresses. This well-known theory assumes the soil domain to 
be semi-infinite (soil boundary extended infinity in one direction), homogeneous, 
isotropic, linear elastic solid. Development in the continuum approach enabled the 
complete and thorough modelling of the semi-infinite soil domain using finite elements. 
Other assumptions of such theories are realised in the continuum approach, as shown in 
Fig. 1. Different continuum methods proposed by many researchers are presented 
hereafter. 
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Fig. 1 Schematic illustration of SSI using continuum modelling by FEM (NIST, 2012) 

2.1.1 Finite Element Method 

FEM is known to be an efficient and multifaceted technique for performing numerical 
analyses because its applicability is extensive and can be applied to many classes of 
problems. Also, it can deal with real and complex tasks. To address the SSI problem, FEM 
considers specific parameters that are discussed below. 

a. Absorbing Boundaries 

The soil domain should be large enough to deal with the problem of radiation damping 
generated due to wave propagation within semi-infinite space, which increases a 
substantial amount of time and internal memory for complete FE analysis. To find an 
optimal solution (i.e., to reduce computation time and scale of soil domain), wave-
absorbing boundaries can be adopted. All boundaries are generally classified into 
elementary, local and consistent (global) boundaries, which are briefly discussed below. 

Elementary boundaries are typically employed in static analyses. Since this boundary is 
unable to simulate the wave energy radiation toward the infinite soil domain, it is more 
practical in situations where the wave energy radiation has little impact, such as the 
interface between soft and hardened soils. A few examples of elementary boundary 
conditions are Free field, fixed boundaries, and tie boundary conditions. In the soil-pile 
interaction analysis of a pile embedded in a deep multi-layered soil under seismic 
excitation, Peiris et al. [6] made successful implementation of elementary boundary 
conditions. 

The viscous boundary produces the absorbing effect by employing a viscous damper or 
dashpot attached to the boundary element. It gives better results when the boundary is 
positioned at a suitable distance from the region of interest [7]. Absorbing boundary 
conditions for the dashpot system can be computed using Eq (1) and represented 
schematically, as shown in Fig. 2. 

𝜎 = 𝑎𝜌𝑣𝑝𝑤

𝜏 = 𝑏𝜌𝑣𝑠𝑢
 

(1) 

where 𝜎 and 𝜏 are the normal and shear stress, 𝜌 is unit mass,  𝑣𝑝 and 𝑣𝑠 are the primary 

wave and secondary wave velocities at the boundary, 𝑤 and 𝑢 are the normal and 
tangential velocities, 𝑎 and 𝑏 are the dimensionless parameters. 
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Fig. 2 Viscous boundary element 

Another such boundary is the unified boundary proposed [8], which is quite similar to 
the viscous boundary [7]; the difference arises in the value of the dimensionless 
parameter, which varies with the value of Poisson's ratio of soil. The viscous boundaries 
were found most appropriate to apply in time domain analysis among the numerous 
absorbing boundaries [9].   

Another idea to overcome finite boundary difficulties was the infinite element [10]. The 
formulation of the infinite element is the same as that of finite elements; addition is the 
domain mapping. This element doesn't require any other boundary condition (BC) to 
simulate zero displacements at infinity which is an added advantage over other BC. In 
the case of SSI analysis, frequency-based dynamic infinite elements were used to 
describe the far-field response of a 2D layered half-space. Nonlinear analysis was not 
possible because the formulation was frequency-based [11]. 

Kelvin elements [12] work more effectively than viscous dampers, provided their 
constants are properly calculated. While using the Kelvin element, the required mesh 
size of the soil element also gets reduced. The predominant frequency of loading governs 
the stiffness and damping constant values in the Kelvin model, and the stiffness value can 
be calculated using Eq (2). Kelvin element can be represented as shown in Fig. 3. 

𝑘𝑟 =  
𝐺

𝑟0
[𝑆𝑢1(𝑎0, 𝑣, 𝐷) +  𝑖𝑆𝑢2(𝑎0, 𝑣, 𝐷)] 

(2) 

where 𝑘𝑟 refers to the complex stiffness, 𝑟0 refers to the distance in a plan between the 
foundation's centre and the node to which a Kelvin element is coupled, 𝐺 refers to the 
modulus of rigidity of the soil, 𝑆𝑢1 and 𝑆𝑢2 are the dimensionless quantities obtained from 

closed-form solutions, 𝑎0 (=
𝑟0𝜔

𝑉𝑠
 , where 𝜔 is the excitation frequency and 𝑉𝑠  is the shear 

wave velocity of the soil medium) is the dimensionless frequency, 𝑖 is the imaginary unit, 
𝑣 is the Poisson's ratio, and 𝐷 is the damping ratio of the material. 

 

Fig. 3 Diagram representing Kelvin element 
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An advanced plasticity-based constitutive soil model and hierarchical single surface 
(HiSS), employed with the Kelvin element to perform the dynamic analysis of soil-pile 
interaction of single pile and pile groups. It was found that the suggested model performs 
satisfactorily with the Kelvin element [13]. 

A viscous spring artificial boundary (VSAB) condition was developed by modifying the 
spring constant and damping coefficient in the spring-dashpot system and using it to 
solve the dynamic excitation problem [14]. The values of the constants are calculated 
from Eq (3). 

𝑘1 = 𝑘2 = 𝜆𝑡

𝐺

𝑅
𝐴

𝑐1 = 𝑐2 = 𝜌𝑣𝑠𝐴

𝑘3 = 𝜆𝑛

𝐺

𝑅
𝐴

𝑐3 = 𝜌𝑣𝑝𝐴

 (3) 

where 𝑐1, 𝑐2 and 𝑐3 are the damper and 𝑘1, 𝑘2 and 𝑘3 are spring constants in x, y and z 
directions, respectively, 𝑣𝑝 and 𝑣𝑠  are primary wave and secondary wave velocities, 𝐺 is 

the modulus of rigidity of soil, 𝜌 denotes mass density, 𝑅 represents the distance between 
the load point and the soil boundary, A is the total area contributing from surrounding 
nodes, 𝜆𝑛 and 𝜆𝑡   represents the constant in normal and tangential directions of the 
boundary in modified form. 

The wave radiation issue in an infinite soil domain can be addressed by coupling the 
finite and infinite elements at their junction [15]. The dynamic SSI problem of the semi-
infinite soil domain was examined using the finite elements in conjunction with 2D and 
3D infinite elements in ABAQUS [16]. Domain Reduction Method (DRM) combined with 
Perfectly-Matched-Layers (PMLs) using ABAQUS to absorb outgoing waves perfectly 
[17]. 

b. Domain of Soil Model 

To determine the sufficiency of the range in the horizontal direction of the soil domain, 
two criteria were taken into consideration: (a) a shear soil column formed of the identical 
material under linear elastic undamped conditions should have an outcome as close as 
viable to that of a soil column away from the boundary, and (b) the nonlinear vertical soil 
reaction should be modest in contrast to the horizontal response at any point in the 
realm of computation [18]. The horizontal distance of soil lateral boundaries must be at 
least five times more than the width of the structure, usually up to 60 m. Since the 
greatest amplification of wave generally occurs up to the depth of 30 m of the soil profile, 
recommended depth of bedrock can be up to 30 m while performing numerical analysis 
[19]. 

c. Size of Soil Element 

The accuracy and reliability of SSI analysis results may get altered due to the size (Δx) of 
the element and the time-step (Δt) size used to model soil. Proper wave propagation is 
not guaranteed when the elements assumed to discretise the soil are of inappropriate 

size. The size of the elements should not be more than (
1

8
)

𝑡ℎ

 of the minimum wavelength 

( 𝜆𝑚𝑖𝑛) or maximum frequency (𝑓𝑚𝑎𝑥) of the seismic wave radiation travelling through 
the soil domain [20] and can be evaluated as per Eq. (4). This condition assures that even 
the shortest wavelength can easily propagate through the soil medium. To ensure 
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stability and accuracy while performing the numerical analysis for time-step (Δt) size, 
Eq. (5) can be used [21]. 

Δx =
𝜆𝑚𝑖𝑛

8
=  

𝑣𝑠

8𝑓𝑚𝑎𝑥
 (4) 

Δt =
Δx

𝑣𝑝
 (5) 

where 𝑣𝑝 and 𝑣𝑠 are longitudinal and shear wave velocities, respectively. 

d. Soil Constitutive Model 

The constitutive soil model consists of mathematical equations representing the 
nonlinearity of soil using a single element which can be further used in numerical 
computations to represent the relationship between stress and strain of a particular type 
of soil. Some of the constitutive models are discussed in Table 1. 

Table 1. Different constitutive soil model 

Type of 
Model 

Model References Attributes 

Elastic 

Hooke's Law [22] 

It represents the linear elastic 
behaviour of soil but doesn't hold 
well for the elastoplastic 
behaviour of soil. 

Hyperbolic [23] 

Calculating the tangential 
modulus at any point of stress 
during loading can represent 
nonlinear elasticity, but because 
hardening behaviour is ignored 
during unloading, it cannot be 
applied. 

Simple 
Elastic 
Plastic 

Mohr-
Coulomb 

[24] 

It is used where strength is 
dominating criterion, hexagonal 
failure cone is used to represent 
the real failure pattern. After 
achieving the maximum strength, 
it fails to incorporate the 
softening effect. 

Drucker-
Prager 

[25] 

It is the same as Mohr-Coulomb 
but uses a simple cone to 
represent the failure pattern. The 
strength parameter shows valid 
representation but stiffness 
nonlinearity is not considered. 
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Critical 
State 

Modified Cam 
Clay 

[26] 

It describes the strength, 
dilatancy and critical state of the 
soil and also represents loading 
and unloading effectively since 
the nonlinearity is modelled by 
hardening plasticity. It may allow 
for unrealistically high shear 
stresses. 

Elastic-
viscoplastic 

[27] 

It is developed to describe the 
rate-sensitive behaviour of 
normally consolidated clay, and 
viscoplastic strain is used as a 
hardening parameter.  

Single 
Yield 
Surface 

Single 
Hardening 

[28] 

It is developed for frictional 
materials based on elasticity and 
plasticity. Elastic behaviour is 
represented by Hooke's law, while 
plastic behaviour is by failure 
criterion, yield criterion and non-
associated flow rule. 

Double 
Hardening 

PLAXIS 
Hardening 

[29] 

Friction hardening and cap 
hardening are used in this model 
to simulate plastic shear under 
deviatoric loading and volumetric 
plastic strain under primary 
compression, respectively. 
Excludes both creep and 
anisotropic stiffness strength. 

e. Soil Structure Interface 

Another critical parameter that needs to be taken into account is interface modelling. 
Modelling of interfaces helps to understand the phenomenon of slip, bonding & 
rebonding between soil and structure. The most common interface elements are two-
node elements, continuum elements comprising finer meshing, zero thickness, and thin-
layer elements (Fig.4). Dashpot elements and node-to-node spring elements are 
examples of two-node elements. Interface behaviour may be represented for certain 
scenarios by refining a conventional finite element mesh adjacent to the interface and 
imparting appropriate characteristics [30]. Viladkar et al. [31] pointed out that one of 
the primary drawbacks of the methodology proposed by [30] is its inability to properly 
mimic the failure or slip plane when two types of materials are sandwiched. A widely 
employed interface element obtained from Goodman's hypothesis relates to the stresses 
and relative displacement of nodes. It is known as a zero-thickness element since it is a 
four-node element with no thickness. On the other hand, zero-thickness elements have 
drawbacks, such as being prone to inaccuracies in normal stress and deformation 
calculations [32]. In finite element analyses, zero-thickness interfaces are better for 
modelling solid-on-solid contact [33]. Another option is to think of the soil-structure 
contact as a thin layer or continuum. It was proposed to overcome the mentioned 
difficulties of zero-thickness elements. Thin-layer elements are preferable to zero-



Mourya et al. / Research on Engineering Structures & Materials 9(3) (2023) 989-1013 

 

996 

thickness elements because both field and simple shear tests reveal the presence of a 
transition zone alongside the interface of two stiff bodies [34]. A simple shear test can be 
used to measure the thickness of the thin-layer interface [35]. Formulation of an 
isoparametric interface is applied between soil and footing base to assess the behaviour 
of shallow foundations when subjected to eccentrically inclined load [36].  

FEM necessitates the usage of distinct transmitting boundaries or infinite elements, 
which might result in inaccuracies. Despite the addition of transmitting boundaries, the 
whole structure-soil model is still huge. Analysis using FEM needs a significant amount 
of time and internal memory compared to other continuum approaches, which limits its 
application in certain problems. Moreover, a detailed review of modelling SSI systems 
using FEM is available [37].   

 

Fig. 4. Interface element 

2.1.2 Boundary Element Method 

The boundary element method (BEM), another numerical approach in progress to FEM, 
is more favourable than FEM since it simply needs a surface (or boundary) discretisation, 
which helps to meet the radiation condition without the requirement of complex non-
reflecting boundaries. 

The indirect BEM produced fairly accurate findings among the several BEM formulations 
(the weighted residual formulation, the direct and indirect BEM) [38]. Boundary integral 
problem approach applicability broadened from isolated foundations to numerous rigid 
foundations of various shapes and sizes laid on an elastic or viscoelastic half-space, 
applied with the seismic waves along with other possible external stresses. It is observed 
that the discretisation of the foundation had a considerable impact on the computed 
impedance functions in the case of relatively minor separations [39-40]. It also found 
that numerical outcomes documented by some authors [41-42] in the scenario of 
diminishing a small gap between the foundations contain an error.  The time-domain 
BEM, combined with the Stokes fundamental solutions, was used to solve a 3D structural 
system composed of a large rigid square footing lying on isotropic, homogeneous and 
linear elastic half-space [43]. 

Furthermore, some investigations have been done on the interaction of nearby rigid 
foundations on a multi-layer viscoelastic soil media. A 3D frequency-domain-based BEM 
framework is used in aggregation with infinite space fundamental solutions and the 
successive stiffness technique to simulate a soil medium of several layers [44-46]. A 
boundary element technique of the substructure deletion approach is available for 
seismic evaluation of the dynamic soil-structure interaction among numerous embedded 
foundations [47-49]. In the frequency domain BEM, an impedance function is developed 
on and below the foundation surface [50]. The difficulty of applying BEM in the event of 
heterogeneous media is one of its drawbacks. Similarly, the benefit will be lost if BEM is 
used to solve a nonlinear issue. 
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2.1.3 Finite Element - Boundary Element Method 

BEM, in conjunction with FEM employed to solve the differential equations of several SSI 
cases; one such example is the transient analysis of dynamic soil-structure interaction 
(DSSI) administered to SH motion [51]. Coupled boundary element with finite element 
method used for three-dimensional soil foundation interaction where boundary 
elements represent the soil medium. The condition of equilibrium and continuity along 
the soil and structure interface was used to ensure the continuity of both elements [52]. 
Finite element–boundary elements coupling models are used to study the dynamic 
interaction between three-dimensional mass lumped and distributed structures applied 
to harmonic excitation constructed on square foundations embedded in soil media [53]. 
The attributes of seismic response of a nuclear power plant composed of a reactor, 
control and a turbine building examined that was shaken by an artificially induced 
motion using 3D BEM and 2D FEM [54]. BEM was also used in conjunction with FEM to 
analyse the DSSI of coupled shear walls [55] and adjacent piled buildings [56]. Finite 
Element - Boundary Element - Infinite Element - Infinite Boundary Element technique 
devised to account for various SSI effects. The approach was shown to be capable of 
earthquake-resistant design and evaluation of structures, mainly of nuclear power plants 
based on multi-layered soil deposits. The whole structure was dealt with in the 
frequency domain. Also, the combined model reduces the computational effort by 
representing the nonlinearity of the near-field soil in an equivalent linear fashion [57].  

BEM, on the other hand, isn't well adapted to inhomogeneous or anisotropic media. As a 
result, researchers intended to develop a technique that included the benefits of both the 
Finite element and Boundary element methods. In the outcome, the Scaled Boundary 
Finite Element Method (SB-FEM) is a semi-analytical technique that came into existence 
[58]. DSSIA-3D software improved by adding a novel approach in which the concept of 
SBFEM was used to model unbounded soil and the FEM employed in the modelling 
structure [59]. An alternate method [60] for the computational homogenisation of 
heterogeneous structures is presented using the idea of the Scaled Boundary Finite 
Element Method (SBFEM). 

Besides the aforementioned methods, the Domain Reduction Method (DRM) came into 
existence, wherein the whole domain was separated into two sub-domains, (a) one for 
simulating earthquake origin and propagation path effect, removing localised features 
and (b) the other for modelling local site effects. The size of the domain considered for 
analysis was also significantly reduced [61]. Evaluation using DRM resulted in a 50% 
reduction in computing time compared to traditional absorption boundaries with 
viscous dashpot systems [62].  

2.2 Winkler-based approaches 

To describe the general behaviour of the soil-structure interface, Winkler-based 
techniques may only make use of one-dimensional spring elements or one-dimensional 
spring elements in addition to two-dimensional or three-dimensional soil components. 
The Winkler spring technique is desirable in design due to its simplicity and little 
computational effort. Since it is a spring-based model, its mechanical aspect can be easily 
calibrated. These characteristics of the Winkler-based approach signify its advantage 
over the continuum approach. 

Initiating with the revolutionary effort of McClelland and Focht [63], Beam-on-Nonlinear 
Winkler foundation (BNWF) models have been carry forwarded for several decades for 
analysing the behaviour of foundations mostly for piles subjected to static loads case [64] 
and then taken forwarded to the application of subjected dynamic loads [65-66]. Multiple 



Mourya et al. / Research on Engineering Structures & Materials 9(3) (2023) 989-1013 

 

998 

executions of the dynamic p-y technique were attempted, and it found that the 
characteristics of the nonlinear springs and dashpots can affect computations [67]. 
Dynamic nonlinear response output of offshore pile assessed in a both qualitative and 
quantitative manner [68]. Issue of complete interaction among the whole soil-pile raft-
superstructure arrangement addressed in the study bearing in mind the change in design 
forces of various components in the structure, which were left out in previous studies 
[69]. The Nonlinear Winkler model for the composite caisson-piles foundation is by 
joining the caisson and the pile group. The nonlinear four-spring Winkler model is used 
for the caisson, and the axial-lateral coupled vibration equations are deduced for the pile 
group [70]. 

The methodology adopted for the pile foundation proposed above is taken further to the 
shallow foundation. Some of the early efforts to use a model based on the Winkler 
approach for capturing the rocking response of shallow footing are discussed hereafter. 
With the use of elastic-perfectly-plastic springs and coulomb slider elements, an 
analytical framework was created to predict the moment-rotation behaviour of rigid 
foundations. Coulomb slider elements manage to capture the uplift of the foundation, 
whereas elastic-plastic springs are believed to respond to compression only [71-72]. A 
model was developed based on two methods: (i) a two-spring model and (ii) a 
distributed Winkler spring model. The author developed three mechanisms to consider 
nonlinearity at the foundation interface: (i) viscous dampers, (ii) elastic-perfectly plastic 
springs, and (iii) an impact mechanism permitting energy dissipation at impact [73]. An 
analytical framework is presented to evaluate the rocking response of a single-degree-
of-freedom system while considering the foundation uplift, along with an expression to 
estimate the base shear of a flexible structure allowed to uplift. The framework considers 
individual springs as linear elastic [74]. At the base of a shearwall structure, Nakaki and 
Hart [75] utilised separately and individually positioned vertical elastic springs along 
with viscous dampers. The property of the Winkler spring used in this study has zero 
tension capacity and elastic compression resistance. A nonlinear stiffness degrading 
hysteretic model was used to model the inelastic shearwall structure. The Winkler-type 
finite element model reflects the nonlinear behaviour of shallow strip footing subjected 
to lateral cyclic loading. This model uses the nonlinear spring backbone curve calibrated 
against the pile. The main limitation of the model was the calibration done mostly with 
moment-dominated strip footings [76]. The study [77] includes a foundation uplift in 
performance-based design as in continuation of the prior study. To capture the cyclic 
response of shallow foundations, Allotey and Naggar used a Winkler-based modelling 
approach in which linear backbone curves were adopted from the earlier work 
performed by the author. According to their findings, the model can anticipate the 
moment–rotation and settlement reaction fairly well. On the other hand, the model 
cannot accurately reflect the sliding response, which could be due to the absence of 
coupling amongst the various forms of deformation [78-79]. 

The BNWF model incorporated in OpenSees comprises elastic beam-column elements 
simulating structure-foundation behaviour and independent zero-length soil elements 
simulating soil-foundation behaviour, as shown in Fig. 5. The developed model is only 
suitable for two-dimensional analysis, and it has also been discovered that the model 
underpredicts sliding response [80]. An investigation [81] assessed the influence of SSI 
effects on the seismic performances of 2D moment-resisting reinforced concrete frames 
by means of FEM and BNWF. The finding suggests adopting the FEM model in the case of 
a four-story 2D structure can reduce seismic demand by up to 50% for maximum inter-
story drift ratio and up to 20% for maximum base shear when compared to a fixed-base 
model. 
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Fig. 5 Schematic diagram of a Beam-on-Nonlinear Winkler Foundation [80] 

In contrast, modelling by adopting the BNWF model can change the seismic demand only 
if the structure has a longer time period (eight-story 2D frame) constructed on very soft 
soils. Although, the reductions compared to a fixed-base model (up to 20% for maximum 
base shear and maximum inter-story drift ratio) are less than what a full FEM model 
would have given as an outcome, as shown in Fig. 6. The fixed-base assumption 
overestimates the design of the shear wall element while underestimating the design of 
the coupled moment frame [82]. The influence of nonlinear SSI on the seismic response 
of acceleration-sensitive non-structural components of a four-story steel moment-
resisting frame is investigated. The results suggest that nonlinear SSI positively impacts 
the performance of the non-structural components of the structure [83]. 

