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 A comparative study has been made on the wear behavior of eutectic Al-Si 
automotive alloy under a dry, fresh and used engine oil sliding environment. 
The wear tests have been conducted using a standard pin-on-disc apparatus. 
The results show that with silicon content, the wear loss decreases up to the 
eutectic composition, mainly for an increase in strength through Si-rich 
intermetallics. Therefore the lower wear rate along with the coefficient of 
friction is observed under dry sliding environment. Under the engine oil 
environment, the lubricating film controls the wear, so the results are the 
lowest wear rate and coefficient of friction. Used oil shows both wear rate and 
friction coefficient to some extent higher due to the presence of heavy and 
harmful chemical compounds. Wear test surfaces are examined by optical and 
SEM analysis and found that higher abrasive wear and plastic deformation on 
the worn surfaces are created in dry sliding condition as well as lower Si added 
alloy. On the worn surface under engine oil lubricating condition, smooth 
surface morphology is observed as form a lubrication film and thumbs down 
any direct contact on the moveable surfaces. Higher Si-added alloys contain 
superior fine intermetallics due to ageing, which is responsible for such smooth 
worn surfaces. 
  

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

Aluminum alloys are widely used in transportation and other industries because they 
offer different useful properties like improved wear and corrosion resistance, good 
castability and a better combination of mechanical properties [1-3]. Among the various 
cast aluminum alloys known, Al-Si alloys have been well considered for these 
applications, mainly in automobile industries, e.g. cylinder heads, engine blocks, pistons, 
bearings etc. When Si is alloyed as the major elemental, it belongs to the 4xxx series of 
aluminum alloys. This series of alloys can be hypo-eutectic, eutectic, or hyper-eutectic, 
depending on the concentration of Si in it. The Al-Si alloy with 12.6 wt% Si is eutectic. The 
alloy is hypo-eutectic and hyper-eutectic if the concentration of Si is lower and higher 
than the eutectic composition, respectively [4, 5]. It has been previously studied and 
found that a certain amount of Si in automotive alloys enhances the strength to meet the 
required demand. Therefore, hypoeutectic Al-Si alloys can be used in light applications, 
and eutectic alloys have moderate automotive applications. On the other hand, hyper-
eutectic alloys are used for heavy structures [6]. Al-Si alloys are also used in the aviation 
industry. Saracyakupoglu et al [7, 8] conducted wear-based fractographic investigations 
on aviation-grade parts. In these studies, it was shown that Al-Si alloy-based aviation-
grade parts are commonly used while there are fatigue possibilities depending on the 

mailto:mskaiser@iat.buet.ac.bd
https://orcid.org/0000-0001-9237-6408
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working conditions of the aircraft. It is well established that Al-Si alloys are the most 
important alloys in terms of wear properties and improve with the concentration of Si in 
the alloys [9]. Wear is one of the most commonly encountered problems in industries, 
necessitating the replacement of mechanical components that are required but 
unserviceable. Although the consequences of wear are rarely catastrophic, it significantly 
reduces operating efficiency and brings about increased power losses [10]. For 
enhancement of the strength, other alloying elements such as Fe, Ni, Cu, Mg etc. are added 
to Al-Si alloys [11]. However, in most cases, Cu and Mg have been considered alloying 
elements for the reason that the strength of the alloys accelerates through heat 
treatment. Eutectic or near eutectic Al-Si alloys form needle or plate-like silicon particles 
[12-14]. On the other hand, hyper-eutectic alloys form silicon particles as large cuboids, 
which control the strength and fracture behavior of the alloys [15-17]. Alloying elements 
play a vital role in the structure of these alloys. It includes type of bonding, atomic or 
molecular arrangements, microstructure etc.  [18-20].  

The lubrication method is normally employed to reduce the wear and friction for two or 
more moving surfaces. Engine oil as a lubricant helps to reduce wear by creating a 
lubricating film between two moving mating parts, therefore, decreasing the contact 
between them. Due to the prolonged use of engine oil, it loses lots of its quality, as dust, 
combustion byproducts, blow-by gases or worn or corroded particles get mixed with it. 
Among the foreign materials, there are carbon, metal particles, road dust and burnt oil, 
and these do not separate from the oil easily [21]. So the quality of used oil has a 
significant role in the performance and long life of an engine. That is why the engine oil 
must be changed on regular basis [22, 23]. 

Nevertheless, there is no sufficient report regarding the influence of Si on friction and 
wear behavior of Al-Si alloy automotive alloys under fresh and used engine oil conditions. 
The primary purpose of this study is to analyze the wear performance of the automotive 
Al-Si alloys for different concentrations of Si under a dry sliding environment while 
keeping the percentages of other prime elements fixed. As there is lubricating motor oil 
flowing between the machine parts in engines, wear study under engine oil environment 
is of great interest. Again, as many particles are intruded into the engine oil after 
prolonged use, properties of oil like viscosity, thermal stability, oxygen stability etc. are 
changed, which may have a substantial effect on the wear behavior of automotive alloys. 
Hence, an additional investigation has been made for the best performed Al-Si alloy on 
the wear behavior in fresh engine oil and in the same graded oil collected from a vehicle 
after running for around 5000 km. 