 

Fig. 6 Acceleration of top storey of 4-storey building 

Study [84] aimed to examine the impact of SSI on the seismic outcome and susceptibility 
of RC structures. Authors [85] reviewed several soil-foundation-interaction models 
focusing on raft foundations. 

 

2.3 Macro Modelling 

Since the finite element approach contains computational complexity and requires a 
thorough understanding of the concept, specifically to deal with the numerical intricacy 
pertaining to the soil-foundation-structure behaviour during severe earthquakes, it is 
barely an alternative for this purpose. Another discussed a simpler technique, the beam-
on-nonlinear-Winkler-foundation (BNWF) family is easy to perform. However, it is 
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pointed out that the BNWF model cannot suitably take care of the coupling between its 
different degrees of freedom [86-87].  

The nonlinear macro element (NLME) concept, which involves replacing the complete 
soil foundation arrangement with one element at the base of the superstructure, has 
garnered increasing attention in recent years. In this approach, the foundation and the 
soil arrangement are treated as a macro element, and a 3 DOF (in case of 2D) or 6 DOF 
(in case of 3D) model is developed to describe the vertical and horizontal force-
displacement, moment-rotation behaviour of a point at the centre of footing.  The 
coupling between the different DOFs of macroelement represents the key improvement 
over the BNWF technique. 

The concept of nonlinear macro-element (NLME) was first put forward to estimate 
settlement and rotation for strip footings placed on the sand under the joint action of 
eccentric and inclined loading. Here, isotropic-hardening elastoplastic law allows the 
coupling of displacement and rotations [4]. Furthermore, several NLMEs-based models 
have been proposed for various types of loading, foundation geometry, and soil type. For 
example, a bounding surface plasticity concept was added to the previous model and 
expanded to cyclic loading [88]. Macro-element frameworks [89] were used to 
investigate nonlinear dynamic soil-structure interaction (DSSI) subjected to seismic 
excitation, utilising an elastic-perfectly plastic concept of the model described in the 
earlier study [4]. A coupled plasticity-uplift model was adopted to incorporate footing 
uplift into the macro-element formulation. The proposed model was limited to strip 
footings placed on cohesive soils subjected to seismic loads [90-91]. A stiffness 
degradation model was introduced to consider lowering the soil‐footing contact area to 
capture minor detail of the observed rocking response [92]. A coupling factor in the soil‐
foundation stiffness matrix helps to include the uplift in the nonlinear microelement 
plasticity model of the initial phase [93]. Grange S et al. [94] extended the work of Cremer 
et al. [5] to 3D circular footing and incorporated uplift with the plasticity model 
framework. 

 

Fig. 7 Macro-element contact interface model [97] 

 A macro-element model has been developed using the theory of hypoplasticity for 
modelling shallow foundations on sands. The projected approach uses a simpler 
mathematical framework, allowing easy application in existing structural analysis FE 
codes [95]. The numerical implementation of the 6–dof hypoplastic microelement is 
proposed in the form of the Finite Element code incorporated in Abaqus [96]. The contact 
interface model (as shown in Fig. 7) proposed [97] to track the progress of the soil‐
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footing contact area. The critical contact area ratio (A/Ac) is defined as the ratio of the 
footing area (A) to the required footing contact area for vertical and shear loads (Ac). Six 
model input variables, mainly user-defined and the contact interface model, are required 
to capture the fundamental properties of shallow foundations under coupled cyclic 
loading, such as load capacities, energy dissipation, stiffness deterioration, and 
deformations. 

Chatzigogos CT et al. [98] presented bounding surface plasticity in combination with the 
uplift formulation suggested by [89]. Further, Figini R et al. carry forwarded the previous 
research on dense sand [99]. A macro-element was proposed [100] for a single pile in 
cohesive soil exposed to the lateral earthquake force imposed at the head of the pile. The 
method relies on a nonlinear elastic constitutive model integrated with a boundary 
plasticity model. It represents the elastic behaviour under small displacement using the 
elastic linear impedances suggested by Gazetas [101] and incorporated in EC8 [102].  

A macro-element presented [103] for a single vertical pile in sand devised within hypo-
plasticity theory inspired by macro-element formulation for the shallow foundation of 
Salciarini et al. [95]. Generalised load and displacement vectors are used to characterise 
the behaviour of the pile are shown below: 

𝑡 = {𝑉, 𝐻, 𝑀}𝑇 (6) 

𝑢 = {𝑤, 𝑢, 𝜃}𝑇 (7) 

Also, the below-recommended matrix can be used to calculate the elastic stiffness matrix 
regulating the elastic response of the microelement: 

𝜅𝑒 = [

𝑘𝑣 0 0

0 𝛼𝑘ℎℎ 𝛼
2

3⁄ 𝑘ℎ𝑚

0 𝛼
2

3⁄ 𝑘ℎ𝑚 𝛼
1

3⁄ 𝑘𝑚𝑚

] (8) 

Where 𝛼 is the dynamic interaction factor and 𝑘𝑣, 𝑘ℎℎ, 𝑘𝑚𝑚 and 𝑘ℎ𝑚 represents the 
vertical, horizontal, rotational and combined horizontal-rotational elastic stiffness at the 
head part of the pile, respectively. 

The macro-element formulation suggested above can be adapted for single batter piles 
in the sand [104] and cassion foundations in the sand [105]. The inability to account for 
changes in geometry and loading boundary conditions in previous studies was accounted 
for in the model proposed by F. Pisano et al. [106].  

The macroelements for deep foundations developed to date have several limitations that 
do not allow reproducing (at least in a direct way) the response of a pile group under 
seismic loading. A newly established frequency-dependent macroelement technique is 
capable of reproducing the dynamic attributes of the system at multiple levels of 
increasing ground shaking [107]. 
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Fig. 8. Loading and failure surfaces of the hypoplastic macroelement model for a 
single vertical pile [103] 

3. Experimental Works 

The result and conclusions at which many researchers arrived by adopting different 
approaches mentioned in the review above for soil foundation modelling need to be 
validated or complemented by performing experimental work. Experiments performed 
by researchers are reviewed hereafter, some validating the soil foundation models. 

3.1 N-g Centrifuge Experiments 

Centrifuge experiments are based on the concept of scaling down a prototype design in 
terms of geometry by introducing a higher gravitational force (e.g., N = 20-100 times that 
of gravity). The methodology turns out in the preservation of prototype soil stresses at 
the model size due to similitude and scaling rules [108]. The centrifuge is a significant 
instrument for examining the performance and getting better outcomes of the soil-
foundation system relating to the rocking shallow foundation because the nonlinearity 
in the system is primarily due to the soil's unpredictable behaviour. Several centrifuge 
tests were performed on the strip and square footings accompanying the shearwall and 
several other structures for different types of loading (monotonic, lateral cyclic and 
dynamic) [109-111]. Moreover, Ugalde executed tests on a model bridge pier supported 
by shallow footings [112]. Another study discussed shallow footings supporting a 
shearwall and a moment frame as part of a combined load-resisting system. The 
influence of the combined nonlinearity of structure and foundation on the response of 
the complete structural system is demonstrated in the centrifuge test [113]. Centrifuge 
experiments were conducted to find out how the degree of liquefaction influences the 
seismic and post-seismic settlement of shallow foundations lying on saturated sand 
[114]. The introduction of a new centrifuge tube-actuator was used to discharge 
spherical projectiles at single-degree-of-freedom (sdof) models resting on sand-filled 
shallow foundations. This enables the generation of dynamic impulse excitation, which 
is utilised to assess dynamic rocking stiffness in modest strains [115]. 

A comparison of dynamic p-y analysis results with the result of dynamic centrifuge 
model testing shows satisfactory agreement across a wide range of ground motions 
[116]. Geotechnical centrifuge tests were used to look at the dynamic reactions of soil 
foundation models with different pile arrangements, and they estimated both kinematic 
and inertial interaction [117]. The theoretical concept of the BNWF model is 
complemented by performing a centrifuge test [80]. 

A set of dynamic centrifuge tests was conducted to evaluate the impacts of soil conditions 
and structural variables on SSI effects, resulting in a dataset that might be critical for 
engineering practice [118]. Test performed on single-degree-of-freedom (sdof) system 
to obtain a period-lengthening ratio (PLR) for the different seismic intensities, which 
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represents the nonlinear properties of soil; the result shows the PLR of sdof system 
increases with peak ground acceleration at the surface [119]. 

3.2 1-g Experiments 

To study the SSI impacts of shallow foundations, one-g experiments can be conducted 
employing either input at the base (e.g., using a shake table) or inertial loading (e.g., by 
structure-mounted hydraulic jacks). These tests have an advantage over centrifuge tests 
in preserving genuine soil-to-structure size scaling. Tests are, however, restricted by 
large scale, which significantly raises experimentation expenses. Also, the soil box's size 
constraint may result in boundary effects on the free-field soil conditions. Barlett tested 
small plate footing (simulating the real scenario) of size 0.5m×0.25m placed on clay. In 
contrast, Wiessing performed the cyclic test on identical footing supported on sand [120-
121]. These experiments found that a spread footing can yield soil at a moment less than 
the moment carrying capacity of the column and can prevent the formation of a hinge at 
the base of the column. By performing the shake table test, Gazetas and Stokes 
demonstrated the trustworthiness of the impedance functions enlisted in Gazetas [122-
123]. To study the true failure mechanism of the foundation, shake table experiments 
were performed on a strip footing positioned on dry four-layered sand embedded at 
various depths into the deposit. It is observed when eccentricity is introduced; the 
seismic bearing capacity is reduced [124]. Particle Image Velocimetry (PIV) paired with 
the aid of photogrammetry and rapid filming to monitor the seismic effect on soil and 
investigate the failure mechanism of a shallow foundation on a one-g shaking table. 
Moment effects are severe for structures with a centre of mass at a considerable height 
from the foundation level, leading to a significant decline in bearing capacity due to uplift. 
The failure mechanism was shown to be influenced by the depth of embedment and 
surcharge [125]. Overturning moments at the soil-foundation interface were studied by 
Paolucci et al. [92] through the use of a shake table test. 

Performing the shake table test, assessment of the effects of pile arrangements, pile caps, 
and superstructures on time period elongation and damping ratio of a system under 
sinedwells, white noise and natural EQ motion done [126]. A five-storey scaled-down 
model structure was put on a shake table to observe the response of two structures, one 
with the fixed base condition and the other assisted by model piles embedded in soft clay. 
The result indicated that as the structure height increases, the response amplifies in SSI 
conditions, which can alter the functioning of the structure [127]. 

The majority of experiments to assess the effect of SSI on structure uses shake table 
testing or dynamic centrifuge model studies. But a full-scale dynamic test on a portal 
frame railway bridge was recently performed [128]. Amendola et al. [129] conducted 
full-scale field tests on soil-structure interaction to calculate the foundation impedance 
function. 

Gajan et al. [130] correlated rocking foundation performance characteristics with 
capacity parameters and parameters relating to earthquake demand by taking data from 
142 centrifuge and shaking table tests that included a different type of soil, varying 
foundation geometry, different structural models and ground motion. 

4. Conclusions 

Since nonlinearity in soil and structure is considered the most critical aspect, it leads to 
the failure of the entire system. Different methodologies proposed by the researchers are 
reviewed in this study to find out the best way to model nonlinearity in soil-structure 
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interaction (SSI). The following conclusions are made from this extensive review 
presented: 

FEM helps model the nonlinearity of soil, structure, and foundation to give results similar 
to the actual scenario but is time-consuming and computationally expansive due to the 
huge soil domain. The boundary condition, size and soil element type are critical aspects 
of energy dissipation to reduce the soil domain. The review shows the possibility of 
evolving a particular technique [17]. 

Selecting a constitutive model for different soil conditions requires special attention. The 
Mohr-Coulomb, Modified Cam Clay, and Hyperbolic models are most commonly used. 
The hyperbolic model is frequently applied in SSI problems pertaining to drained and 
undrained soil conditions [131]. 

Adopting FEM in the direct approach can result in reductions in the calculation of the 
seismic demand of up to 50% in the case of maximum inter-storey drift ratio, whereas 
up to 20% in the case of maximum base shear when compared to a fixed-base model. 

BEM came as an alternative to FEM, reducing the effort to discretise the soil-structure 
element. But it has its shortcoming in dealing with heterogeneous media and solving the 
nonlinear issue.  

The idea of combining FEM and BEM suggested by researchers reduces computation 
effort and time. The theoretical development of combined FEM-BEM technique in the 
application of DSSI has been taken way forward, yet hardly any commercial software 
uses this concept. 

Beam-on-nonlinear Winkler Foundation (BNWF) model evolves as a technique that uses 
spring to tackle the problem of a huge soil domain and its nonlinearity. Still, the main 
drawback is the model under-predicts sliding response. In addition, other Winkler's 
hypothesis also fails to depict the continuum nature of the soil, which is practically 
unacceptable in seepage, stress analysis, etc. 

Only longer-period structures on extremely soft soil modelled using the BNWF technique 
can affect the assessment of the seismic demand. 

In the context of both maximum base shear and maximum inter-storey drift ratio, the 
reductions in seismic demand estimations compared to a fixed-base model are lower (up 
to 20%) than what a FEM model predicts. 

The primary distinction between the FEM and BNWF approaches might be linked to how 
the overall damping is characterised. Comparing simplified and rigorous techniques of 
validating the damping percentage typically provided by different codes using synthetic 
graphs could be an intriguing future development.  

The inclusion of radiation damping into the macroelement formulations is a significant 
issue that has not yet been fully covered in the existing macroelement models. 
Considering its significance in the overall response of the system, the issue must be 
addressed in future. 

Several experimental setups have been established to validate numerical results, but few 
experiments have been performed in the field. Therefore, more experimental studies are 
necessary to improve understanding of SSI nonlinearity. 
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 Construction Sequence Analysis (CSA) is a technique that simulates real-time 
onsite construction procedures like timing, sequential loading, and construction 
sequence. This study compares the bending moment at various sections of beams 
using the CSA- Construction Sequence Analysis and LSA-Linear Static Analysis 
methods. Four 40-storeyed RC buildings of different spans are studied to 
consider the long-term effect of concrete properties like creep and shrinkage. 
The effects for 30 years from the application of live load in the CSA methods were 
analysed. It is essential to know the sensitivity of a beam for bending moments 
concerning the CSA method compared to the LSA method. Knowing how the 
sensitivity of beams varies concerning span in RC buildings is essential. The 
study divides beams into five different sensitivity categories. According to the 
study, the LSA approach provides 3.6% higher to 70.24% lower, 42.29% higher 
to 111.49% lower, and 17% higher to 44% lower left-end support, right-end 
support, and mid-span moments, respectively, than the CSA method in beams of 
normal categories. The study also concluded that RC shear walls increase the 
sensitivity of surrounding beams. These beams are categorized into the most 
vulnerable categories among all, and these categories seem absent in a plan 
without RC walls. The study concludes that it is advisable to adopt the CSA 
method with time-dependent effects of concrete when designing RC moment 
frame high-rise buildings. The analysis is done using MIDAS Gen-17 software. 
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1. Introduction 

Structural engineers analyse and design an RC building by simultaneously applying all 
loads to the building models using the Linear Static analysis method. However, an RC 
structure is gradually loaded due to stage-wise construction of the walls, floors, and 
structural components. Upon construction completion, the live load is applied in the form 
of occupancy. Using the Construction Sequence Analysis (CSA) method, all loads are 
applied according to the construction order, and application timing corresponds to actual 
construction.  

According to Chakrabarti et al. (1978)[3] and Chang-Koon Choi et al. (1992)[4], the CSA 
approach reports responses that are different from the typical Linear Static Analysis (LSA) 
method, which is a one-step analysis method. Due to the time-dependent characteristics of 
concrete, Kwak & Kim (2006)[14] proposed a construction sequence method for analysis 
for designing RC buildings. Dinar et al. (2014) [10] and Correia & Lobo (2017)[5] 
investigated the effect of sequential self-weight on construction. Ha et al. (2017)[12] 
recommended considering the time-dependent effect of the concrete during the design 
stage of tall buildings and created an algorithm for the construction stage to evaluate the 
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results with a laser survey. Afshari et al. (2017)[1] suggested an improved correction 
factor approach. When employing the CSA approach, Secer & Arslan (2018) [16] and Zucca 
et al. (2018) [17] both discovered a sizable change in vertical column displacements. 
Elansary et al. (2021) [11] found that one-step analysis results in an unsafe solution in 
some element zones and an uneconomic solution in others. Since creep and shrinkage are 
ongoing processes, the CSA method will yield different results at various points in the 
analysis. Most of these investigators omitted the role of time and primarily assessed 
responses during live load application. Nehal et al. [6] have concluded that “98% to 99% of 
the total 50th-year axial shortening, and beam moments respectively are observed on 
completion of 30 years from the time of live load application. Therefore, it is advised to 
analyse using the CSA method up to a minimum time of 30 years after the application of 
the live load, taking the effects of creep and shrinkage into account, rather than up to 50 
years, as the procedure is time-consuming and laborious.” In this study, all models were 
analysed up to 30 years after the application of live load, considering the effects of creep 
and shrinkage. 

Vishal et al. (2000) [19] analysed G+19 floors, while Dubey & Bhadauria (2017) [11] 
analysed 50-floor RC buildings but studied only axial shortening for comparison with the 
conventional one-step method. Most investigators concentrated the study on axial 
shortening and differential shortening of vertical members. They overlooked the study of 
the effect of this axial shortening on the bending moment of beams. Thus, to fill this gap, 
additional research is required to study and compare the changes that occur in beam 
moments by CSA and LSA methods. Hence, the stakeholders of the construction industry 
would realise the significance of the CSA method and understand the importance of 
adopting it. The study calculates the sensitivity of beams by comparing the bending 
moment at different sections of beams induced in the CSA the LSA method at every floor 
level of building models. Beams were divided into different categories based on their 
sensitivity Index (SI). Four RC moment framed building models with and without RC shear 
walls of the same plan area, but different spans were selected to evaluate the effect of 
various beam spans. The building models were analysed using Midas Gen 17[15]. The code 
of practice of the Indian Roads Congress -IRC: 112-2011[13] was used to consider the long-
term effects of concrete-like creep and shrinkage in CSA. This study's analysis and design 
are undertaken as per the Indian standard code of practice. 

2. Materials and Methods 

2.1. Building Models 

Four 40-storied RC framed building models of symmetrical plans with varying plan grids, 
as shown in Table 1 and Fig. 1(a)-1(d), were selected for this study. The floor height of the 
models was 3.2m. Models were analysed and designed using the Indian Standard Code of 
Practice, with a live load of 2 kN/m2, floor finishing load of 1 kN/m2, and brick wall load of 
6.5 kN/m by the LSA method.  

Table 1. Details of building models 

Models Plan size, 
mxm 

Beam grid,  
m x m 

Total storey 
numbers 

Specific details 

Plan A 40 X 40 8 X 8 40 With Central Shear Wall 
Plan B 40 X 40 5.72 X 5.72 40 With Central Shear Wall 
Plan C 40 X 40 4.44 X 4.44 40 With Central Shear Wall 

Plan A0 25 X 25 5 x 5 40 Without Shear wall 
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The designed cross-sections of structural members for all building models are shown in 
Table 3. Properties of the grade of concrete and steel used for modelling buildings are 
specified in Table 2. 

Table 2. Properties of materials 

Material properties Reinforcement grade -Fe 415 Concrete grade -M 25 

Yield Stress  415 N/mm2 - 

Compressive strength 
after 28 days of curing 

- 25 N/mm2 

Modulus of Elasticity 2X105 N/mm2 2.5X104 N/mm2 

Weight per unit volume 76.973 kN/m3 23.6 kN/m3 

Poisson’s Ratio - 0.2 

 

Table 3. Cross-sections of members 

Floor No. Column size, m x m  Shear wall size, mm 

 Plan A Plan B Plan C Plan A0 Plan A Plan B Plan C 
1st to 5th  1.6 x1.6 1.3x1.3 1.1x1.1 1.6 

x1.6 
550 500 500 

6th to 10th  1.4x1.4 1.2x1.2   
1.0x1.0 

1.4x1.4 550 500 500 

11th to 15th  1.3x1.3 1.1x1.1 0.9x0.9 1.3x1.3 450 400 400 
16th to 20th  1.2x1.2 1.0x1.0 0.8x0.8 1.2x1.2 450 400 400 

26th to 30th  1.0x1.0 0.8x0.8 0.6x0.6 1.1x1.1 350 300 300 

31st to 35th  0.9x0.9 0.7x0.7 0.5x0.5 1.0x1.0 250 200 200 
36th to 40th  0.7x0.7 0.6x0.6 0.4x0.4 0.9x0.9 250 200 200 

Beam Size 0.35x0.75 0.3x0.6 0.3x0.5 0.7x0.7 - - - 

 

All models with the same design cross-section were analysed by the CSA method. Stage-
wise construction loads were applied to all RC building models considering a construction 
cycle of seven days. The formwork was undertaken to cast the first slab, and the first slab 
concreting was done on the third day of construction. As shown in Table 4, different loads 
were applied at different stages following the actual on-site construction sequence and its 
timing.  

As per the time period study of Nehal et al. [6], all models were analysed up to a minimum 
time of 30 years after the application of the live load, considering the effects of creep and 
shrinkage. 

2.2. Material Properties Related to Creep & Shrinkage 

To calculate the long-term shortening due to creep and shrinkage in the CSA method, basic 
equations for creep co-efficient and the drying shrinkage strain given in IRC: 112-2011[12] 
(ANNEXURE A-2, page no.237 to 240) code were used.  
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(a) Plan A0 model  (b) Plan A model 

  

(c) Plan B model (d) Plan C model 

Fig. 1 Plan of different building models 

Factors considered while calculating the co-efficient of creep include relative humidity, 
concrete age at loading, cross-sectional area, concrete strength, notional size of the 
member in mm, the perimeter of the member in contact with the atmosphere, age of 
concrete in days at the time considered, cement type, and the temperature adjusted age of 
concrete at loading in days. Similarly, the parameters considered for calculating the 
shrinkage strain are mean compressive strength, type of cement, and relative humidity. 

As per the equations given in IRC: 112-2011[12], MIDAS Gen-17 calculates the long-term 
shortening due to creep and shrinkage in the CSA method based on above mentioned 
parameters. 

2.3. Sequential Loads on Building Models 

Stage-wise construction loads were applied on all RC building models and analysed by the 
CSA method for a construction cycle of seven days. The formwork was undertaken for the 
first slab casting and concreting of the first slab was done on the third day of construction. 
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As shown in Table 4, different loads were applied at different stages following the actual 
onsite construction sequence and its timing. These stage-wise loading sequences and 
timing for all stages were activated considering long-term properties of concrete like creep 
and shrinkage. The analysis was undertaken for 30 years for the RC building models. 

Table 4. Stage-wise sequential loading for the CSA method 

3. Results and Discussion 

In this study, the self-weight of structural members, a load of a brick wall, a load of floor 
finishing, and a live load were applied stage-wise as per construction sequence and 
scheduled timing, in line with the actual construction, as explained in Table 4. This changes 
the structural responses in the CSA method. Since the analysis was undertaken for 30 years 
from the application of live load, the time-dependent properties of concrete, like creep and 
shrinkage, also change the bending moment of beams in the CSA analysis method. 

3.1. Sensitivity Analysis 

The bending moments induced in LSA and CSA methods at left-end support, mid-span, and 
right-end support for all beams of all four building models were compared. To measure the 
level of sensitivity of moments, the dimensionless coefficient Sensitivity Index- ‘SI’ was 
introduced. 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 ( 𝑆𝐼 ) =
Bending Moment induced in CSA method 

Bending Moment induced in LSA method 
 

SI coefficient for all beams on every floor for all plans were calculated, tabulated, and 
plotted in a graph. 

3.2. Sensitivity Categories for Left End Moments 

Graph of Sensitivity Index v/s Storey numbers, for left-end Moment, for a beam ‘AB’ of Plan 
C was plotted in Fig. 2. 

It was observed that SI at the left end of beam ‘AB’ increases from 0.772 to 1.006 as moving 
from the top (40th) storey to the 8th storey. After that, SI again reduces to 0.972 from the 
7th to the 1st storey. As storey numbers increase, the left-end moment sensitivity increases 
from the 8th floor. The LSA method provides a 0.6% lesser to 22.76 % higher bending 
moment than the CSA method when moving from the bottom to the top storey (at the left 
end). The higher storeys were more vulnerable in comparison to the lower storeys.  

Sr. 
No 

Type of 
load 

Starting 
floor 

The load cycle begins at/with Cycle 
time 

1 Self-weight 
of  
RC 

members 

the first 
floor 

On the first day of first stage one, i.e., on 
22nd day, when the age of first-floor slab 

is19 days  

7 days 

2 Load of the  
brick wall 

the first 
floor 

On the first day of fifth stage, i.e., on the 29th 
day 

7 days 

3 Load of 
floor 

finishing 

the first 
floor 

On the first day of sixth stage, i.e., on the 
36th day 

7 days 

4 Live load on all 
floors 

At the last stage i.e., after allowing 90 days 
for occupancy after completion of 

construction work including finishing work. 

Single 
time 
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Fig. 2 Sensitivity Graph of beam ‘AB’ of Plan C 

The SI at the left end of beam ‘O1P1’ increases from 0.964 to 1.345 while moving from 1st 
floor to 40th floor as shown in Fig. 3. From 1st to 10th storey, LSA provides 3.57% higher 
moments than CSA. From the 10th to the 34th storey LSA provides 31.3% lesser moments 
than CSA. On the 34th and 39th floor, ‘SI’ suddenly increases to 1.313 & 1.346, respectively, 
i.e. LSA provides 31.3% to 34.6% lower bending moments than CSA. 

Similarly, as per Fig. 3, in Beam ‘BC’, ‘SI’ reduces from 0.964 to 0.848 while moving from 
the 1st floor to the 40th floor, i.e. LSA provides 3.57% to 15.2% higher values than CSA. 
However, sensitivity in Beam ‘DE’& ‘EF’ ‘SI’ varies in a range of 0.959 to 0.961 for all 
storeys, i.e. LSA provides 4.1% to 3.9% higher moments than LSA. The deviation of a 
moment in CSA from LSA is comparatively lesser here as storey numbers increase. 

From the ‘Sensitivity index of left end moment V/S floor number’ for beams of all building 
models as shown in Fig. 3, Fig. 4(a)-4(c) and Fig. 5, the following observations were made: 

• Sensitivity index V/S floor number graph of left end moment of beams ‘AB’, ‘GH’, 
and ‘MN’ of Plan A model show a similar pattern and range of sensitivity Index. 

• Similarly, the sensitivity index graph of the left end moment of beams ‘AB’, ‘GH’, 
‘MN’ and ‘RS’ of the Plan B model, beams ‘AB’, ‘GH’, ‘MN’, M1N1’and ‘TS’ of Plan C 
model and beams ‘AB’, ‘GH’ and ‘MN’ of Plan A0 model also show a similar pattern 
and range of Sensitivity index. 

 All these beams were grouped into one category, which is CAT-III. 
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Fig. 3 Sensitivity Graph at Left end for all beams, Plan C 

  

(a) Plan B model (b) Plan A model 
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(c) Plan A0 model 

Fig. 4 Sensitivity Graph at Left end for building models 

A different set of graphs with a similar pattern and range of SI were identified from the 
left-end support moments in beams of all models, as shown inFig.3 and Fig.4. Finally, all 
beams were divided into five different categories. Beams of CAT I, CAT II, CAT III, CAT IV 
and CAT-V with their Sensitivity range are shown in Fig. 5-9 and tabulated in Table 5. the 
following observations were made: 

  

(a) Plan A model (b) Plan B model 
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(c) Plan C model (d) Plan A0 model 

Fig. 5 Sensitivity graph at left-end support for beams of CAT III 

• As shown in Fig. 5, in Cat-III, the value of SI increases up to the 7th and 8th floors. 
Later it reduces up to the top floor in all building models. As shown in Fig. 6 to 8, 
in CAT-II, CAT-IV and CAT-V, the sensitivity of the bending moment increases as 
the building floors increase for all categories of building models. While in CAT-I 
beams, as shown in Fig. 9, the SI shows highly vulnerable values.  

• In Category-III beams, as shown in Fig. 5, the SI varies from 0.8042 to 0.994 in 
Plan A, 0.78 to 1.0014 in Plan B, 0.7724 to 1.006 in Plan C and 0.745 to 1.00 in Plan 
A0. Thus, LSA provides 19.58% to 0.61% higher, 22% higher to 0.14 % lower, 
22.76% higher to 0.6% lower and 25.5% higher left end bending moment in Plan 
A, Plan B, Plan C and Plan A0, respectively. 

  

(a) Plan A model (b) Plan B model 
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(c) Plan C model (d) Plan A0 model 

Fig. 6 Sensitivity graph at left-end support for beams of CAT IV 

• In Category-IV beams, as shown in Fig. 6, the SI varies from 0.930 to 0.9605 in 
Plan A, 0.8609 to 1.0165 in Plan B, 0.8478 to1.0320 in Plan C, and 0.830 to 0.977 
in Plan A0. Thus, LSA provides 7% to 3.95% higher, 13.91% higher to 1.65% 
lower, 15.22% higher to 3.2% lower and 17% to 2.3% higher left-end bending 
moment in Plan A, Plan B, Plan C, and Plan A0, respectively. 

  

(a) Plan A model (b) Plan B model 
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(c) Plan C model (d) Plan A0 model 

Fig. 7 Sensitivity graph at left-end support for beams of CAT V 

• In Category-V beams, as shown in Fig. 7, the SI varies from 0.9522 to 0.9619 in 
Plan A, 0.9222 to 0.9679 in Plan B, 0.8709 to 0.9676 in Plan C and 0.957 to 0.981 
in Plan A0. Thus, LSA provides 4.78% to 3.81% higher, 7.78% to 3.21% higher, 
12.91% to 3.24% higher and 4.3% to 1.9% higher left-end bending moment in 
Plan A, Plan B, Plan C, and Plan A0 respectively. 

• In Category-II beams, as shown in Fig. 8, the SI varies from 0.963 to 1.084 in Plan 
A, 0.9640 to 1.7024 in Plan B and 0.9643 to 1.3452 in Plan C. Thus, LSA provides 
3.7% higher to 8.4% lower, 2.6% higher to 70.24% lower, and 3.6% higher to 
34.52% lower left end bending moment in Plan A, Plan B, and Plan C, respectively. 

• In Category-I beams, as shown in Fig. 9, the SI varies from 3.48 to -11.087 in Plan 
A, -1.0937 to 4.8316 in Plan B and -10.209 to 36.9457 in Plan C. Thus, LSA 
provides 248% to 108% lower, 209.34% to 383.16% lower, and 110.209% to 
3594.57% lower left end bending moment in Plan A, Plan B, and Plan C, 
respectively. CAT-I beams surrounding the RC shear walls were the most 
vulnerable and sensitive category among all categories. 

• As the span increases, the sensitivity index decreases, i.e. the difference between 
the left end moment by the CSA method and LSA method in all categories of 
beams. 

• In Plan A0, only three categories, CAT-III, CAT-IV and CAT-V, were observed. CAT-
I and CAT-II, which were highly vulnerable, seem absent here. Hence RC shear 
walls increase sensitivity. 

• The study of all the beams suggests that LSA provides 3.6% higher to 70.24% 
lower, 25% higher to 0.14% lower, 17% to 3.2% lower, and 12.91% to 1.9% 
higher left-end support bending moments in CAT-II, CAT-III, CAT-IV and CA-V, 
respectively.  

• While left-end support moments of CAT-I behave very irregularly, the LSA 
provides 110% to 3594.57% lower right-end support bending moments.  

• Hence, sensitivity varies from CAT-I to Cat-V in descending order while 
progressing from CAT-I to CAT-V in the case of left-end support moments. The 
most sensitive category is CAT-I. 
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• Sensitivity of the left-end moment increases as storeys increase in all categories 
except CAT-I. In CAT-I beams of Plan A and Plan B models, the maximum variation 
in SI is at intermediate floors. Maximum variation in SI is at higher floors in CAT-
I beams of the Plan C model. 

  

(a) Plan A model (b) Plan B model 

 

(c) Plan C model 

Fig .8 Sensitivity graph at left-end support for beams of CAT II 
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(a) Plan A model (b) Plan B model 

 

(c) Plan C model 

Fig. 9 Sensitivity graph at left-end support for beams of CAT I 

Beams are presented with colour codes, as per their categories as shown in Fig. 10 

3.3. Sensitivity Categories for Right-End Support Moments 

A similar pattern of SI graphs was observed in the ‘sensitivity index of the right end 
moment V/S storey number for beams in all plans. All beams were divided into the same 
five categories, CAT I, CAT II, CAT III, CAT IV and CAT V. Beams of all plans as per their 
categories and sensitivity range are tabulated in Table 6. Fig. 11 shows a graph of ‘SI V/s 
storey number’ for CAT III, which was found critical for right-end support moments. 
Observations are listed below: 

• The maximum to minimum SI range of right-end beam moments varies from 
0.588 to 1.155, 0.8299 to 1.105, 00.89 to 62.97to -105.82, 0.8858 to 2.1149 and 
0.8755 to 0.97966 in CAT-I, CAT-II, CAT-III, CAT-IV and CAT-V, respectively. 

• LSA provides 42.29 % higher to 15.5% lower, 17.01% higher to 10.5% lower, 
11.75% higher to 111.49% lower and 2.034% to 12.45% higher right-end support 
bending moments in CAT-I, CAT-II, CAT-IV and CAT-V, respectively.  
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Table 5. Range of Sensitivity Index of left end moments for all Categories 

Categories 
of beams 

Range of left end moment SI for various categories of beams of various plans 

 Plan A Plan B Plan C Plan A0 
SI-Range 
amongst  

all models 

CAT-I  
 
 

Beam
s 

NO 
 

TU UV, P1Q1,VW 
 NA 

 LSA gives 
110.21 % 

to 
3594.57% 

lower 

SI-
range 

  

3.48 to  
-11.087 

-1.0937 to 
4.8316 

-10.209 to 
36.9457 

LSA gives 
248%low

er 
To 1087% 
lower BM 

LSA gives 
209.34% 
lower to 
383.16% 
lower BM 

LSA gives 
110.209% 
Lower to 

3594.57% 
lower BM 

  

CAT-II 

Beam
s 

HI OP, ST O1P1, PQ, OP 
 NA  LSA gives 

3.6%highe
r 

To 70.24% 
lower BM 

  

SI-
range 

  

0.963 to 
1.084 

0.9640 to 
1.7024 

0.9643 to 
1.3452 

LSA gives 
3.7% 

higher to 
8.4% 

lower BM 

LSA gives 
3.6% 

higher to 
70.24% 

lower BM 

LSA gives 
3.6%higher 
to 34.52% 
lower BM 

  

CAT -III 
  

Beam
s 

AB, GH, 
MN 

AB, GH, 
MN, RS 

AB, GH, MN, 
M1N1, ST 

AB,GH,MN 

 LSA gives 
25% 

higher to 
0.14% 

lower BM 

SI-
range 

  

0.8042 to 
0.994 

0.78 to 
1.0014 

0.7724 to 
1.006 

0.745 to 
1.00 

LSA gives 
19.58% to 

0.61% 
higher BM 

LSA gives 
22% 

Higher to 
0.14% 

lower BM 

LSA gives 
22.76% 

higher to 
0.6% lower 

BM 

LSA gives 
0 to 

25.5% 
higher BM  

CAT -IV 

Beam
s 

BC 
BC, HI, CD, 

NO, IJ 

BC, HI, NO, 
CD,N1O1,IJ, 

DE, UT 
BC,HI, NO 

 LSA gives 
17% to 

3.2% 
lower BM 

SI-
range 

  

0.930 to 
0.9605 

0.8609 to 
1.0165 

0.8478 
to1.0320 

0.830   to 
0.977 

LSA gives 
7% to 
3.95% 

higher BM 

LSA gives 
13.91% 

higher to 
1.65% 

lower BM 

LSA gives 
15.22% to 

3.2% lower 
BM 

LSA gives 
17% to 
2.3% 

higher BM 

CAT -V 

Beam
s 
 

CD,IJ PQ, JK,DE 
JK,EF,KL, 
QR,Q1R1 

CD,OP,IJ 

 LSA gives 
12.91% to 

1.9% 
higher BM 

SI-
range 

  

0.9522 to 
0.9619 

0.9222 to 
0.9679 

0.8709 to 
0.9676 

0.957 to 
0.981 

LSA gives 
4.78% to 

3.81% 
higher BM 

LSA gives 
7.78% to 

3.21% 
higher BM 

LSA gives 
12.91% to 

3.24% higher 
BM 

LSA gives 
4.3% to 

1.9% 
higher BM 
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Fig. 10 Different categories of beams of Plan A, Plan B, Plan C and Plan A0 models 

• While right-end support moments of CAT-III behave very irregularly. LSA 
provides 19.5775% higher to 6197 % lower right-end support moments. Hence 
sensitivity varies in descending order from CAT-V, CAT-II, CAT-I, and CAT-IV for 
right-end support moments. The most sensitive category is CAT-III. 

• Sensitivity of the right-end moment increases as storeys increase in all categories 
except CAT-III. In CAT-III beams of Plan B, Plan C and Plan A0 models, the 
maximum variation in SI is at intermediate floors, while in the Plan A model, it is 
at higher floors. 

A similar pattern of graphs with a similar range of SI was observed in the ‘sensitivity index 
of mid-span moment V/S floor number’ for beams in all plans. All beams were divided into 
the same four categories, CAT I, CAT II, CAT III and CAT IV. Beams of all plans as per their 
categories and range of sensitivity are tabulated in Table 7. While Fig. 12 shows a graph of 
‘SI v/s storey number’ for CAT III, which was found very critical for mid-span moments. 
Observations are listed below: 
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• The range of maximum to minimum SI of right-end beam moments varies from 
0.3723 to1.1435, 0.9047 to 1.0761, 0.2820 to 1.1016, 0.830 to 1.0745 and 0.957 
to 1.4442 in CAT-I, CAT-II, CAT-III, CAT-IV and CAT-V, respectively.  

• The LSA provides 9.53% higher to 7.58% lower, 17% higher to 7.45% lower and 
4.3% higher to 44% lower mid-span bending moments in CAT-II, CAT-IV and CAT-
V, respectively.  

• While the range of mid-span moments of CAT-I and CAT-III was large, the LSA 
provides 62.77% higher to 14.35% lower and 71.8% higher to 10.16% lower mid-
span moments in CAT-I and CAT-III beams, respectively. Hence the sensitivity of 
CAT-III was larger than CAT-I, CAT-IV, CAT-IV and CAT-II in descending order in 
the case of mid-span moments. The most sensitive categories were CAT-III and 
CAT-I, with CAT-I being the most sensitive. 

• The sensitivity of the mid-span moment increases as storeys increase in all 
categories. However, significant variation was observed in the top 10 to 15% of 
the floors. In CAT-III beams, the SI remains constant up to 60% to 62.5%, 37.5% 
to 40%, 30% to 32.5% and 27.5% of floors in Plan A, Plan B, Plan C and Plan A0 
models. The SI suddenly increases at a significantly higher range up to the top 
floor. The number of storeys up to which the SI graph remains constant also 
increases the span increases. 

• In CAT-I beams, the SI remains constant up to 47.5%, 27.5% and 22.5% of floors 
in Plan A, Plan B and Plan C models. Later SI suddenly increases at a significantly 
high range up to the top floor. The number of storeys up to which the SI graph 
remains constant increases as the span increases. 

• In this category of mid-span moments, as the span decreases, the sensitivity of 
beam moments increases in all categories of beams. 

  

(a) Plan A model (b) Plan B model 
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(c) Plan C model (d) Plan A0 model 

Fig. 11 Sensitivity graph at right-end support for beams of CAT III 

 

  

(a) Plan A model (b) Plan B model 
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(c) Plan C model (d) Plan A0 model 

Fig. 12 Sensitivity graph at mid-span for beams of CAT III 

 

Table 6. Range of Sensitivity Index of Right End Moments for all Categories 

Categories 
of beams 

Range of right-end moment SI for various categories of beams of various plans  

 Plan A Plan B Plan C Plan A0 
SI-Range 
amongst  

all models  

CAT- I  

Beams NO TU UV,P1Q1.VW 

NA  
  

 LSA gives 
42.29 % 
higher to 

15.5% lower 
BM 

SI-
range 

  

0.67 to 
0.96 

0.961  to 
0.577 

0.588 to1.155 

LSA gives 
33% to 

4% 
higher 

BM  

LSA gives 
3.925 % to 

42.29% 
higher BM  

LSA gives 
41.2% higher 

to 15.5 % 
lower BM 

CAT-II 

Beams HI OP,ST O1P1,PQ,OP 

NA  
  

LSA gives 
17.01% 

higher to 
10.5% lower  

SI-
range 

0.89 to 
0.96 

0.955to 
1.105 

0.8299 to 
0.974 

LSA gives 
11% 

higher to  
4% 

higher 
BM  

LSA gives 
4.473% 

higher to 
10.5%  lower 

BM  

LSA gives 
17.01% higher 

to 2.58% 
higher BM 

CAT -III 
Irregular 

  

Beams 
AB,GH, 

MN 
AB,GH,MN,RS 

AB,GH,MN, 
M1N1,ST 

AB,GH, 
MN  LSA gives 

19.5775% 
higher to 
6197 % 
lower  

SI-
range 

0.89 to 
62.97 to 
 -105.82 

-0.47912 to  
3.559 to 

 -15.5379 

4.5484 to 
  -7.397 

1.887 
to 

6.868 
to  

-3.188 
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Table 7. Range of Sensitivity Index of Mid-Span Moments for all Categories 

LSA gives 
19.577% 
Higher to 

6197% 
lower to 

BM 

LSA gives  
147.92%/ 
1653.79% 
lower  to  
255.88%  
lower BM 

LSA gives 
354.84%lower 

to  839.72% 
lower BM 

LSA 
gives  

88.7 % 
lower 

to  
586.8 
% to 

218.8% 
lower 

BM 

CAT -IV 

Beams 
 

BC 
BC,HI,CD, 

NO,IJ 

BC,HI,NO, 
CD,N1O1, 
IJ,DE, TU 

BC,HI, 
NO 

 LSA gives 
11.75% 

higher to  
111.49 

lower % BM 
 SI-

range 

1.01  to 
0.96 

0.9585 to 
1.28397 

0.8858  to  
2.1149 

0.939 
to 1.44 

LSA gives 
4%higher   

to 1% 
lower BM 

LSA gives 
7.15% 
higher 

to 28.397 % 
lower BM 

LSA gives 
11.75% higher   

to111.49% 
lower BM 

LSA 
gives 
6.1 % 
higher 
to 44% 
lower 

BM 

CAT -V 

Beams CD,IJ PQ, JK,DE QR, Q1R1 
CD, OP, 

IJ 

 LSA 
gives2.034% 

higher to 
12.45% 

higher BM 

 SI-
range 

0.95 to 
0.96 

0.92924 to 
0.97966 

0.8755 to  
0.9676 

0.958 
to 

0.981 

LSA gives 
5% to 4% 

higher 
BM  

LSA gives 
7.076% 

to 2.034% 
higher BM 

LSA gives 
12.45% higher 

to 3.24% 
higher BM 

LSA 
gives 
4.2 % 
higher 

to 1.9% 
higher 

BM 
 

Categories 
of beams 

Range of mid-span moment SI for various categories of beams of various plans 

 Plan A Plan B Plan C Plan A0 
SI-Range 
amongst  

all models  

CAT- I  

Beams NO TU 
UV,P1Q1, 

VW 

NA 
  
  

 LSA gives 
62.77%hig

her to 
14.35% 

lower BM 

SI-
range 

  

0.672265 to  
1.064252 

0.4189 to 
1.0688 

0.3723 to 
1.1435 

LSA gives 
32.77% 

higher to 
6.4252% 
lower BM 

LSA gives 
58.11% 

higher to  
6.88% 

lower BM 

LSA gives 
62.77% 
higher  

to 14.35 % 
lower BM 

CAT-II Beams HI OP,ST O1P1,PQ,OP NA 
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4. Conclusion 

The study concludes: 

• Building models of various spans are divided into five different sensitivity 
categories as per the behavioural patterns of the beams. 

• In the case of left end beam moments, CAT-I beams surrounding the RC shear 
walls are the most vulnerable among all categories. The sensitivity varies from 
CAT-I to Cat-V in descending order while progressing from CAT-I to CAT-V in case 
of left-end support moments. The sensitivity of the left-end moment increases as 
storeys increase in all categories except CAT-I. In CAT-I, the beams of Plan A and 
Plan B models, the maximum variation in SI is observed at intermediate floors. 
While in CAT-I beams of the Plan C model, maximum variation in SI is observed at 
higher floors. 

• The sensitivity varies in descending order from CAT-V, CAT-II, CAT-I, and CAT-IV 
in the case of right-end support moments. The most sensitive category is CAT-III. 
The sensitivity of the right-end moment increases as storeys increase in all 

SI-
range 

1.042581 to 
1.066484 

0.9047 to 
1.0758 

0.9446 to 
1.0761 

  
   LSA gives 

9.53 % 
higher to   

7.58%  
lower BM 

LSA gives  
6.6484 % 
lower to  
4.2581% 
lower BM 

LSA gives 
9.53% 

higher   to 
7.58% 

lower BM 

LSA gives 
5.54 % 

higher to -
7.61 % lower 

BM 

CAT -III 
  

Beams AB,GH, MN 
AB,GH, 
MN,RS 

AB,GH,MN, 
M1N1,ST 

AB,GH MN, 

 LSA gives 
71.8% 

higher to 
10.16% 

lower BM 

SI-
range 

0.930755 to 
1.0718 

0.7718 to 
1.0734 

0.2820 to 
1.1016 

0.745 to 
1.00 

LSA gives  
6.9245% 
higher to   

7.18637% 
higher BM 

LSA gives  
22.82% 

higher to 
7.34% 

lower BM   

LSA gives  
71.8% higher 

to  10.16% 
lower BM 

LSA gives   
0 to 25.5% 
higher to  

BM 

CAT -IV 

Beams BC 
BC,HI,CD, 

NO,IJ 

BC,HI,NO, 
CD,N1O1, IJ, 

DE, TU 
BC,HI, NO 

 LSA gives 
17%highe

r   to 
7.45% 

lower BM 
SI-

range 

1.040438 to 
1.0718736 

0.9949 to 
1.0736 

0.9737 
to1.0745 

0.830   to  
0.977 

LSA gives 
4.044%lesse

r   
to7.18736% 
higher BM 

LSA gives 
0.51% 

higher to 
7.36% 

lower BM 

LSA gives 
2.63 % 

higher to 
7.45% lower 

BM 

LSA gives 
17% to 

2.3% 
higher BM 

CAT -V 

Beams CD,IJ PQ, JK, DE JK,EF,KL, CD,OP,IJ 

 LSA gives 
4.3% 

higher to 
44% 

lower BM 

SI-
range 

1.066 to 
1.086 

1.068 to 
1.146 

QR,Q1R1 
0.957 to 

0.981 

LSA gives 
6.58% lower   

to 8.61% 
lower BM 

LSA gives 
-6.75% 
lower 

to -
14.59% 

lower BM 

LSA gives  
5.76% lower  

to 44.42% 
lower BM 

LSA gives 
4.3%To 

1.9% 
higher BM   



Desai and Vasanwala / Research on Engineering Structures & Materials 9(3) (2023) 1015-1037 

 

1035 

categories except CAT-III. In CAT-III beams of Plan B, Plan C and Plan A0 models, 
the maximum variation in SI occurs at intermediate floors. While in CAT-III beams 
of the Plan A model, the maximum variation in SI is observed at higher floors. 

• The sensitivity of CAT-III is larger than CAT-I, CAT-IV, CAT-IV and CAT-II in 
descending order in the case of mid-span moments. The most sensitive categories 
are CAT-III and CAT-I, with CAT-I being the most sensitive. The sensitivity of the 
mid-span moment increases as storeys increase in all categories. However, 
significant variation is observed in the top 10% to 15% of floors in CAT-I. In CAT-
III beams, the SI remains constant up to 60% to 27.5% of the total storey in 
various plan models, and in CAT-I beams, the SI remains constant up to 47.5% to 
22.5% of the total storey in various plan models. Later the SI suddenly increases 
at a significantly high range up to the top floor. As the span increases, the number 
of storeys up to which the SI graph remains constant also increases. 

• After studying all the beams, it is observed that LSA provides 3.6% higher to 
70.24% lower left-end support bending moments in CAT-II, CAT-III, CAT-IV and 
CAT-V, respectively. While left-end support moments of CAT-I behave very 
irregularly, the most sensitive category is CAT-I in the case of left-end support 
moments.  

• LSA provides 42.29% higher to 111.49% lower right-end support bending 
moments in CAT-I, CAT-II, CAT-IV and CAT-V. In contrast, right-end support 
moments of CAT-III behave very irregularly. Hence the most sensitive category is 
CAT-III. 

• LSA provides 17% higher to 44% lower mid-span bending moments in CAT-II, 
CAT-IV and CAT-V. At the same time, the range of mid-span moments of CAT-III 
and CAT-I behave very irregularly. 

• In Plan A0 type building models, only three categories, CAT-III, CAT-IV and CAT-
V, are observed. CAT-I and CAT-II, which are highly vulnerable, seem absent here. 
Hence, the RC shear walls increase sensitivity. 

• As span decreases, the sensitivity of beam moments increases in all categories of 
beams. 

The study concludes that it is advisable to use the CSA method considering the effects of 
concrete's time-dependent properties when designing RC moment-frame high-rise 
buildings. 

5. Limitations of the Study 

The study is undertaken for symmetrical RC frame high-rise buildings considering a 
construction cycle of seven days with an occupancy period of 90 days in the CSA method. 
Analysis and design are undertaken as per the Indian standard code of practice. 

Acronym 

CSA: Construction Sequence Analysis considering creep and shrinkage. 

LSA: Linear Static Analysis Method. 

SI: Sensitivity Index. 

Plan A, Plan B: RC building model of plan A,plan B , etc. 

RC:  Reinforced Concrete. 

CAT: Category. 

BM: Bending Moment 
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 The developing countries share similar attributes at all the regions. Still 43% of 
urban population did not escape from slums live hoods. As many developing 
countries focuses on the infrastructural development and try to improve people 
living standards. This infrastructural built-up activity consumes lots of concrete 
and other construction materials. These construction materials possess different 
properties from place to place. Cementitious composites undergo 
transformations in their fundamental properties due to regional variations in 
environmental conditions. Therefore, their mechanical strength computing tools 
plays crucial role. When topic touches with concrete, one of the most important 
characteristics is the compressive strength. Predicting the strength of concrete 
has traditionally been done with using mechanical means, but in recent years few 
soft computing methods have become important tools. In this research, we apply 
two methods to compute the Compressive strength of fly ash concrete based on 
the results of our own experimental findings. To anticipate concrete strength., 
this study investigated the properties of all the materials involved. The ensemble 
methodology and the decision tree were two of the success-forecasting 
methodologies that were investigated, and comparative assessments were made 
on them. The R2 value for the ensemble methodology was determined to be 0.96, 
which was much higher than the DT method's 0.76. In addition to k-fold Cross 
Validation, the findings of the trials are further supported by assessments of root 
mean square error (RMSE) and root mean error (RME). Ensemble approaches 
are good for minimizing model variance, improving prediction accuracy. 
Combining many models to make a single forecast from all their potential 
predictions eliminates variation. 

 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Concrete's strength, durability, resilience, and adaptability make it a go-to material for a 
broad range of building projects. This remarkable substance is put to use in the production 
of a broad variety of buildings, roads, and walkways. During building, concrete is employed 
for its strength, longevity, and adaptability. These superior qualities have made concrete 
the material of choice for both commercial and residential building projects because to its 
dependability and widespread application in the building trade. Standard concrete 
consists primarily of cement, water, and rocks and gravel of varying sizes [1-3]. 
Greenhouse gases (GHG) are mostly caused by the cement manufacturing process and huge 
incorporation in concrete infrastructure [4]. When it comes to CO2 emissions, the cement 
industry is among the worst offenders [5]. If four billion tonnes of cement are produced 
per year, the same quantity of CO2 pollutant is also discharged into the environment [6]. 
Making use of waste or repurposed materials is suggested to lessen this effect [7]. Reduced 
concrete use has further environmental benefits [8]. Many types of industrial waste 
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products (e.g. G G B S, Granite Powder, Fly Ash (F) [9]) can be used as a cement substitute. 
Hardened concrete will benefit from these additional raw materials and, simultaneously, 
lower its carbon footprint by as much as 80 percent without sacrificing quality. 

In the process of mix design, the compressive strength (C.S) is regarded as one of the most 
important qualities and study of concrete structures. Additives, such as chemical or 
mineral admixtures, can be added to concrete either before or after it sets to improve its 
basic components. The quality of concrete can be affected by the cementitious mixes used 
[10]. Lab tests of concrete's strength are necessary for every project [11]. Concrete 
factories have a hard time with strength prediction because of this. In ancient times [12], 
the strength became an important criterion for heterogeneous building. Due to worldwide 
standards and sustainable development, the mineral additives used for making concrete 
found key role in the environment [13].  Fly ash, a sustainable substance, can be used as a 
dependable substitute for cement in renovations, alterations, and major building projects. 
Concrete's mechanical and rheological properties are enhanced [14]. 

It is not easy to strike a balance between cost and quality when considering the quantity of 
each suitable concrete material to use, as determining the C.S of concrete takes a lot of time 
and work. Scientists have spent the better part of a decade creating artificial methods for 
picking the most effective strength prediction techniques [15] to help them save time and 
money in the lab. Complex concrete mixtures are difficult to locate and predict. The C.S of 
concrete is determined in the laboratory by breaking cylinders and conventional cubes 
after they have been cast for a specified period of time [16]. This method's application has 
reached a plateau of near-universal acceptance. However, laboratory testing will certainly 
be expensive and time-consuming. It takes a lot of time and money to set up apparatus and 
conduct tests on specimens using the conventional, established laboratory methods.  

Recently, researchers have been putting a lot of effort into developing prediction scenarios 
for a variety of mechanical features in concrete with the use of tearing technologies like 
artificial intelligence (AI) and machine learning (ML) [15,17]. Using methods such as 
supervised learning, it is possible to estimate a great many parameters (W/C, SCBA%, FA, 
CC, CA ), although with varying degrees of accuracy in the regression, classification, 
clustering, and reinforcement learning [22]. 

2. Machine Learning [ML] Overview 

The primary focus should be placed on the development of prediction algorithms for 
machine learning, the most sophisticated kind of AI. This is due to the fact that several 
patterns in large datasets can be objectively recognized in order to carry out a certain task. 
This artificial zone, labelled Intelligence, is what gives computers the ability to perform the 
intricate and laborious activities that would otherwise be impossible for them to do. Tasks 
that tested the robots' precision and difficulty. Through a series of computational 
procedures, we were able to create a programme that, rather than having to be explicitly 
programmed to recognize patterns, could infer them automatically from the available data. 
These algorithms outperform human-written code because they have independently 
learned logics from the data at hand. These algorithms are the product of computational 
learning theory, which permits the acquisition of data-point-specific properties necessary 
for the interpretation of knowledge and the rapid generation of solutions from any number 
of publicly available datasets. It is possible to employ extra image data in conjunction with 
an algorithm that has been trained to distinguish between benign and malignant lesions 
on imaging. 

As can be seen in Fig. 1, the AI subfields are structured in a hierarchical fashion. A few 
broad classifications for ML models are provided below. The ML phylogenetic trees can be 
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broken down into several distinct groups. The ML are known as Supervised Learning, 
Unsupervised Learning, and Reinforcement Learning. 

 

 

Fig. 1 AI's subfields 

Popular and widely used approaches to supervised machine learning include the decision 
tree, boosting, S V M, AdaBoost, bagging, ANNs, and gene expression modulation. For 
unsupervised learning, the available datasets are often quite limited for the output labels 
are scant or nonexistent in several cases. The purpose of these models is rather to 
determine the interrelationship and/or expose the dormant parameters based on the 
findings.   

3. Literature Review 

Ensemble techniques are a kind of statistical and numerical learning approach that mimics 
the human interpersonal learning behavior of polling a group of experts before reaching a 
major decision.  To improve the accuracy and reliability of their recommendations in 
supervised and unsupervised learning situations, ensembles integrate the judgements, 
learning algorithms, perspectives on the data, and other features of several learning 
machines.  A N N, G E P, and deep learning are now popular developments technology 
utilized for predicting a wide range of scientific issues [23, 24]. Specifically, S V M is more 
robust in nonlinear regression settings than other approaches [25]. It has high 
generalizability and may provide better global optimal solutions. Despite having a tree-like 
form and using nodes and roots to distribute data, the results of the prediction [26] differ 
from the Decision tree (D-T) and Random Forest (R-F). While R-F relies on a randomized 
sampling of unique particulars among the elements that build the trees used for projection, 
DT makes use of an extensive database that includes the variable of interest to it. The next 
step is to prove that the mean prediction is right by tying it to as many votes as feasible. 
Using inspiration from Darwinian evolution, GEP, a cutting-edge M-L computer algorithm, 
was created [27]. It achieves this by using an expression tree to depict the connection's 
non-linearity. Machine learning (ML) techniques are often used to glean previously 
unknown patterns, data points, and connections from a massive repository of information. 
Despite this, the process employs databases, machine learning, and statistical analysis. 
There are two unique techniques that may be used for both modelling and prediction. For 
one, there is the time-honored, single-model approach; for the other, there is the ensemble-
algorithm technique [28]. Evidence from the first studies of these methods shows that, 
relative to solo ML models, ensemble procedures improve accuracy [29]. With the use of 
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the training data, ensemble learning models first perfect the weaker/slower learners, and 
then merge them with the stronger/faster learners to create a perfect learner [30]. 

Several machine learning techniques have been utilized for performance prediction over a 
wide range of criteria for quite some time. However, throughout the course of the last 
several years, a clear trend toward a larger usage of them in engineering field has emerged. 
Because of the high accuracy with which they predict property values (mechanical). Since 
nonlinear behavior is more accurate than linear behavior, the underlying theory of ML is 
identical to that of conventional algorithms. Statistical methods such as A N N, the decision 
tree algorithm D-T, support vector machines S V M, R-F, G E P, and D-L, and others are 
extensively used in the evaluation of perceptible mechanical qualities [31]. To compute the 
shear strength of concrete beams, the study by [32] used 11 distinct methods. Study [33] 
used ANN in tandem with the multi-objective grey wolves optimizer to forecast the 
mechanical properties of silica fume concrete with high precision. C.S estimates for 
concrete were calculated using D-T, A N N, and S V M by the researcher [34]. 

Utilizing an ANN system, researcher [35] determined the C.S and tensile strength of 
discarded concrete. Concrete C.S was estimated [36] using SVM, and outcomes were 
contrasted to those obtained using ANN and DT models in coastal situations. To foretell 
the durability of lightweight foamed concrete, Researcher [37] used a number of machine 
learning techniques. One study [38] used a machine learning technique to identify a 
reinforced concrete durability feature. Suguru. [39] used machine learning to create a 
robotic system for detecting cracks in concrete. Images of the concrete were utilized for 
data collection, and deep learning was put to use to spot the cracks. Accuracy of machine 
learning models is evaluated by researchers [40,41] . 

There is a lot of variability in the testing model, and one way to deal with it is via an A N N 
[42]. The broad use of A N N in C.S prognosis has received support from many academics. 
The feed forward ANN classification (multilayer perception), consists of 03 layers: Input, 
hidden, and output (M L P). For the power prediction model, these more traditional neural 
nodes are more convenient to operate with [43, 44]. For the objective of foretelling the C.S 
of fly ash concrete mixes, this research makes use of a variety of categorical criteria. The 
goal is to make it easier to create a universal M-L model that can capture a broad range of 
mixture characteristics. In furthermore, the models will use a wide range of Fly Ash 
concrete mixtures rather than only using the results of earlier studies. Since a cement 
composite's primary function as a construction material is compression, its mechanical 
strength is prized above all others. Studies have shown that ordinary compressive 
strengths are within the range of 25 to 115 MPa [45-49, 72]. Generative ensemble 
approaches, on the other hand, produce groups of base learners that manipulate the base 
supervised learning or the data frame structure to enhance the base learners' variety and 
performance. In this situation, the fundamental problem with the ensemble method is not 
the mixing approach, but rather the manner in which various base learners are generated. 
Methods such as resampling, which divide the input space and train base learners on 
bootstrap samples reproduces of the data; random subspace algorithms, which produce 
diversified base learners by using varying random selection sub-sets of features; and 
combination of experts methods, which divide the input space and train an ensemble of 
neural networks to conduct an impactful estimation at each assigned territory separately, 
are all examples. 
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Table 1. Trends of adopting soft computing techniques for the prediction of various terms 

Sr No Reference and Year 
Algorithm and Method adopted 

by Researchers 
Dataset 

Used 
Output (Prediction 

Parameter) 

alternative 
mineral 

admixture 
used) 

1 Researcher [50] 
Convolutional Neural Network 
Regression (CNN), Ensemble 

Regression models 
345 

Compressive 
Strength (C-S) 

sludge-cement 

2 
Researcher [51] A N N, G E P, and Gradient 

boosting tree (GBT) models 
232 C-S demolition 

waste 
3 Researcher [52] support vector regression (SVR), 

grid search (GS) optimization 
algorithm, 

559 C-S Not Used 

4 Researcher [53] ensemble deep neural network 
models 

270 C-S Fly ash 

5 Researcher [54] (BPNN), (MARS), (RVM) 629 C-S Not Used 

6 Researcher [55] ensemble algorithm  
(GEP, DT and Bagging) 

270  (C-S) Fly ash 

7 Researcher [21] Individual and ensemble 
modelling (A N N, bagging and 

boosting) 

1030 C-S Fly ash 

8 Researcher [18] Individual algorithm (A N N, GEP, 
D-T) 

642 Chloride 
Concentration 

Fly ash 

9  Researcher [56] Data Envelopment (DEA) 114 C-S Fly ash 

10 Researcher [57] Multivariate (MV) 21 C-S Crumb Rubber 

11 Researcher [58] Support vector machine (S V M) 25 C-S Fly Ash 

12 Researcher [59] SVM 115 Slump Value, 
L-box  

Fly Ash 

13 Researcher [60] Adaptive neuro fuzzy inference 
system (ANFIS-ANN) 

7 C-S POFA 

14 Researcher [20] Gene expression programming 
(GEP) 

277 Axial Capacity Not Used 

15 Researcher [61] G E P 357 C-S Not Used 

16 Researcher [62] R-F and G E P 357 C-S Not Used 

  17 Researcher [63] A N N 205 C-S Fly Ash, 
GGBFS, SF, 

RHA 
18 Researcher [64] Intelligent rule enhanced 

multiclass SVM and fuzzy rules 
(IREMSVM-FR) 

114 C-S Fly Ash 

19 Researcher [65] R-F 131 C-S Fly ash, GGBFS 

20 Researcher [66] M A R S 114 C-S, Slump value Fly ash 

21 Researcher [67] Random Kitchen Sink Algorithm 
(RKSA) 

40 C-S, Slump value, V-
funnel 

Fly Ash 

22 Researcher [68] Adaptive neuro fuzzy inference 
system (ANFIS) 

55 C-S Not Used 

23 Researcher [69] A N N 114 C-S Fly Ash 

24 Researcher [70] A N N 69 C-S Fly Ash 

25 Researcher [71] ANN, DT, GEP 100 C-S Fly Ash 
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4. Research Significance 

Since the turn of the century, computer technologies have become more efficient, reducing 
the need for laborious manual labor. There are fewer validations at civil engineers' 
disposal in this burgeoning sector of transdisciplinary domain utilization. The little 
literature on ANN strategies and their application to C.S. prediction. Through the use of 
cutting-edge ML techniques, costly manual labor in the lab and expensive raw materials 
may be avoided. This study's significance and novelty stem from (a) its novelty and (b) its 
applicability to current issues, such as the ASTM's experimental works for fly ash concrete 
(FAC) (c) using ML methods for FAC model development. 

This research focuses on ML (discrete-event neural network) and boosting techniques for 
making predictions of strength. The use of concrete that contains fly ash was explored 
during the whole experimental procedure. Actual results were predicted and compared 
using ML. Quality of these findings provided by various ML algorithms and their 
applicability. This research also gives a means of comparing and evaluating the results of 
experiments conducted using individual and ensemble ML approaches. Both statistical 
tests and k-fold performance models were evaluated for cross-validation [71]. The 
purpose of this analysis is to look at how different inputs affect the reliability of the 
expected output. Such applications were utilized to evaluate the predictive efficacy of 
different approaches. 

5. Experimental Program 

The fundamental components of concrete have been thoroughly analyzed in accordance 
with IS Code and ASTM standards. Experiments were conducted using Type-1; 53Grade 
cement (Ordinary Portland). For both the cement utilized and the studies conducted, the 
standard specifications indicated by ASTM C150 were taken into account. Cement bags had 
airtight polythene coverings placed on top of them to prevent the bags from absorbing 
moisture from the air. Table 2 and Table 3 provide the chemical and physical 
characteristics of fly ash and cement, respectively. 
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Fig. 2 shows a glimpse of experimental work that were subjected to compressive 
testing 

The fine aggregate's quality was determined by testing that met the requirements of the 
ASTM standard. Coarse aggregates with a standard thickness of less than 20 mm were 
sourced locally and used into the fresh concrete that was formulated to meet ASTM 
standards. Coarse Aggregate (CA) and Fine Aggregate (FA) physicochemical parameters 
are listed in Table 4. (Fa). 

Table 2. Physical Analysis of cement ( C )and fly ash (F) 

Sr No Material Property Measured 
Unit 

Obtained 
Value 

1 C Specific surface area Cm2/gm 8299 
2 C Specific Gravity gm/cm2 3.1 
3 C Insoluble residue Percent 0.5 
4 C Particle Size µm 1.65 
5 C Loss of Ignition Percent 2.29 
6 F Retention on 45-micron Sieve Percent 33 

7 F Lime Reactivity N/mm2 7 

8 
F Soundness test using 

Autoclave Expansion 
Percent 0.06 

9 F Drying Shrinkage Percent 0.05 

10 
F C.S compare to cement 

mortar cube 
Percent 81 

 

Table 5 summarizes the results of the tests performed on the different mix proportions (a, 
b, c). Specimens with a diameter of 100mm and a height of 200mm were cast with a w/c 
of 0.4 - 0.6. the specimens were cured at 27 degrees Celsius for 3, 7, 14, 28, and 90 days. 
The C.S. performed to ASTM C39 standards after curing properly. To achieve the desired 
mix workability attribute, the hit-and-trial approach was examined with the 
superplasticizer dosage. Fig. 2 is a view inside laboratory procedures. 
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Table 3. Chemical Analysis of fly ash (F) and cement ( C ) 

Sr No Chemical Compound C F 

1 Calcium Oxide-(CaO) 65.82 2.35 
2 Iron Oxide-(Fe2O3) 3.63 26.87 

3 Silica-(SiO2) 18.99 50.9 

4 Alumina-(Al2O3) 6.94 4.27 

5 Magnesium Oxide -(MgO) 1.98 1.52 

6 Sodium Oxide-(Na2O) 0.10 0.11 

7 Potassium Oxide- (K2O) 0.45 1.47 

Table 4. Physical Analysis of Coarse Aggregate (C-a) and Fine Aggregate (F-a) 

Sr No Aggregate Type Property Measured 
Unit 

Result Standards 
Followed 

1 C-a Bulk Sp. Gr. No Unit 2.75 ASTM C128, C127 
2 F-a Bulk Sp. Gr. No Unit 2.65 ASTM C128, C127 

3 C-a Moisture Content Percent 0.75 ASTM C566 

4 F-a Moisture Content Percent 1.10 ASTM C566 

5 C-a Moisture Absorption Percent 1.40 ASTM C128/ C127 

6 F-a Moisture Absorption Percent 1.10 ASTM C128/ C127 

7 C-a Fineness Modulus No Unit - ASTM C136 

8 F-a Fineness Modulus No Unit 2.45 ASTM C136 

9 C-a Nominal Maximum Size Mm 20 - 

10 F-a Nominal Maximum Size Mm 4.70 - 

11 C-a Rodded Unit Weight kg/m3 1580 ASTM C29 
12 F-a Rodded Unit Weight kg/m3 - - 

 

Table 5a. Mix proportions conducted of specimens (sr. no 1 to 33) 

Sample 
no 

Cement 
(kg/m3.) 

Fly Ash 
(kg /m3.) 

Water 
(kg/m3.) 

Superplasti
cizer 

(Kg/m3.) 

Coarse 
aggregate 
(kg/m3.) 

Fine  
aggregate 
(kg /m3.)  

Curing 
Period 
(days) 

CS  
(N/mm2) 

1 185.5 102 166.6 7.7 1009.5 908.5 90 39.4 

2 170.5 127.9 161.5 8 1093.1 801.6 3 18.23 

3 180.5 127.9 165.8 8 1093.1 801.7 14 24.46 

4 160.5 127.9 161.8 8 1093.1 807.1 28 28.53 

5 241.9 126.1 184 5.9 1060.7 782.4 14 23.03 

6 211.9 126.1 183.9 5.9 1060.7 782.4 28 22.93 

7 211.9 125.1 183.9 5.9 1060.7 782.4 56 34.33 

8 239.8 118.8 191.6 4.8 1032.5 761.7 90 33.43 

9 195.1 124.7 160.5 10.1 1091.2 805.7 3 10.61 

10 190.5 124.7 161.6 10.1 1091.2 805.7 14 24.22 

11 167.9 168.8 172.1 4.7 1061.7 783.2 3 12.9 

12 135.9 163.8 176.2 4.7 1061.7 783.2 14 28.61 

13 165 161.8 172.1 4.7 1061.7 783.2 28 26.32 

14 230.4 118.7 194.9 6.3 1031.2 760.7 3 16.59 
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15 228.5 119.7 191 6.3 1031.2 760.7 14 22.43 

16 229.5 118.7 194.9 6.3 1031.2 760.7 90 43.49 

17 247.9 94.6 186.4 7.2 953 850.1 3 22.55 

18 237.9 92.6 188.4 7.2 953 850.1 14 27.72 

19 247.9 92.6 186.4 7.2 953 850.1 90 48.95 

20 250.3 96.2 187.1 5.7 960 864.3 3 13.9 

21 250.8 96.2 186.2 5.7 960 864.3 14 28.52 

22 212.3 125.4 158.7 8 1088.5 802.6 3 19.54 

23 212.4 125.2 181.6 6 1031.5 760.8 14 32.04 

24 251.6 124.7 188.2 6.6 1031.5 813.8 56 36.02 

25 251.7 123.3 181.3 6.6 1031.5 760.8 90 46.32 

26 181.6 123.3 169.3 7.8 1058.7 813.8 3 15.73 

27 181.6 123.3 170.3 7.8 1058.7 813.8 14 24.05 

28 181.6 123.3 169.3 7.8 1058.7 780.9 28 29.91 

29 182.3 124.9 170.3 7.8 1058.7 780.9 56 38.89 

30 181.2 122.3 169.3 7.8 1058.7 780.9 90 47.89 

31 249.9 125.3 168 9.6 964.3 868.1 90 47.11 

32 229.9 125.3 160.3 12 977 878.7 3 23.23 

33 220.6 125.3 145.8 12.6 1009.1 902.9 28 32.86 

34 210.6 125.3 143 12.2 1089.9 804 56 63.67 

35 220.6 125.2 140.8 12.2 1089.9 804 90 63.44 

36 213.5 125.2 154.5 10.4 1056.6 779.5 28 44.27 

37 213.5 125.3 154.7 10.4 1056.6 779.5 56 48.26 

38 213.5 125.3 154.5 10.4 1056.6 779.5 90 55.21 

39 213.3 125.3 155.3 11.9 1055.4 778.6 3 20.76 

40 213.3 125.3 154.3 11.9 1055.4 803.1 14 38.1 

Table 5b. Mix proportions conducted of specimens (sr. no 34 to 66) 

 

Sample  
no 

Cement 
(kg/m3.) 

Fly Ash 
(kg /m3.) 

Water 
(kg/m3.) 

Superplasti
cizer 

(Kg/m3.) 

Coarse 
aggregate 
(kg/m3.) 

Fine  
aggregate 
(kg /m3.)  

Curing 
Period 
(days) 

CS  
(N/mm2) 

41 213.3 125.3 155.4 11.9 1055.4 803.1 28 43.56 

42 213.3 125.3 154.3 11.9 1055.4 803.6 56 50.55 

43 213.3 125.3 155.2 11.9 1055.4 803.1 90 59.52 

44 218.7 125.3 158.2 11.5 1081.8 798 56 41.33 

45 218.7 125.3 159.8 11.5 1081.8 798 90 46.37 

46 375.8 125.3 216.4 0 1006.6 765.5 3 20.1 

47 190.1 125.3 165.3 10.1 1082.1 802 14 21.34 

48 164.8 125.3 163.5 0 1008.7 904 28 27.23 

49 190.1 125.3 165 10.1 1082.1 802 28 27.79 

50 249.8 125.3 192.5 5.5 952 860.3 28 29.33 

51 213.3 125.3 158.9 11.9 1046.7 775 28 45.73 

52 194.5 125.3 171.2 7.7 1001.1 904.9 28 40.39 

53 251.2 125.3 192.6 6 1046.7 757.4 28 38.11 

54 309.8 125.3 189.6 0 939.3 715.3 28 42.06 

55 279.8 125.3 189.6 0 939.3 703.1 7 37.69 
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Table 5c. Mix proportions conducted of specimens (sr. no 34 to 66) 

56 290 125.3 183.3 0 1072.3 757.4 7 24.3 

57 252.3 125.3 186.4 0 1114.7 787.4 7 14.23 

58 338.8 125.3 196.7 0 971.1 803.1 3 19.36 

59 256.8 125.3 192.5 0 971.1 859.6 90 28.66 

60 253.8 125.3 192.4 0 971.1 802.8 90 29.78 

61 306.8 125.3 193.2 0 971.1 802.6 28 30.45 

62 306.8 125.3 190.9 0 971.1 802.6 90 37.04 

63 289.8 125.3 191.9 0 939.1 758.1 28 47.41 

64 296.8 125.3 191 0 939.1 758.1 90 52.3 

65 298.8 125.3 187 0 969.1 766.1 3 18.23 

66 287.8 125.3 188.3 0 969.1 761.1 7 22.33 

67 288.8 125.3 188.3 0 969.1 762.1 14 30.34 

68 291.8 125.3 187 0 969.1 766.1 28 34.67 

69 330.8 125.3 191.9 0 981.1 804.1 90 41.22 

70 348.8 125.3 191.9 0 1050.1 809.1 3 17.71 

71 294.8 125.3 185 0 1072.1 772.5 28 28.31 

72 237.8 125.3 184.9 0 1121.1 792.1 28 17.96 

73 295.8 125.2 191 0 1088.1 768.6 7 17.95 

74 322.3 125.3 203.1 0 977.1 843.1 14 25.23 

75 321.8 124.9 201.2 0 977.1 803.3 28 27.27 

76 321.8 125.2 202.4 0 977.1 823.1 90 31.69 

77 301.8 125.3 202.4 0 977.1 820.1 28 27.23 

78 312.3 125.1 182.1 0 1043.1 737.1 28 41.2 

79 316.8 125.3 192.2 0 939.1 724.1 3 27.41 

80 209.8 125.3 142.2 0 899.1 899.1 7 50.53 
 

Sample no 
Cement 
(kg/m3.) 

Fly Ash 
(kg /m3.) 

Water 
(kg/m3.) 

Superplastic
izer 

(Kg/m3.) 

Coarse 
aggregate 
(kg/m3.) 

Fine  
aggregate 
(kg /m3.)  

Curing 
Period 
(days) 

CS  
(N/mm2) 

81 220.7 125.3 142.2 0 899.1 899.1 28 73.23 

82 143.8 125.3 157.9 18.2 946.1 847.1 28 18.54 

83 147.8 125.3 158.1 16.2 1005.1 833.1 28 21.07 

84 325.8 125.1 198.8 11.2 804.1 795.1 28 40.9 

85 289.8 125.3 220.2 11.2 901.1 716.1 28 10.71 

86 299.6 125.3 211.2 10.1 881.3 730.7 28 26.93 

87 147.9 125.1 158.9 16.3 1004.9 833.2 28 20.1 

88 326.3 125.3 193 11 804.2 795.6 28 36.73 

89 276.2 125.3 217.1 11.2 900.8 716 28 10.67 

90 150.5 125.3 164.3 15.8 1077.6 690.1 28 16.56 

91 190.6 125.3 184.8 11.3 982.6 814.1 28 16.33 

92 190.7 125.3 167.9 11.8 994.3 787.1 28 19.78 

93 188.5 125.3 182.1 11.9 1026.4 735.1 28 21.13 

94 297.9 125.1 189.1 6.3 882.1 818.1 28 42.76 

95 318.7 125.3 212.4 5.9 863.6 728.1 28 37.21 

96 355.7 125 196 11.2 804.5 772.1 28 37.39 

97 199.6 125.3 185.1 12.8 852.4 859.6 28 19.13 
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  The modelling was carried out using a total of seven inputs and one result (i.e. C.S). Table 
6 lists the individual variables that make up this input dataset. Table 6 presents the 
frequency distribution information, while Table 7 describes the statistical distribution. 
Using a histogram, figure 4 depicts the intensity that was included into the C-S calculation. 

Table 6. Dataset properties for Input- output variables 

Parameter Min value Max value 
C  (kg/m3) 135.9 375.8 

Water content  (kg/m3) 141.4 220.9 

F (kg/m3) 92.6 168.8 

Superplasticizer (% by mass) 0 18.2 

Aggregate F-a (kg/m3) 690.1 908.5 

Curing period (days) 3 90 

Aggregate C-a  (kg/m3) 804.1 1121.1 

C.S (MPa) 10.6 73.23 

  

There are a number of techniques that may be used to calculate C.S., some of which are 
listed below: i) boosting algorithm; ii) Decision tree (D-T). Fig.3 shows a simplified 
schematic flowchart of the algorithms for the D-T . The anaconda software was used to run 
the models. schematic flowchart of the algorithms for the D-T . The anaconda software was 
used to run the models. 

Table 7. Details of parameters study 

98 278.5 125.3 170 10.3 928.4 785.1 28 42.28 

99 305.5 125 217 10.6 942.2 796.3 28 42.89 

100 318.5 125.3 196 11.2 856.3 736.5 28 43.6 

Sr. 
No. 

Parameters 
Cement 
kg/m3 

Fly Ash 
kg/m3 

Water 
kg/m3 

Super 
Plasticizer 

kg/m3 
1 Mean or Avg 241.2 123.8 178.7 6.4 

3 Median 230.35 124.8 184.2 7 

2 Std. Deviation 55.62 10.13 18.01 4.9 

2 Std. Error 5.62 1.02 1.82 0.5 

4 Mode 213.5 124.8 191.3 0 

6 Sample Variance 3093.8 102.65 324.33 24.4 

7 Kurtosis -0.8 9.8 -0.6 -1.1 

8 Skewness 0.27 0.55 -0.08 -0.02 

9 Maximum 376 168.3 220.5 18 

10 Minimum 136.1 92.1 141.1 0 

11 Range 239.9 76.2 79.4 18 

12 Sum 24120 12385.4 17877.1 642.6 
13 Count 100 100 100 100 
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Table 7(Con.). Details of parameters study 

Sr. 
No. 

Parameters 
Coarse 

Aggregate 
kg/m3 

Fine 
Aggregate 

kg/m3 
Days  

Comp. 
Strength 

MPa 
1 Mean or Avg 1001.3 793.27 33.67 30.49 
3 Median 1006.2 794.9 28 27.52 
2 Std. Deviation 71.36 48.00 28.81 13.00 
2 Std. Error 7.21 4.85 2.91 1.31 
4 Mode 1055.6 800 28 17.11 
6 Sample Variance 5092.88 2304.07 830.20 169.06 
7 Kurtosis 0.3 0.7 -0.1 0.2 
8 Skewness -0.77 0.17 1.06 0.67 
9 Maximum 1118 905.4 90 72.11 

10 Minimum 801 650 3 9.49 
11 Range 317 255.4 87 62.62 
12 Sum 100130 79327.3 3367.0 3049.3 
13 Count 100 100 100 100 

 

The decision tree is well-known as an efficient and straightforward approach to 
categorization. It's a model that looks like a tree and uses a set of specified criteria to sort 
data into several classifications. D-T oversees the classification process using criteria 
determined from the nature of the incoming data. The decision tree's behavior is planned 
such that the classification and regression trees share no characteristics at all. 

 

(a) 

Fig .3 Flow Chart of Decision Tree Technique (D-T)  

In contrast to artificial neural networks (ANNs), the usage of a structure that is based 
on decision trees gives explicitness. Because the process of decision tree clustering 
imitates the process of human thought, it is easy for even communities who are not 
technically oriented to grasp the behavior. However, in comparison to the simple 
decision tree, the majority of more sophisticated tree-based designs are relatively 
complicated. Despite this, every single tree-based model that was used in this 
investigation was a decision tree-based model. Because of this, it is very necessary to 
explain the process that a decision tree regressor goes through. 
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6. Results and Discussion 

The results of the decision tree fly ash binder concrete prediction model are shown in 
Figure 5. Figure 5(a) shows that the DT has a higher R2 = 0.76 when projecting the concrete 
C-S. The limit of the modelled error ranges from 0.001 MPa to 21.40 MPa, even with 
average error observed to be 4.22 MPa. Furthermore, the output results and model's 
performance corelated with each other’s. Two-thirds of the findings show that the data lies 
within 7 MPa, with high accuracy; one-third of the results show that the data found 
between value 7 MPa to 10 MPa, with low precision; and one result shows that space exists 
at a pressure higher than 20 MPa, with low precision. 
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(d) 
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(h) 

 Fig. 4 Histogram of concentration used for computing the C-S 

The effectiveness of the ensemble (boosting) algorithm often used estimate the C.S of 
concrete was substantially higher when compared here to other machine learning 
techniques employed for this study. You may get a sense of its efficiency by looking at 
Figure 5(a), which shows the relationship between the actual and ideal output. The 
estimated standard deviation is 2.0 MPa, with a range of 0.57 to 3.0 MPa, as shown in Fig. 
5(b). Furthermore, the fact that all error data found less than 4 MPa demonstrates the 
reliability. 

 
(a) 

 
(b) 

Fig. 5 (a) Performance of DT algorithm  (b) Boosting Regressor algorithm  
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6.1 K-fold Cross validation 

Multiple tasks may benefit from the use of the J. knife test and the K-fold cross validation 
algorithm test, including reducing the impact of bias in a random training data selection, 
excluding less-representative examples from the data collection, and reducing the severity 
of overfitting issues. The stratified 10-fold validation method has been proven reliable and 
is often used to maximize productivity with minimal hardware and software requirements. 
Similarly, this study employs a ten-fold analysis, albeit it does so by splitting the data into 
k distinct subsets.  

The collected information may be partitioned into distinct categories, of which several are 
required for the analysis. It is not feasible to validate the model by using more than one 
data subset in the verification process. separate attempts at the procedure are required to 
get a result that is representative of the norm. The statistical tests' findings were also used 
into an evaluation of the models' performance. Evidence for the model's efficacy was 
derived from the formulations that were created in accordance with the underlying study. 

The attempted approach of k-fold cross validation is employed to ascertain how much the 
bias and variance of the testing set have been reduced. But there is noticeable variation in 
the results produced by each of learning methods. The BR model has a substantially better 
R2 value and far fewer mistakes compared to decision tree models. Further, as can be 
shown in Fig. 6(a), the Decision tree (D-T) model has an average R2 value of 0.78, with 
values as high as 0.90 and as low as 0.58. Validation error rates that drop indicate that the 
models have been improved. Values of 8.08 MPa, 8.04 MPa, and 2.82 MPa may be seen in 
the decision tree shown in Figure 6(a). As can be seen in Fig. 6(b), the average R2 for the 
boosting regressor ranges from 0.82 to 0.62, with a maximum of 0.97. The lowest mean 
absolute errors (MAE), mean standard errors (MSE), and root mean squared errors 
(RMSE) for BR are shown in 6(b) as 6.714% MPa, 6.806% MPa, and 2.59% MPa, 
respectively.  

More so, statistical tests conducted on the dataset showed that the ensemble ML approach 
had lower error rates than the other methods used (D-T). The findings for the bagging 
regressor (B-R) reveal an error of 3.69 MPa (mean absolute error), 24.76 MPa (mean 
standard error), and 4.79 MPa when statistical tests are done (root mean squared error). 
Coefficient of determination (R2) is directly related to this test; higher R2 value once again 
for model corresponds to lower R2 value due to less error. 
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(b) 

Fig.6 “K-fold” cross-validation; (a) DT model and (b) Boosting regressor 

6. Conclusion 

• Ensemble approaches are good for minimizing model variance, improving prediction 
accuracy. Combining many models to make a single forecast from all their potential 
predictions eliminates variation.  

• The foundation of this research is a thorough analysis of M-L algorithms used on fly 
ash-based concrete. Decision tree (D-T), and bagging regressor (B-R) were some of 
the supervised machine learning methods analyzed for their ability to predict the C.S 
of fly ash-mixed concrete. In addition, the performances of the individual machine 
learning algorithms were compared to those of the ensemble machine learning 
method. 

• There is less discordance between observed and predicted outcomes when using 
distinct machine learning techniques. In contrast to regression, it may accommodate 
several answers and outputs at once. The field of research known as "machine 
learning" is dedicated to understanding how to duplicate and implement certain 
cognitive features of the machine learning tool in order to create technological 
products and build relevant hypotheses. 

• Nonetheless, the ensemble was found to be a fairly strong and significantly reliable 
way, as demonstrated by the value of its coefficient correlation (R2), which was equal 
to 0.96 when compared to the total accuracy of the independent ML techniques. This 
was accomplished by using a bagging regressor. There is an average R2 value 0.76 for 
the D-T. 

• Mean absolute error (3.6 MPa), mean squared error (24.6), and root mean squared 
error (4.9) are all less than they are when using other methods, further 
demonstrating the superior accuracy of the bagging regressor. 

• The model's accuracy was confirmed using the K-fold cross validation method, which 
corroborates the bagging regressor's usefulness. 

• Statistical analysis done on the dataset showed that the ensemble ML approach yields 
lower error rates than the other individual methods used (D-T). The use of statistical 
checks additionally verifies that bagging regressor shows an improvement in model 
performance by reducing the amount of error that exists between the outcomes that 
were sought and those that were predicted.  

• It has been found that ensemble machine learning methods are an effective and 
helpful tool for addressing a broad range of structural engineering issues, and it is 
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anticipated that the usage of these algorithms will rise over the duration of the 
subsequent years. 
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 This study explores the use of ferrochrome slag as cement-bound granular layers 
of flexible pavement. To meet MoRTH design criteria, ferrochrome slag (FS) 
gradation was improved by incorporating quarry dust (Q) in proportions of 10%, 
20%, 30%, 40%, and 50% (by weight). Only FS70Q30 and FS60Q40 composites 
have satisfied the gradation requirements of cementitious sub-base and base 
courses of flexible pavement. Unconfined compressive strength (UCS) and 
ultrasonic pulse velocity (UPV) tests were performed under OMC and MDD 
conditions on ferrochrome slag and quarry dust composites stabilized with 
cement in proportions of 2% to 10% (by weight of the aggregate mix) and curing 
periods of 3, 7, 14 and 28 days. FS70Q30 and FS60Q40 mixes exhibited a 
significant increase in strength and wave velocities with increasing cement 
content and curing periods. The UCS of FS60Q40 mixes was 1.03 to 1.62 times 
that of FS70Q30 mixes, and no significant variation in UPV was observed. An 
equation with a high regression factor (R-square >0.98) was formulated to 
correlate UCS and UPV values with cement content. Based on the developed 
statistical equation, the predicted minimum cement content for FS60Q40 mixes 
was found to be 12-16% lower than FS70Q30 mixes.  
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1. Introduction 

Traditionally, aggregates for road construction were deployed through extensive mining 

activities. Uncontrolled mining has led to the depletion of natural aggregates and increased 

demand for alternative pavement construction materials. Industrial byproducts have 

driven a special interest in launching a new era in construction activities in place of 

conventional materials. Industrial byproducts such as waste foundry sand, blast furnace 

slag, steel slag, bottom ash, copper slag, and fly ash are used in large quantities in concrete 

applications for producing better strength, durability, and environmentally friendly 

concrete [1, 2]. Owing to its environmental concerns, there was a minimal analysis of the 

functionality of ferrochrome slag in transportation engineering applications. Every 

metallurgical processing industry has massive deposits piled over huge areas, which result 

in the leaching of toxic elements into the ground in events of saturation. In this case, 

ferrochrome slag occupies the available land and contains toxic metals that can cause 

leaching. Residual chromium in ferrochrome slag is liable for leaching and results in 

environmental contamination [3]. Magnetic separation and crushing followed by the 

jigging process produce about 59% of the residual chromium from the slag [4]. Presently, 
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two challenges have to be addressed 1) preventive measures to reduce chromium leaching 

from slag and 2) to characterize it as pavement material for its maximum utility. So 

adequate research on its use in view of its environmental concern may maximize the 

benefit of ferrochrome slag as pavement construction material and reduce several 

environmental issues.        

To meet the design standards of MoRTH, ferrochrome slag gradation has to be improved 

to use in granular sub-base and base course of flexible pavement. So there was a need to 

explore cost-effective alternative materials. Quarry dust was a primary byproduct of the 

rock processing industry, accounting for 20-25% of output. Around 175 million tons of 

dust was generated from various sources like mining, crusher units, and quarry units [5]. 

These non-biodegradable wastes were deposited, blown, and entrapped as particulate 

matter in the air creating an environmental problem. Humans and animals can also easily 

inhale this dust at a quarry site [6, 7]. So its emissions should be controlled to reduce the 

problem. This study used quarry dust from 10% to 50% (with 10% intervals) to improve 

the gradation of ferrochrome slag. The use of ferrochrome slag and quarry dust materials 

in flexible pavement layers is an economical and sustainable solution to renew natural 

resources. 

2. Background Studies 

Sanghamitra et al. reported that ferrochrome slag aggregate had good mechanical 

properties, and its use in granular layers can lessen the demand for conventional aggregate 

[2,8]. The unconfined compressive strength, California bearing ratio (CBR), and shear 

strength of red soil was found to be improved by stabilizing it with ferrochrome slag and 

ferrochrome ash in proportions of 10%-50% (with 10% intervals) [9]. It can also be used 

as a subbase material through improvement in gradation of ferrochrome slag by 

proportioning with soil (i.e., slag: soil, 80:20) [10]. According to the marshall stability test, 

the slag-based mixtures were better in confrontation with the water effect than the 

conventional bituminous concrete mixture [11].  

However, concerns have been outstretched due to residual chromium (Cr) in slag, which 

can leach and create ecological issues. Lind et al. constructed a ferrochrome slag road base 

and found minimal migration of chromium to the surrounding soil and groundwater [12]. 

Even at ambient temperature, ferrochrome slag remained in stable condition and was 

under regulatory terms of the United States Environmental Protection Agency 

(USEPA)[13] Though it was stable at ambient temperature, to ensure safe disposal and to 

prevent heavy metal leaching, solid waste has to be solidified using the right stabilization 

technology [14]. Complex calcium chromate was created on stabilization with Portland 

cement, reducing the solubility of Cr(VI) [15]. It was influential in stabilizing ferrochrome 

dust using cement mixtures and revealed that the leaching behavior of immobilized 

ferrochrome was within acceptable limits [16]. This remarkable effect of solidification was 

also proven to be effective in the immobilization of chromium in concrete applications 

reported by Panda CR et al [17]. Due to the good mechanical properties of the ferrochrome 

slag aggregate, it also exhibits high performance than conventional aggregates [18-24]. In 

this context, it is advantageous to use ferrochrome slag in cement-treated granular bases 

to immobilize chromium (VI) in CSH phases and to address the environmental issue. 
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Cement-treated or cement-bound layers include granular materials and measured 

quantities of cement and water, compacted to reach maximum density. Granular materials 

can be a combination of locally available materials and waste materials. Cement 

stabilization of weak subgrade helps in the economical design of pavement due to 

increased modulus and reduced vertical strain [25]. A granular subbase and base course 

with 2% cement stabilization were found to be suitable for low-traffic roads [26]. In recent 

studies, reclaimed asphalt pavement materials, recycled concrete aggregate, and industrial 

wastes were also cement treated to reduce dumping and environmental issues. Cement-

treated recycled asphalt aggregates can be economically used as a replacement for virgin 

aggregate up to 30% in bounded layers of pavement [27-29]. So, cement-stabilized 

ferrochrome mixtures as road bases could be a better solution to keep heavy metal 

leaching within allowable limits without posing environmental issues [30, 31].  

Here are some studies that focused on the use of quarry dust. The CBR of laterite soil can 

be considerably improved with 30% quarry dust addition, and further stabilizing it with 

6% cement satisfies the criteria for a base course [32]. Fly ash and quarry dust mixed in a 

ratio of 1:2 up to 45% proportion in expansive soil can strengthen the subgrade soil [33]. 

Even its performance effectively decreases the swelling index of expansive clay soils [34]. 

When high plasticity silty soil was proportioned with quarry dust, the CBR value of the 

subgrade increased significantly [35]. The rutting resistance was also improved with the 

inclusion of quarry byproducts and RAP as coarse aggregate in the cement-treated 

granular layers of flexible pavement [36].  

In this study, an attempt was made to check the suitability of ferrochrome slag and quarry 

dust as cement-bound pavement layers. Ferrochrome slag and quarry dust were blended 

in different proportions (90/10, 80/20, 70/30, 60/40, 50/50 of FS/Q) to check suitability 

as cement-bound subbase and base course in flexible pavements. Depending on the 

specifications stipulated by the MoRTH, 70/30 and 60/40 gradations were finalized to 

stabilize with cement content ranging from 2% to 10% (by dry weight of the mixture). The 

cement-treated ferrochrome slag-quarry dust samples were prepared and tested for 

unconfined compressive strength and ultrasonic pulse velocity test at different moist 

curing durations. Based on the desired UCS strength specified by the MoRTH, arrived at 

optimum levels of cement contents for use as cement-bound pavement layers. 

3. Research Significance  

Globally ferrochrome slag has been widely investigated for concrete applications due to its 

ability to encapsulate in calcium silicate hydrate (CSH) phases and increase Cr (VI) 

volatilization. Although environmental impact assessment studies have asserted that 

chromium leaching was within permissible limits, its use in pavement layers is minimal. 

Thus framework was developed to study the strength properties of cementitious 

ferrochrome slag and quarry dust composites through the UCS and UPV tests. This study 

helps practicing engineers enhance the utility of ferrochrome slag in cement-bound 

pavement layers. 
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4. Materials and Methods 

4.1. Materials 

Ferrochrome slag was collected from Jindal Stainless Steel Industry, Vizianagaram, Andhra 

Pradesh (AP). Quarry dust was collected from a nearby quarry in Vizianagaram, AP. As per 

IS 2386 [37], sieve analysis was performed to analyze the grain size distribution. 

Ferrochrome slag and quarry dust were classified as poorly graded gravel and poorly 

graded silty sand. The gradation curves and their corresponding IS soil classification are 

presented in Fig.2 and Table 3. It can be observed from the sieve analysis, ferrochrome slag 

has a maximum size of 10mm and a minimum size of 1.18mm, indicating that there was a 

deficiency of fines less than 1.18mm. Since ferrochrome has no fines, it was less sensitive 

to water and also there was in need to improve its gradation. Hence, mechanical 

stabilization of ferrochrome slag was done by mixing it with quarry dust in proportions of 

90/10, 80/20, 70/30, 60/40, and 50/50 so as to improve its gradation for use as sub-base 

and base course material [38]. The attributes of ferrochrome slag and quarry dust are 

depicted in Tables 1 and 2. Ferrochrome slag and quarry dust used in this study are 

presented in Fig.1 

The sieve analysis of the different gradations and their respective Indian soil classification 

systems are presented in Fig.2 and Table 3. Based on the sieve analysis from Table 3, 

FS90Q10 was classified as a well-graded aggregate but failed to satisfy the gradation limits 

specified by MoRTH as shown in Fig.2 [39]. Whereas, FS80Q20 and FS50Q50 mixtures 

were within the gradation limits but classified as poorly graded material as shown in Table 

3. FS70Q30 and FS60Q40 composites satisfied the MoRTH gradation limits and were 

classified as well-graded materials. So in this study, cement stabilization was carried out 

by considering two gradations, i.e., FS70Q30 and FS60Q40.  

  

Fig.1. Materials used in this study a) Ferrochrome slag and b) Quarry dust 

 

 

  

b) a) 
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Table 1. Physical properties of the ferrochrome slag [40] 

Physical Property Test Value Maximum allowable limits 
specified by MoRTH (2013) 

Specific gravity  3.16 NA 

Water absorption, % 0.37 2.0 

Aggregate impact value, % 9.63   30 

Angularity number 8 0-11 

Flakiness and elongation Index, % 20.37 35 

Los angeles abrasion Value, % 22.39 40 
Soundness (based on MgSO4)  % 2.83 18 

Table 2. Physical properties of quarry dust 

Property value 
Specific gravity 2.55 

Liquid limit NP 
Plastic limit NP 

Optimum moisture content (OMC), % 10.36 
Maximum dry density (MDD), g/cc 2.047 
California bearing ratio (CBR),  % 24.3 

 

 

 

 

 
 

Fig. 2. Grain size distribution curves of ferrochrome slag, quarry dust and their 
combinations 
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Table 3. IS soil classifications of ferrochrome slag, quarry dust and their combinations 

Mix Coefficient of 

Uniformity (Cu) 

Coefficient of 

Curvature (Cc) 

IS Soil Classification 

Ferrochrome slag (FS) 3 1.33 GP 

Quarry dust(Q)  4.5 9 SP-SM 

FS90Q10 4.83 1.38 GW 

FS80Q20 20 4 GP 

FS70Q30 29 2.64 SW 

FS60Q40 32.3 1.05 SW 

FS50Q50 30 0.44 SP 
 

4.2 Preparation of samples 

Initially, air-dried ferrochrome slag and quarry dust samples were mixed in the required 

proportions (FS70Q30 and FS60Q40). Cement content of 2 to 10% (by dry weight of the 

aggregate mix) was then added to the FS70Q30 and FS60Q40 mixtures. Ferrochrome slag, 

quarry dust, and cement are mixed thoroughly to ensure homogeneity before mixing with 

water. Care was taken to complete mixing and compaction within 30 minutes after the 

addition of water, as initial hydration would occur. A heavy compaction rammer weighing 

4.89 kg was used to compact cement-treated mixtures in 5 layers to determine compaction 

properties as per IS 4332 part III [41]. Optimum moisture content (OMC) and maximum 

dry density (MDD) were ascertained for each cement content of FS70Q30 and FS60Q40 

mixes. Cement-treated ferrochrome slag and quarry dust mixes of cylindrical size (100 mm 

dia. X 200 mm height) were prepared at OMC and MDD for conducting unconfined and 

ultrasonic pulse velocity tests. The experimental program resulted in 10 mixtures, and 

their details are depicted in Table 4. 

Table 4. Experimental matrix 

Mix 
proportion 

Ferrochrome 
slag (FS), % 

Quarry 
dust (Q), % 

Cement 
content (C), % 

Number of 
replicates 

Type of test 

FS70Q30 70 30 

2 
4 
6 
8 

10 

03 
• Compaction 

characteristics 
• UCS test* 
• UPV test* 

FS60Q40 60 40 

2 
4 
6 
8 

10 

03 

*Note; Tests conducted at 3, 7, 14, and 28 days of moist curing 

4.3. Tests  

4.3.1. Unconfined Compressive Strength (UCS) 

UCS test was carried out as per IS4332 part V [42] on cement-treated ferrochrome slag 

mixtures. This test was conducted to evaluate the interfacial contact of ferrochrome slag 

with cement dust matrix in terms of strength. The samples were prepared with heavy 

compaction effort and compacted in 5 layers in steel cylindrical split molds (100 mm X 200 

mm). All UCS samples were demolded after 24 hours of casting for sample retention. 



Ajay and Rani / Research on Engineering Structures & Materials 9(3) (2023) 1061-1080 

 

1067 

Polyethylene plastic covers were wrapped around the specimens (Fig.3) to prevent 

moisture loss into the atmosphere after demolding and to allow cement hydration to occur 

with OMC. The compressive load was applied to the specimens up to failure, and the 

corresponding failure load was recorded. The average of the three samples was taken as 

the test value. 

 

Fig.3 Cylindrical test specimens wrapped in polyethylene sheet 

4.3.2 Ultrasonic Pulse velocity test (UPV) 

The UPV was performed as per IS 516 [43] on cement-treated ferrochrome slag and quarry 

dust composites. A longitudinal wave was transmitted through the specimen through 

transducers fixed at one surface and another at the point of defined length. The second 

transducer, located at a distance of "L," converts the created pulse into electrical energy. 

The amount of time (t) required for a wave to traverse a predetermined distance, "L," was 

determined electronically. The velocity of the longitudinal wave through the test specimen 

was determined by dividing the predetermined length "L" with the corresponding 

transmission time "t". The quality of cement-stabilized ferrochrome slag and quarry dust 

composites was evaluated by measuring their wave velocity. 

5. Results and Discussion 

5.1. Compaction Characteristics 

The OMC and MDD of cement-stabilized FS70Q30 and FS60Q40 composites at different 

cement contents were determined and their compaction curves are presented in Fig.4. 

From Table 5, the OMC and MDD of FS70Q30 are found to be 6.68% to 7.38% and 2.43g/cc 

to 2.46g/cc, respectively, for cement contents of 2% - 10%. The OMC and MDD of FS60Q40, 

for 2-10% cement contents, ranged from 6.33% to 6.81% and 2.387g/cc to 2.424g/cc, 

respectively. It was observed that the MDD of FS70Q30 mixes was higher than FS60Q40 

mixes due to a higher proportion of ferrochrome slag in the FS70Q30 mixes. The overall 

change in OMC ranged from 6.33 to 7.38%, which shows an insignificant change with an 

increase in cement content, and these findings agree with previous studies [44,27]. MDD 
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of FS70Q30 and FS60Q40 mixes were found to increase up to 6% cement content due to 

reduced void ratio, as shown in Table 5. This may also be due to the difference in specific 

gravities of quarry dust(2.55) and cement(3.11)  [45]. As a result, cement being finer than 

the quarry dust fills the available voids in the mix, thereby increasing the dry density and 

reducing the void ratio. Cement content above 6% leads to flocculation of mixtures, which 

causes a slight change in MDD and increased void ratios of cement-treated mixtures [46]. 

Table 5. Compaction characteristics of FS70Q30 and FS60Q40 

5.2. Physical Examination 

From visual inspection, it was found that FS60Q40 mixtures has a well–finished surface 

texture covering all the voids, as shown in Fig.5. The FS60Q40, with sufficient fines, 

provides good bonding and requires less cement than FS70Q30, with a  deficiency of fines 

[47]. It was seen from Fig.6 that when FS60Q40 mix (with 2% cement content) was held 

together in our hands, it formed a lump indicating inter-granular bonding of quarry dust 

with cement, whereas FS70Q30 mix failed to form a lump in the absence of fines. 

 

 
 

Fig.4 Compaction curves of  cement stabilized FS70Q30 and FS60Q40 mixes 
corresponding to various cement contents 

Cement 
content (%) 

FS70Q30 FS60Q40 

OMC 
(%) 

MDD 
(g/cc) 

Void ratio 
(e) 

OMC 
(%) 

MDD 
(g/cc) 

Void ratio 
(e) 

0 6.17 2.392 0.208 6.43 2.368 0.193 

2 6.68 2.427 0.192 6.72 2.387 0.186 

4 6.74 2.434 0.191 6.78 2.406 0.178 

6 7.21 2.463 0.178 6.81 2.418 0.174 

8 7.38 2.461 0.181 6.33 2.420 0.175 

10 6.94 2.456 0.184 6.37 2.424 0.175 
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5.3. Unconfined Compressive Strength (UCS) 

The UCS of cement stabilized FS70QD30 and FS60QD40 mixtures corresponding to moist 

curing periods of 3, 7, 14, and 28 days for various percentages of cement (2-10%) are 

presented in the form of a bar graph in Fig.7.  3 samples were prepared for each cement 

content and curing duration (120 specimens). The standard deviations (SD) of the 

strengths for each cement content were calculated, and their deviation bars are depicted 

in Fig.7. The overall SD of the mixtures was in the range of 0.03 MPa to 1.47 MPa.  

5.3.1 Effect of cement on UCS of the FS70Q30 and FS60Q40 mixes 

Experimental results indicated an increase in UCS values with cement content as shown in 

Fig. 8. An increase in cement content resulted in the densification of the mix due to the 

gradual filling of pores with cement and more cementitious action[45]. The ferrochrome 

slag could hardly influence the hydration process as it was less sensitive to water. The high 

angularity of ferrochrome slag contributed to good interlocking and increased shear 

strength of the cement-bound mixtures. Therefore, the inclusion of quarry dust in the 

  
 Fig.5 Variation of surface texture a) FS70Q30+2% b)  FS60Q40+2%  

  
Fig.6 Variation of clump formation  a) FS70Q30+2% b)  FS60Q40+2% 

a) b) 

a) b) 
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mixtures provided the necessary fines for the cement hydration to occur effectively. 

[48,49]. 

The UCS values at three days of moist curing ranged from 0.859 MPa to 9.904 MPa for the 

FS70Q30 mix and 1.090 MPa to 10.980 MPa for the FS60Q40 mix. UCS values at seven days 

of moist curing ranged from 0.946 MPa to 11.178 MPa for the FS70Q30 mix and 1.128 MPa 

to 12.630 MPa for FS60Q40. UCS values at 14 days of moist curing ranged from 1.689 MPa 

to 17.480 MPa for the FS70Q30 mix and 1.916 MPa to 20.540 MPa for FS60Q40. UCS values 

at 28 days of moist curing ranged from 1.989 MPa to 23.850 MPa for the FS70Q30 mix and 

2.814 MPa to 24.995 MPa for FS60Q40, indicating a significant increase in strength with 

the cement content increment. The maximum UCS of 24.995 MPa was reported at 10 % 

cement content of the FS60Q40 and a minimum UCS of 0.946 MPa at 2% cement content 

of FS70Q30. The major increase in strength was recorded at 4% cement content of all the 

mixtures with respect to 2%.  Further, it was noticed that the UCS strength of FS60Q40 was 

between 1.03 to 1.62 times the UCS of FS70Q30 at all cement contents and curing 

durations. The percentage of voids in the FS60Q40 mix was found to be 3.1 to 4.9% lower 

than FS70Q30 mix. This reduced void ratio was due to more quarry fines in FS60Q40 

providing more significant contact points with cement than in FS70Q30 [50]. This allows 

for an efficient hydration process due to increased cement contact points, a more solid 

matrix, and increased strength in FS60Q40. Therefore, for a given cement content, 

FS60Q40 provided higher compressive strength when compared to FS70Q30.  

5.3.2 Effect of curing period on UCS  

Fig.7 indicates that the UCS values improve notably with longer curing periods for all 

mixtures [51, 26] Hydration time plays a crucial role in filling the pores with calcium 

hydroxide. As the curing period increases, the water available in the pores (OMC) reacts 

with the cement to form CSH (hardened paste).  

 

Fig.7 Variation of UCS with curing period  

Initially, during compaction, the voids were filled with water (OMC) and un-hydrated 

cement dust particles. After obtaining the final strength, the voids were filled with 

hardened paste (CSH). These phenomena can be well noted through the attainment of 

strength with the curing period. Cement-treated mixtures gained only 34% to 44% of their 
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28-day UCS strength at 3 days of moist curing.   About 42% to 60% of their 28-day UCS 

strength was achieved in 7 days. During the first 14 days of moist curing, strength was 

achieved between 66% and 85% of their 28-day UCS strength.  IRC-37[52] recommends 

UCS strength of 7 days as a quick assessment for minimum cement requirement for the 

sub-base and base course of flexible pavement. 

5.3.3. Minimum cement requirement based on UCS  

According to IRC 37 [52], the recommended UCS values range from 1.5 to 3.0 MPa for 

cementitious sub-base and 4.5 to 7 MPa for cementitious base course at 7 days of moist 

curing. The percentage of cement content requirements for stabilizing ferrochrome slag 

and quarry dust composites is depicted in Table 3 based on the correlation developed 

between cement content (C) and UCS. Regression analysis was done to correlate UCS 

values against different cement contents. It can be observed in Fig.7 that a power function 

can be set up to assess the relationship between UCS and cement content for FS70Q30 and 

FS60Q40 mixes. In one of the studies, it was stated that a logarithmic relationship could be 

developed to correlate cement content and UCS (eq.1) at 28 days of curing [30]. Regression 

curves, their respective power function equation, and correlation factors are presented in 

Fig.8. 

UCS = 6.27Ln(PC) - 1.898; R2 = 0.965                                                                                   (1) [30] 

Where PC is Portland cement and UCS is the unconfined compressive strength of cement-

bound ferrochrome slag. 

Table 6. Cement requirement for FS70Q30 and FS60Q40 mixes 

Moist curing 
days 

FS70Q30 mix FS60Q40 mix 

Cement requirement (%) Cement requirement (%) 

Sub-base Base course Sub-base Base course 

3 2.95 - 4.67 6.11 - 8.19 2.64 - 4.21 5.58 – 7.58 

7 2.69 - 4.30 5.66 – 7.64 2.36 – 3.69 4.80 – 6.39 

14 1.88 – 3.02 3.98 – 5.39 1.75 – 2.77 3.64 – 4.88 

28 1.60 - 2.54 3.33 – 4.46 1.26 - 2.11 2.84 – 3.94 

 

As seen from the predicted curves, their regression coefficients for cement-treated 

FS70Q30 and FS60Q40 composites are found to be greater than 0.99. Since the value of the 

regression coefficient was nearly equal to one, the relationship between UCS and cement 

content developed from experimental data was significant in evaluating the UCS of cement-

treated composites. The mean standard errors of the predicted values for the FS70Q30 

mixes at 3, 7, 14, and 28 days were found to be 0.22MPa, 0.461MPa, 0.218MPa, and 

0.46MPa. For FS60Q40 mixes, the standard errors were found to be 0.387MPa, 0.821MPa, 

0.287 MPa, and 0.094MPa at 3, 7, 14, and 28 days, respectively. The observed standard 

errors were minimal for all the composites, indicating that the predicted values were close 

to the experimental observations. 
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Fig.8 Variation of UCS with cement content a) FS70Q30 b) FS60Q40 

Table 3 shows that due to the increased compressive strength of FS60Q40 over FS70Q30, 

the minimum cement requirement for FS70Q30 was higher than the FS60Q40. The 

minimum cement requirement for FS70Q30 is 2.7% and 5.7% for use as a sub-base and 

base course to attain the desired UCS values of 1.5 MPa and 4.5 MPa respectively. Similarly, 

2.4% and 4.8% for FS60Q40 to use as sub-base and base courses. The minimum cement 

requirement for FS60Q40 was about 12-16% lower than that of FS70Q30. Based on seven 

days of compressive strength, MoRTH recommends a minimum of 2% cement content for 

the stabilization of sub-base and base courses in flexible pavements. However, from the 

analysis, the minimum cement content for 7-day UCS was found to be more than 2% as 

shown in Table 3. 

5.4 Ultrasonic Pulse Velocity (UPV)mixes  

UPV tests were conducted on cylindrical specimens of 100mm diameter and 200mm 

height moist cured for 3, 7, 14, and 28 days. The ultrasonic pulse was made to propagate 

through the cylindrical specimen along the 200mm length of the specimen using 

transducers positioned at each end of the specimen. 3 samples were prepared for each 

cement content and curing duration (120 specimens). The standard deviations (SD) of UPV 

values for each cement content were calculated, and their deviation bars are depicted in 
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Fig.10. The overall SD of the cement-treated mixtures was found to be between 20.74m/s 

and 94.32m/s. 

5.4.1. Effect of Cement on UPV  

UPV values are plotted against the cement contents, as shown in Fig.9. In both FS70Q30 

and FS60Q40 mixtures, an increase in UPV value was observed with cement content 

increment. It can be attributed to the fact that the filling of voids with an increase in cement 

content and the binding effect of cement [45]. Due to the reduced void ratio up to 6% 

cement content in both composites, a noticeable increase in UPV is observed. At higher 

cement contents (8% and 10%), a slight increase in UPV was observed as the cement to be 

filled exceeded the voids to be filled in the mix. A maximum increase in velocity was 

observed for 4% cement content with respect to 2% of all mixtures.  The logarithmic 

variation can be set up to assess the relationship between UPV and cement content for 

FS70Q30 and FS60Q40 mixes, as shown in Fig.9.  This relationship was in good agreement 

with one of the studies eq. 2 at 28 days of curing [30]. There is no noticeable difference 

between UPV values for the FS70Q30 and FS60Q40 mixes. The UPV values of FS70Q30 are 

almost identical to those of the FS60Q40 mix.  

UPV = 1.171Ln(PC) + 1.388; R2 = 0.993 UPV in Km/s       (2)[30] 

The UPV values at three days of moist curing ranged from 2021 to 4367 m/s for the 

FS70Q30 mix and 2136 to 4272 m/s for FS60Q40. For seven days of moist curing, ranged 

from 2432 to 4634 m/s for the FS70Q30 mix and 2430 to 4412 m/s for FS60Q40. UPV 

values at 14 days of moist curing ranged from 2742 to 4701 m/s for the FS70Q30 mix and 

2889 to 4564 m/s for FS60Q40. UPV values at 28 days of moist curing ranged from 2834 

to 4784 m/s for the FS70Q30 mix and 3084 to 4691 m/s for FS60Q40.  
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Fig. 9 Variation of UPV with the cement content a) FS70Q30 b) FS60Q4 

As seen from the predicted curves, their regression coefficients for cement-treated 

FS70Q30 and FS60Q40 composites are found to be greater than 0.98. Since the value of the 

regression coefficient was near to one, the relationship between UPV and cement content 

developed from experimental data was significant in evaluating the UPV of cement-treated 

composites. The mean standard errors of predicted values for the FS70Q30 mix were found 

to be between 45.28m/s and 135.45m/s, and for the FS60Q40 mix, it was between 

57.55m/s and 93.01m/s. The observed standard errors were minimal for all the cement 

composites, indicating that the predicted values were close experimental observations. 

The UPV values for FS70Q30 for minimum cement contents of 2.7% and 5.7% were found 

to be 2899 m/s and 3904 m/s, respectively. For FS60Q40, the UPV values corresponding 

to 2.4% and 4.8% are 2749 m/s and 3595 m/s, respectively. 

5.4.2. Effect of Curing Period on UPV 

It can be observed (Fig. 10) that the UPV value increased as the curing time of both 

FS70Q30 and FS60Q40 mixtures increased This could be another sign that the hydration 

process has occurred, resulting in the densification of the composites with the increase in 

curing duration. In the early curing periods, relatively low values of UPV were observed 

due to the entrapped air and water in the voids of the mix. The influence of the entrapped 

air and undissolved water attenuates the pulse velocity. In the later stages of curing period, 

the entrapped air and water reduce, solid percolation path occurs due to the development 

of hydration products. As the hydration process progresses bridging between the particles 

takes place with a more connected path. This accelerates the UPV in the mixes with 

increase in curing period. At higher curing periods, the UPV slowly increases and remains 

stable as the maximum hydration products formed covering most of the voids in the mix. 

All cement-treated mixes achieved 70.29% to 91.30% of their 28-day curing velocities at 

3-day moist curing. For 7-day curing, the velocities achieved ranged from 79.96% to 

96.86% of their 28-day curing speeds. Similarly, for 14-day moisture curing, velocities 

ranging from 92.13% to 99.01% of their 28-day velocities were obtained. A significant 
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improvement in velocities with an increasing curing period was observed for 2% cement-

treated mixes when compared to all mixtures.  

 

Fig.10 Variation of UPV with curing period 

6. Microstructure Analysis 

To analyze the behavior of the material at the microscopic level, a scanning electronic 

microscope (SEM) was conducted on the FS70Q30 and FS60Q40 composites. SEM images 

are obtained to evaluate pores and hydration products as depicted in Fig. 11. The FS70Q30 

has a large number of voids and rod-like crystals (Ettringite) when compared to the 

FS60Q40. The cement hydration product CSH gel formed around the aggregate (Agg.) can 

be evident from the two images. FS70Q30 was also observed to be less compact, while the 

FS60Q40 structure was more closely packed. This can be attributed to the higher strength 

of the FS60Q40 mix than FS70Q30 for a given cement content. 

  

FS70Q30 FS60Q40 

Fig. 11 SEM images at  4% cement contents for both the composites  
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7. Conclusions  

The present study attempts to explore and comprehend the behavior of ferrochrome slag 

and quarry dust composites upon cement stabilization for sustainable development. The 

following conclusions are drawn from the study. 

• From the particle size analysis, ferrochrome slag(FS) was classified as poorly 

graded material and has a deficiency of fines below 1.18mm. Hence, quarry 

dust(Q) was incorporated in different proportions to enhance the gradation of 

ferrochrome slag to make it suitable as cement-bound layers of flexible 

pavements. Only FS70Q30 and FS60Q40 mixes were classified as well-graded 

materials and satisfied the gradation limits specified by the MoRTH. 

• The OMC and MDD of the cement-treated mixes were found to be in the range of 

6.33 to 7.38% and 2.387 to 2.456g/cc respectively. No appreciable variation in 

OMC with increasing cement content was found. While MDD increased up to a 

cement content of 6% due to the filling of voids with cement resulting in a reduced 

void ratio. However, the addition of cement beyond 6% resulted in flocculation of 

the mixes thereby increasing the void ratio and subsequent decrease in MDD. 

• The high angularity of the ferrochrome slag contributed to the overall strength of 

the composites, while quarry dust inclusion provided sufficient fines for the 

cement hydration to occur.  

• The unconfined compressive strength (UCS)and ultrasonic pulse velocities (UPV) 

of the cement-treated composites increased with an increase in cement content. 

This can be attributed to the gradual filling of voids and the densification of the 

mixes with increasing cement.  

• The UCS of FS60Q40 mixes was found to be 1.03 to 1.62 times higher than the UCS 

of FS70Q30 mixes. The higher proportion of quarry dust in FS60Q40 mixes over 

FS70Q30 resulted in a reduced void ratio and enhanced contact area with cement 

particles. A greater inter-contact surface with cement helps in the effective 

hydration process, thereby increasing the strength of FS60Q40 mixes. 

• The statistical equations developed in the study can be useful in predicting UCS 

and UPV values for a given cement content. The high correlation factors of the 

developed equations indicate that the dependency of UCS and UPV on cement 

content was well established. These equations were also useful for estimating the 

corresponding cement content for desired UCS values specified by the MoRTH. 

• The minimum cement required for use as a cementitious sub-base and base 

courses was found to be in the range of 2.4% to 2.7% and 4.8% to 5.7% 

respectively. Due to higher compressive strengths of FS60Q40 mixes, the 

minimum cement contents required for stabilization was found to be 12-16% 

lower than FS70Q30 mixes. 

• The UCS increased significantly with increasing curing time. The 7-day strengths 

of the cement-treated mixtures were found to be between 40% and 60% of the 

28-day strengths. Longer curing periods were essential for effective cement 

hydration to attain maximum strength. Even with lower cement contents with 

prolonged curing periods can help in achieving minimum strength.  
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• Cement-stabilized ferrochrome slag and quarry dust composites (FS70Q30 and 

FS60Q40) may be used as cementitious sub-base and base courses in flexible 

pavements. However, further investigations through durability and field testing 

need to be carried. 
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 Earth is becoming more and more polluted as a result of the unrelenting growth 
of plastic garbage in land surface. Also, plastic wastes are regarded as the most 
hazardous of the wastes produced in today's society because they take a long 
time to biodegrade and account for 85% of all garbage produced globally. 
However, the use of these plastic waste products in the building sector can help 
to alleviate the strength of the concrete structures while lowering the current 
environmental issues. Hence, in this research aggregate waste plastics were 
added to the concrete mixture to increase the strength of the concrete. In which 
aggregate waste plastics are added to the concrete mix in three different types of 
structures like cube, cylinder and beam which are then checked for its 
mechanical properties using compressive test, split tensile test, and flexural test 
respectively. Finally, the strength of concrete at various plastic proportions with 
three different structures under varying loading conditions is investigated using 
Finite Element Method (FEM) in Abaqus software and the results are discussed 
and the optimal specimen of the concrete mixture are determined. The result 
obtained showed high compressive, splitting tensile, and flexural strength values 
of concrete since coarse particles are replaced with plastic in amounts of 10%, 
20%, 30 % and 40% which outperforms traditional mix that have higher 
percentages of more than 40% plastic waste, indicating the worst-case scenario 
in mechanical properties. 
 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

The ever-increasing volume of solid waste items all across the world has provided a new 
waste management dilemma. Waste management that is insufficient and inefficient, 
pollutes the environment and harms water and land. Plastic-based solid waste products 
account for a significant portion of all waste materials created across the world [1]. 
Polyethylene is the most common type of plastic waste, followed by polypropylene, 
polyethylene Terephthalate, and polystyrene [2]. Fortunately, waste plastics may be 
reused or turned into other goods in a variety of ways by recycling. Recycling is the act of 
converting waste materials into new goods in order to avoid wasting potentially useful 
materials [3]. The economy and the environment would benefit by replacing plastic 
resources with recycled or discarded products. Different sorts of waste plastic, for 
example, are produced on a daily basis, with the bulk of it ending up in open areas and 
landfills which can be incorporated into concrete [4]. The use of waste metalized plastic 
fibers in the manufacturing of concrete has shown a path toward sustainable and green 
building, with the added benefit of a safe waste plastics disposal option [5]. Consequently, 
waste plastic has demonstrated that the features of plastics are suitable for the production 
of new concrete, subject to certain constraints. With the growing need for concrete in 
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building sites, these resources are also becoming increasingly scarce, necessitating the 
search for alternatives [6]. 

Concrete cracks are regarded as a leading sign of structural degradation and long-term 
durability. In most developed nations, crack examination is a standard part of routine 
maintenance [7]. The cracking behavior of concrete has an impact on the load capacity of 
concrete structures [8]. The cracking pattern is linked to failure modes ranging from 
flexural to flexural-shear failure, affecting in load failure. Even if concrete offers various 
advantages, including high compressive strength, toughness, and other long-term 
durability chacterstics. Concrete, on the other hand, is a brittle substance with low tensile 
strength [9]. However, adding fibers to concrete can help overcome these flaws, resulting 
in more ductile concrete with narrower fissures. Reduced fracture width reduces the entry 
of hostile species into concrete, improving its durability. Asbestos, rubber, glass, plastic, 
and bamboo fibers are some of the fibers that can be added to the concrete mix. Recently, 
there is being much research going on the use of recycled garbage and virgin plastic 
components in traditional concrete. Plastic fibers may be made from both new and 
recycled materials [10-14]. Especially, waste plastics can be used with concrete in two 
ways: as plastic fibers in fiber-reinforced concrete and as plastic aggregate in place of 
natural aggregates (coarse or fine) [15]. 

 Jainet et al [16] investigated the workability, density, compressive and flexural strength, 
water permeability, static and dynamic modulus of elasticity, and abrasion resistance 
properties of concrete by adding different percentages (0,0.1,1,2,3, and 5%) of waste 
plastic bags by weight of concrete is a non-structural concrete additive that used in non-
structural projects. Such modified concrete appears to be a particularly environmentally 
beneficial form of WPB disposal that minimizes natural resource loss. Building park 
benches, stone curbs, temporary buildings, roads, pathways, and concrete barriers are all 
examples of scenarios where their modified concrete is used. This enhanced concrete can 
also withstand freeze-thaw cycles. However, their work further needs to include a 
durability test. Samuel et al [17] experimentally tested the PET pulverized mix with the 
concrete. In concrete, crushed PET was used in percentages of 5%, 10%, and 15% by 
weight of conventional fine aggregate. There were four distinct types of concrete 
specimens made, as well as a control. After 3 days, 7 days, 14 days, and 28 days of curing, 
the flexural and compressive strengths of the concrete specimens were measured. The 
concrete specimen with 5% PET by weight exhibited higher compressive strength than the 
other specimens, according to the findings. However, the experiment did not look into the 
mechanical impact of the specimens due to higher load gradients. 

Wu et al [18] presented a new test method for measuring the complete load-displacement 
curve of concrete under mixed mode I-II fracture. For their project, three-point bending 
beams with a multi-segment notch in the midspan were used. The notch depth ratio of the 
first segment and the inclination angle of the last segment affected the ratio of stress 
intensity factors. Following the recommended strategy to get the whole load vs. 
displacement curves for the 𝐾𝐼𝐼/𝐾𝐼 ratio up to 1.23 was less difficult than using the current 
testing methods. The complete crack propagation process was replicated using the finite 
element approach and their result are found. However, the stress and strain did not take 
their work. Rohden et al [19] their research looked at the possibility of using hard-to-
recycle plastic waste as a polymeric component in high-strength concrete, with a focus on 
the capacity to reduce heat-induced spalling and its impact on mechanical properties. The 
garbage correlates to soft and hard plastic, particularly domestic polymers, which are 
typically disposed of in landfills while being theoretically recyclable. Mechanical and 
physical properties, cracking, mass loss, and the incidence of spalling in high strength 
concrete samples constructed with either plastic waste or polypropylene fibers were 
tested after a 2-hour exposure to 600 C. In addition, the effect of plastic aggregate-
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produced concrete on beam structures and other structural parts must be investigated. 
However, for [16] durability test is needed, for [17] experiment did not look into the 
mechanical impact of the specimens due to higher load gradients, for [18] stress and strain 
did not take their work, and for [19] the effect of plastic aggregate produced concrete on 
beam structures and other structural parts must be investigated. The main contributions 
of this paper are as follows: Improve the strength of concrete under a heavy load by adding 
plastic wastes with    polycarboxylic-based super plasticizers as aggregate. Investigating 
the mechanical behavior of concrete with various proportions of waste plastic aggregate 
using various strength tests using three different shaped structures. Thus determining the 
optimal addition of plastic reinforcement to improve the strength of concrete structures. 

2. Experimental Program  

2.1. Materials and Methods 

This research investigated the binder made out of Portland cement (CEM II 52.5 R) and 
plastic waste. The sand-to-binder ratio was set at 0.4. Silica sand with a mesh size of 106 
to 120 lm (120 to 150 mesh) was included in the mix. A polycarboxylic-based 
superplasticizer was present in all of the combinations (30 percent solid content). To 
explore the influence of plastics on the load resistance of concrete with appropriate 
workability of the new mixture and aggregate plastic dispersion, the concrete was 
prepared with 0 to 40% plastic wastes to get adequate ductility. After being ground and 
melted, the post-consumption waste plastic is collected and chopped into little pieces. 
After cooling, the same particles are utilized as coarse aggregate in concrete. The diagram 
of plastic wastes aggregate is depicted in Figure 1. 

 

Fig. 1. Plastic wastes aggregate 

2.2. Materials and Methods 

To produce the specimens, five different proportions of plastic waste were mixed into the 
concrete: 0%, 10%, 20%, 30%, and 40%, respectively. The 0% represents pure concrete 
specimens that have not been contaminated with plastic waste. The specimens were 
created and tested in order to evaluate the effects of incorporating plastic trash into 
traditional concrete. The above-mentioned proportions are used to make three sorts of 
specimens: a cube, a cylinder, and a beam specimen. The cube is prepared with dimensions 
150x150x150 mm3 so that the surface area of the cube is 135000 mm2. The cylindrical 
specimen is made with dimensions having a diameter of 150 mm and height of 300 mm 
with a surface area of 176625 mm2 and the beam is made with dimensions 150x150x700 
mm3. The diagram of fabricated specimens is a) Cube b) Cylindrical specimen and c) 



Bhirud et al. / Research on Engineering Structures & Materials 9(3) (2023) 1081-1099 

 

1084 

Rectangular beam are depicted in Figure 2. The chemical and physical properties of the 
Portland cement and silica sand are tabulated in Tables 1 and 2. 

  

 

Fig. 2. Fabricated specimens (a) cube (b) cylindrical specimen and (c) rectangular 
beam 

Table 1. Chemical properties of portland cement and silica sand 

Chemical Composition Portland Cement Silica Sand 

Calcium Oxide (𝐶𝑎𝑂) 63.40 0.02 

Silicon Dioxide (𝑆𝑖𝑂2) 21.60 99.79 
Aluminum Oxide (𝐴𝑙2𝑂3) 4.45 0.06 

Sulphur Trioxide (𝑆𝑂3) 1.92 - 
Ferric Oxide (𝐹𝑒2𝑂3) 5.35 0.02 

Magnesium Oxide (𝑀𝑔𝑂) 1.65 0.01 
Sodium Oxide (𝑁𝑎2𝑂) 0.11 0.02 

Potassium Oxide (𝐾2𝑂) 0.22 0.01 
Loss of Ignition (LOI) 0.78 0.07 

Table 2. Physical properties of portland cement and silica sand 

Physical Properties Portland Cement Silica Sand 
Initial setting time (minutes) 170 5.75 min for 20% SF 
Final setting time (minutes) 225 16.50 min for 20% SF 

Specific gravity 3.10 2.60 
Blaine specific surface area (𝑚2/𝑘𝑔) 340 — 
28-day compressive strength (𝑀𝑃𝑎) 42.5 20.70 
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2.3 Testing Methods 

The cube concrete samples were made according to BS EN 12390-2, 3:2009. After 24 hours, 
the concrete cubes were removed and submerged in water for 90 days. The cubes were 
then removed from the water tank and dried at room temperature, with the mass of the 
specimens being monitored until they achieved a stable weight. The initial mass of all 
concrete specimens was measured before the thermal exposure test, and the specimens 
were subsequently evaluated for a non-destructive UPV test using ASTM C597-0 criteria. 
Morever , the proposed cube specimens, cylindrical specimens, and rectangular specimens 
are checked the compressive strength, flexible strength, and split tensile strength by using 
a compressive testing machine and a universal testing machine. The compressive strength 
test was performed on the compressive testing machine. The compressive strength of all 
samples increased with the increase of curing age. The mechanical characteristics of the 
newly tested concrete were determined using three types of specimens, as shown in Table 
3. 

Table 3. Three types of specimens. 

Specimen Shape Dimensions Type of Test 

Cubes 150x150x150 mm3 Compressive strength test 

Cylinders 150 x300 mm Split tensile strength test 

Rectangular Beams 150x150x700 mm3 Flexural strength test 

2.3.1 Compressive Strength Test 

The primary mechanical characteristic required in the construction of concrete buildings 
is compressive strength, which is one of the most essential qualities of concrete. Concrete 
compressive strength is determined by adding aggregate plastic dispersion with 0% to 40 
%. Each strength test was performed on five cube specimens, with the average taken. The 
compressive strength was measured at different temperatures such as 35°C, 600°C, and 
800°C. The compression test setup of the cube specimen is depicted in Figure 3. The 
compressive strength of the specimen is calculated using the formula 

𝐶𝑇 = 𝑝 /𝐴 (1) 

Where 

𝑝 – Maximum load 

A – Cross-sectional area of the material resisting the load  

 

Fig. 3. Compression test setup of cube specimen 
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2.3.2 Flexural Strength Test 

Flexural testing is performed to assess a material's flex or bending qualities. It entails 
inserting a sample between two points or supports and beginning a load with a third point. 
The proposed beam has 3 points and the dimensions are 150 × 150 × 150 with load at the 
center. Each strength test was performed on four cube specimens, with the average taken. 
Flexural strength was tested using flexural strength testing equipment, and it was found 
that flexural strength had been reduced by adding the waste plastic aggregates. The 
Flexural strength test setup   of the beam specimen is depicted in Figure 4. The flexural 
strength of the beam is calculated using the formula 

𝐹𝑆 = 𝑝𝐿/𝑤𝑓2 (2) 

Where 

𝑝 – Maximum load 

𝐿 – supported length (cm) 

𝑤 – Width of the specimen (cm) 

𝑓 – failure point depth (cm) 

 

Fig. 4. Flexural strength test setup of beam specimen 

2.3.3 Split Tensile Strength 

A cylindrical specimen with a diameter of 150 mm and a length of 300 mm was used to test 
split tensile strength. The split tensile strength test setup of the cylindrical specimen is 
depicted in Figure 5. The specimen's split tensile strength is computed using the equation 

𝑇 = 2 𝑝 /𝜋𝑙𝑑 (3) 

Where 

𝑝 – max applied load indicated by the testing machine 

𝑙 – length of the specimen in mm 
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𝑑 – diameter of the specimen in mm 

 

Fig. 5. Split tensile strength test setup of a cylindrical specimen 

The 3D finite element analysis has been carried out for the proposed plastic waste 
aggregation mixture. The model is simulated on Abacus 6.14-5 with Windows 10 and a 64-
bit processor considering 8 GB of RAM. 

3. Results and Discussion 

The compressive strength, flexural strength, and split tensile strength of the proposed 
plastic waste aggregation mixture have been evaluated. In addition to the experimental 
work in the laboratory, the 3D finite element analysis has been carried out through Abaqus 
software, which is presented in this section to describe model parameter of three types of 
specimens such as cube, cylinder, and Beam are depicted in Table 4. 

Table 4. Model parameter of three types of specimen  

Model parameter Cube Cylinder Beam 
Length (mm) 1 200 700 
Width (mm) 1 - 150 
Height (mm)  1 - 150 
Radius (mm) - 50 - 

The mesh size depends on total number of nodes and total number of elements which are 
313120 and 28320, respectively and General 3D solid, C3D4 is the element type. In order 
to add plastic aggregate to concrete, 0.3% of steel fibre by weight of cement is added to 
provide bonding between the concrete and plastic aggregate. 

3.1 Experimental Test Results 

The results of compressive strength, flexural strength, and split tensile strength for all 
types of concrete members experimentally were summarized in Tables 5, 6, and 7, the first 
group of specimens was tested with 0% waste plastic aggregate in order to be reference 
values for comparing other results. The waste plastic aggregate was mixed with 
proportions gradually starting from 10,20,30 reaching up to 40% then these samples were 
tested to find the effect of adding the waste plastic aggregates. Overall compressive 
strength of concrete is improved by adding 30% of plastic in mixture which reach 
maximum range of 36.59% compared to 0%.  The compressive, tensile, and flexural 
strength s increased when comparing the results without adding waste plastic aggregates. 
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The increasing strength of a) cube, b) cylinder, and c) beam specimens are depicted in 
Figure 6. 

 

 

 

Fig. 6. Strength of cube, cylinder, and beam specimens 

The graphs plotted in Figure 6 represent the strength of the cube, cylinder, and beam 
specimens at 35 degrees Celsius for 0%, 10%, 20%, 30%, and 40 % plastic addition. The 
specimens were kept at 35 degrees Celsius and weighed a maximum of 9.44 kg with no 
plastic added therefore the increasing strength of cube, cylinder, and beam in 0% waste 
plastic aggregate was 36.49%, 1.06%, and 2.29% respectively. Similarly, for 10 % addition, 
the maximum weight is 9.32 kg for 35°C the strength of the cube, cylinder, and beam are 
35.47%, 1.02%, and 2.43% respectively. The strength of percentage for the 20% addition 
of waste plastic aggregate and the maximum weight is 9.20 kg in cube, cylinder, and beam 
specimens are 36.81%, 0.985%, and 2.289% respectively. The strength percentage for the 
30% addition of waste plastic aggregate and the maximum weight is 9.08 kg in cube, 
cylinder, and beam specimens are 36.81%, 0.985%, and 2.289% respectively. Moreover, 4 
0 % of additional plastic waste aggregate the maximum weight is 9.43% in cube, cylinder, 
and beam specimens 36.42%, 1.02%, and 2.24% respectively. The physical characteristics 
of the parameters are quantified in the cube material model are density, young's modulus, 
and Poisson ratio have values of 7.8E-008, 210000, and 0.33, respectively. Graphical 
representation and table of compressive strength test on the cube are shown in Figure 7 
and Table 5. 

Figure 7 shows the compressive strength test graph for the cube concrete with added 
waste plastic aggregates (10%, 20%, 30%, and 40%) specimen for 35°C, 600°C, and 800°C 
respectively. The compressive strength values of the proposed cube concrete values are 
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tabulated in Table 5.  As a result, comprehensive strength is increased due to a stronger 
link between the plastic and the concrete matrix, which improved the stress transfer 
between the plastic waste aggregates and unlocked their full capacity to withstand stress 
and strain. 

 

Fig. 7. Compressive strength test graph on the cube 

 

Table 5. Compressive strength test values on the cube 

Mix Specification 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 

Proportion of 
waste plastic 

0% 10% 20% 30% 40% 

35°𝐶 36.49 35.47 35.59 36.81 36.81 

600°𝐶 36.65 36.04 36.64 36.11 36.11 

800°𝐶 36.63 35.69 36.06 35.87 35.63 

 

Waste plastic aggregates of 36.49, 36.65, and 36.63 were used to raise the strength of a 
cube by 0% for varied proportions of 35°C, 600°C, and 800°C. Similar to this, adding 10% 
more plastic waste aggregates increases strength by 35.47%, 36.04%, and 35.69%; adding 
20% more, 35.59, 36.64, 36.06; adding 30% more, 36.81%, 36.11, and 35.87%; and adding 
40% more, 36.81%, 36.11%, and 35.63%.  

Graphical representation and table of split tensile strength on the cylinder are shown in 
Figure 8 and Table 6. 

The split tensile strength test on the cylinder graph is shown in Figure 11. The cylinder 
concrete with plastic waste aggregates specimen was tested at 35°C, 600°C, and 800°C 
temperatures respectively. The split tensile strength test values on the cylinder is 
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tabulated in Table 6. The physical characteristics of the parameters are quantified in the 
cylinder material model are density, young's modulus, and Poisson ratio have values of 
7.8E-008, 210000, and 0.33, respectively. These parameters result in stress values of 450, 
700 and plastic strain values of 0, 0.02. As a result, split tensile strength increased due to 
the use of plastic aggregate. 

 

Fig. 8. Split tensile strength test graph on the cylinder 

 

Table 6. Split tensile strength test values on the cylinder 

Mix Specification 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 

Proportion of 
waste plastic 

0% 10% 20% 30% 40% 

35°𝐶 6.35 6.16 5.57 5.91 6.17 

600°𝐶 5.96 6.2 5.98 5.89 6.29 

800°𝐶 5.96 6.01 6.03 5.94 5.98 

 

To enhance the split tensile strength of cylinders under different proportions, such as 35°C, 
600°C, and 800°C of plastic waste with 0%, 10%, 20%, 30%, and 40%. Aggregates of waste 
plastic in 0% are 6.35% at 35°C, 5.96% at 600°C, and 5.96% at 800°C. Comparable to 10% 
the strength is improved by 6.16%, 6.2%, and 6.01%, and 20% to increase strength by 
5.57%, 5.98%, 6.03%, and in 30% to increase strength by 5.91%, 5.89%, and 5.94% finally 
in 40% to increase strength by 6.17%, 6.29%, 5.98%. Graphical representation and table 
of Flexural strength test on beam are shown in Figure 9 and Table 7. 

Figure 12 shows the flexural strength test graph for the beam concrete with added waste 
plastic aggregates (10%, 20%, 30%, and 40%) specimen for 35°C, 600°C, and 800°C 
temperatures respectively. The flexural strength values of the proposed beam concrete 
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values are tabulated in table 7. The physical characteristics of the parameters are 
quantified in the beam material model are density, young's modulus, and Poisson ratio that 
have values of 7.8E-008, 210000, and 0.33, respectively. These parameters result in stress 
values of 690, 700, 750, 850,900, and 950,990 and plastic strain values of 0, 0.007, 0.039, 
0.05, 0.065, 0.1, and 0.13.  As a result, increased flexural strength due to increased load 
absorption by the plastics found in the concrete matrix. 

 

Fig. 9. Flexural strength test graph on beam 

 

Table 7. Flexural strength test values on beam 

Mix Specification 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 
Value 

(N/mm2) 

Proportion of 
waste plastic 

0% 10% 20% 30% 40% 

35°𝐶 13.79 14.59 13.32 13.73 13.49 

600°𝐶 11.77 14.81 16.17 14.11 14.57 

800°𝐶 12.59 13.36 12.17 14.5 15.9 

 

To enhance the flexural strength based on beam for under different proportions, such as 
35°C, 600°C, and 800°C of plastic waste with 0%, 10%, 20%, 30%, and 40%. Aggregates of 
waste plastic in 0% are 13.79% at 35°C, 11.77% at 600°C, and 12.59% at 800°C. 
Comparable to 10% to improve strength by 14.59%, 14.81%, and 13.36%, and 20% to 
increase strength by 13.32%, 16.17%, 12.17%, and in 30% to increase strength by 13.73%, 
14.11%, and 14.5% finally in 40% to increase strength by 13.49%, 14.57%, 15.9% 
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3.2 3-D Finite Element Analysis 

The proposed system results and findings obtained from the data of Finite Element Method 
(FEM) Abaqus software are discussed in this section. The 3-model specimen taken cube 
concrete, cylinder concrete, and beam concrete were created and meshed in Abaqus with 
waste plastic aggregates of 0%, 10%, 20%, 30%, and 40%. The analysis result of concrete 
cube, concrete cylinder, and concrete beam containing each percentage of waste plastic 
aggregates was discussed. 

3.3 Cube Specimen 

 The proposed cube model under the compressive strength test is depicted in Figure 10 (a 
& b). 

 

 

Fig. 10. (a-b) Proposed cube model under compressive strength test 

The 3-D finite element cube concrete model was employed to simulate the compressive 
strength test which are illustrated in Figure 10. Figure 10 showed 4-types of color which 
are blue, green, yellow, and red. Two different views of cube model are depicted in Figures 
10 (a) and (b). The load has been applied on two ends of the cube. The maximum stress 
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value of the cube is +5.434e+01 and the minimum stress value of the cube is +4.528e+00. 
Artificial energy (ALLAE) of whole model of cube are depicted in Figure 11 (a), External 
work (ALLWK) of whole model of cube are depicted in Figure 11(b). Total strain energy 
(ALLTE) of whole model of cube are depicted in Figure 11 (c).  Recoverable strain energy 
(ALLSE) whole model of cube are depicted in Figure 11 (d).  The proposed cube model of 
stress and strain are depicted in Figure 11(e &f). 

Figure 11(a) illustrates the artificial energy (ALLAE) of the proposed plastic waste 
aggregate cube model. The variable ALLAE of the presented model represents the total 
energy expended as artificial strain energy, whereas ALLSE represents the elastic, or 
recoverable, strain energy. ALLAE comprises both viscous and elastic components; 
however, because the viscous word is generally dominating, the majority of the energy that 
goes into artificial strain energy is lost. The artificial energy of the proposed cube concrete 
model has been increased linearly as 0.01 J in 0.01 seconds and 7.2 J in 1.00 seconds due 
to strength of confinement effect on concrete as well as a greater connection between the 
plastic and the concrete matrix. Figure 11(b) illustrates the external work applied on the 
whole cube concrete model for testing, which can be evaluated only for the whole model. 
The model can sustain while applying 5J energy in 0.10 seconds then the sustainability 
increases linearly to withstand for 40 J energy in 1.00 seconds. Figure 11(c) depicts the 
total strain energy of the proposed cube concrete model, which has been evaluated by the 
addition of recoverable strain energy (ALLSE), energy dissipated by rate-independent and 
rate-dependent plastic deformation (ALLPD), energy dissipated by viscoelasticity 
(ALLCD), artificial strain energy (ALLAE), energy dissipated through quiet boundaries 
(ALLQB), electrostatic energy (ALLEE), and energy dissipated by damage (ALLDMD). 
ALLTE is obtained as sustaining 7.5 J in 0.20 seconds then increases to sustain 40 J in 1.00 
seconds. Figure 11(d) illustrates the recoverable strain energy of the proposed waste 
plastic mixture cube model. In steady-state dynamic analysis, ALLSE is the cyclic mean 
value. When applying 5.0 J energy in 0.10 seconds, the model can be recovered to the same 
after deformation. The waste plastic admixtures cube model strain and stress is depicted 
in figure 11 (e) and (f). From the figure (e), when time increased from 0.01 seconds to 1.00 
seconds as well as the proposed cube model strain decreased. At same as the figure (f) 
shows, the stress of the whole model is decreased when the time is increased due to stress 
and strain value is calculated using original cross-sectional area. 

 

(a) 

 

(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 11. (a) Artificial energy (ALLAE) of whole model of cube (b) External work 
(ALLWK) of whole model of cube (c) Total strain energy (ALLTE) of whole (d) 

Recoverable strain energy (ALLSE) of whole model of cube (e) stress and strain of 
proposed cube model 

3.3.1 Cylinder Specimen 

The proposed cylinder model under split tensile strength test are depicted in Figure 12 (a& 
b). 

  

Fig. 12. (a-b) Proposed cylinder model under split tensile strength test 
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The 3-D finite element cylinder concrete model was employed to simulate the split tensile 
strength test which are illustrated in Figure 12. In Figure 12 showed 4-types of color which 
are blue, green, yellow, and red. The maximum stress value of the cylinder is ++10702e+00 
and the minimum stress value of the cylinder is +1.419e-01. Two different views of 
cylinder model are depicted in figure 12 (a) and (b). The load has been applied on two ends 
of the cylinder. The recoverable strain energy (ALLSE) of whole model of cylinder are 
depicted in Figure 13 (a). Artificial energy (ALLAE) of whole model of cylinder are depicted 
in Figure 13 (b). The stress and strain of proposed cylinder model are depicted in Figure 
13 (c) & (d).    

  

 

 

  

Fig. 13. (a) Recoverable strain energy (ALLSE) of whole model of cylinder (b) Artificial 
energy (ALLAE) of whole model of cylinder (c&d) stress and strain of proposed cylinder 
model 

The recoverable strain energy of the suggested waste plastic mixed cylinder type is shown 
in Figure 13(a). ALLSE is the cyclic mean value in steady-state dynamic analysis. The model 
can be restored to its original shape after deformation with 3.5 J energy applied in 0.20 
seconds. The proposed plastic waste aggregate cylinder model's artificial energy (ALLAE) 
is shows in Figure 13 (b). The artificial energy of the proposed cylinder concrete model has 
been increased linearly as 0.01 J in 0.20 seconds and 1.3 J in 1.00 seconds. The substitution 
of polycarboxylic-based superplasticizer for the fine aggregate led to an increase in split 
tensile strength which improve the mechanical qualities of this concrete. Figure 13 (c) and 
(d) exhibit the waste plastic admixtures cube model strain and stress. From the figure (c), 
when time increased from 0.01 seconds to 1.00 seconds as well as the proposed cube 
model strain decreased. At same as the figure (d) shows, the stress of the whole model is 
decreased when the time is increased. 

3.3.2 Beam Specimen 

 The proposed model under flexural strength test in beam specimen are depicted in Figure 
14 (a&b) . 
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Fig. 14. (a-b) Proposed beam model under flexural strength test 

The 3-D finite element beam concrete model was employed to simulate the flexural 
strength test which are illustrated in figure 14. To reduce mesh size, triangular meshing is 
utilized instead of rectangular mesh by cutting the diagonals of the quadrilateral 
structured mesh but the mesh values are coarse hence mesh optimization has been done 
to get optimum mesh values by lowering the energy function. Two different views of beam 
model are depicted in figure 14(a) and (b). The load has been applied on two ends of the 
beam. The maximum stress value of the beam is +1.937e+00 and the minimum stress value 
of the beam is +1. 679e+03.The total strain energy (ALLTE) of whole model of beam are 
depicted in Figure 15 (a). The recoverable strain energy (ALLSE) whole model of beam are 
depicted in Figure 15 (b).  

Figure 15 (a) shows the total strain energy of the proposed beam concrete model, which 
was calculated by adding recoverable strain energy (ALLSE), energy dissipated by rate- 
independent and rate-dependent plastic deformation (ALLPD), energy dissipated by 
viscoelasticity (ALLCD), artificial strain energy (ALLAE), energy dissipated through quiet 
boundaries (ALLQB), electrostatic energy (ALLEE), and energy dissipated by damage 
(ALLEE) (ALLDMD). ALLTE achieved by maintaining 0.02 J for 0.20 seconds, then 
increasing to 2.5 J for 1.00 seconds due to limited addition of aggregate plastic waste in 
concrete. The recoverable strain energy of the suggested waste plastic mixed beam model 
is shows in Figure 15 (b). The model restored to its original shape after deformation with 
0.02 J energy applied in 0.20 seconds. The comparison graph of force and displacement 
curve are depicted in Figure 16.  

  

Fig. 15. (a) Total strain energy (ALLTE) of whole model of beam (b) Recoverable strain 
energy (ALLSE) of whole model of beam 
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Fig. 16. Comparison graph of force and displacement 

 

Figure 16 shows proposed model achieved high performance compared to other models 
in terms of force and displacement which increased the strength and workability of 
nonstructural concrete while using less plastic, and that can be used to improve the 
mechanical properties of concrete. When the concrete has hardened and the tension on the 
reinforcing steel has been relieved, the concrete is compressed by an internal force. Loads 
cause the concrete's compressive force to decrease and the reinforcing steel to experience 
increased stress. The relationship between force and displacement is inverse. Although the 
greatest range of displacement is only 24, the maximum range of force is over 300.  

Overall when compared to compressive strength, the reduction in split tensile strength and 
flexural strength caused by the presence of plastic aggregate was considerably less due to 
inadequate bonding between the concrete and plastic aggregate. By volumes of 10%, 20%, 
30%, and 40%, coarse particles in concrete can be also substituted with plastic. However, 
the use of plastic in non-structural concrete is encouraged because it exhibits higher 
workability and reduces environmental waste due to plastic's durability, waterproofing, 
and insulating properties.  It is advised that up to 30% of the volume be replaced; up to 
this point, the M25 concrete's typical strength was attained. Another discovery is that non-
structural lightweight elements can be used with 40 and 50% substitution by volume. As a 
result, the utilization of waste plastic aggregate can efficiently be employed from the 
perspectives of conservation, cost-effectiveness, and energy conservation. 

4. Conclusion 

Plastics waste aggregates are added to mixtures of concrete to maximize the strength in 
order to increase the load of the structure. Three different specimens, including cubes, 
cylinders, and beams, are used to assess the durability of the concrete. The cube concrete 
model's artificial energy has been increased linearly from 0.01 J in 0.01 seconds to 7.2 J in 
1.00 seconds in order to test the compressive strength of the model. As time goes on, stress 
and strain will decrease. When the artificial energy of the concrete cylinder has been 
increased linearly as 0.01 J in 0.20 seconds and 1.3 J in 1.00 seconds in order to test the 
strength for split tensile strength, time-increasing stress and strain would eventually 
diminish. The artificial concrete beam's strength was evaluated for flexural tensile strength 
with an increment of 2.5 J for 1.00 seconds and these models are under various 
temperatures such as 35°𝐶, 600°𝐶, and 800°𝐶 temperatures. The strength of the concretes 
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is identified from the results and concluded from the results 40% addition of the plastic 
waste in cube increased the strength by 36%, in cylinder the strength is increased by 6%, 
and in beam the strength is increased by 14.65%. As a result, the strength of the proposed 
cube, cylinder, and beam model is maximized using waste plastic aggregate, which lowers 
the cost of using non-structural concrete. However, one of the biggest problems of using 
plastic as concrete reinforcement is that it is prone to corrosion, especially on the surface 
of the concrete when exposed to saltwater without the proper safeguards. Hence, it is 
advised to continue researching how plastic trash performs over the long term in concrete 
as well as its long-term effects on the ecosystem. 
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