2. Materials and Methods 

The intention was to add different levels of Si into the automotive alloys while keeping 
the other alloying elements such as Cu, Mg and Fe constant. The chemical composition 
analyzed by spectrochemical methods after melting is shown in the following Table 1. 

Table 1. Chemical composition by wt% of the experimental alloys 

 Si Cu Mg Fe Ni Al 

Alloy 1  0.244  2.158 0.767  0.211  0.199  Balance 

Alloy 2 3.539  2.309  0.784  0.273  0.217  Balance 

Alloy 3 6.149  2.113  0.754  0.301  0.264  Balance 

Alloy 4 12.656  2.130  0.770  0.311  0.277  Balance 

Alloy 5 17.851  2.190  0.755  0.321  0.281  Balance 
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For developing these alloys, aluminum (Al99.750), copper (Cu99.997), magnesium 
(Mg99.80) and the master alloy of Al–50%Si alloys were melted in a graphite crucible 
using a natural gas-fired pit furnace. A suitable flux cover was used to avoid oxidation 
during melting. Casting was done at 700 °C in a mild steel mould of 20 mm x 200 mm x 
300 mm size, which was preheated at 250 °C. The cast alloys were homogenized at 450 °C 
for 12 hours, and the samples were solutionized at 535 °C for 2 hours, followed by salt 
water quenching using an electric muffle furnace. The sample of 14 mm in length and 5 
mm in diameter were machined from the experimental alloys for wear study. The 
samples were aged at 200 °C for 240 minutes to attend the peak aged condition [24, 25]. 
Alloy densities were considered from the chemical composition. The hardness of the aged 
samples was measured using a Rockwell Hardness testing machine where a 1/8th inch 
ball in the B scale was used. Tensile testing was carried out according to ASTM 
specification at room temperature in an Instron testing machine at the strain rate of 10-3 

s-1.  

The frictional and wear behavior of the aluminum alloys were investigated in a pin-on-
disc type wear apparatus by the following ASTM standard G99-05 [26]. The 309s 
stainless steel disc was used as the counter surface material having hardness and 
roughness around HRB 95 and 40 µm, respectively. A load of 20 N was used for all the 
samples in the dry sliding condition, where the calculated contact pressure was active at 
1.02 MPa. Moreover, the load was incremented from 5 to 50 N in other experiments. 
During the test, the disc was rotated at 200 rpm on a track of 49 mm diameter at the 
sliding speed of 0.51 ms-1 with variable sliding distances ranging from 154 m to 2770 m. 
All the tests were carried out in ambient conditions at 22 °C and 70% humidity. At least 
five tests were completed for every material. The specimens were first subjected to dry 
sliding conditions and then chronologically to the fresh engine oil and used engine oil. For 
both the oil environments, drip-type single-point lubrication at the contact interface of 
the sample and the stainless steel counter plate was maintained with a constant rate of 
discharge throughout the experiment. The multigrade motor oil 20W-50 was considered 
for wear test under a lubricant environment. This type of engine oil contains 78 wt% 
base oil, 10% viscosity improvement additive and 3% detergent [27]. 

The engine oil of the same grade was collected from an automobile after 6 months of 
running 4950 km and was considered as used oil.  The wear rate was calculated from the 

measured weight loss (∆W), the distance run during the test (S.D.), and the normal load 
(L) applied to the samples [10]. The sliding distances were calculated from the track 
diameter and speed of rotation of the disc. The reading from the load cell (F) was 
normalized by the applied normal load, L, to determine the coefficient of friction (µ). The 
mathematical relations to obtain the weight loss, specific wear rate (S.W.R.) and the 
coefficient of friction are expressed by the following equations: 

∆𝑊 = 𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝑊𝑓𝑖𝑛𝑎𝑙  (1) 

𝑆.𝑊. 𝑅.=
∆𝑊

𝑆.𝐷.× 𝐿
 (2) 

µ =
𝐹

𝐿
 (3) 

Microstructural observation of the worn specimen surfaces and wear debris from the test 
were done by using USB digital microscope. The SEM analyses were conducted by using a 
JEOL scanning electron microscope type of JSM-5200. Some photographs of the prepared 
sample, counter disc and the experimental setup are shown in Fig. 1. 
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Fig. 1 Photographs of wear testing machine setup with wear sample and friction disc 

3. Results and Discussion 

3.1. Physical and Mechanical Properties 

Figs. 2 to 5 show the different physical and mechanical properties such as density, 
hardness, tensile strength and elongation of different Si-added automotive alloys, 
respectively. From the chart, it is observed that density decreases with the addition of Si 
(Fig. 2). It is known that the density of Si is 2.329 gm/cm3, which is lower than that of Al, 
2.7 gm/cm3. The percentages of the other elements in the alloys are more or less constant 
except Si and Al [28]. So, the higher levels of Si make the alloy lighter. 

Similarly, the figure associated with the Rockwell hardness displays the opposite nature 
of density (Fig. 3), where the hardness of the aged alloys increases with the concentration 
of Si percentages into the alloys. The aged samples contain different types of 
intermetallics but Al2Cu, Al2CuMg, Mg2Si and Al5FeSi phases are common which are 
responsible for the higher hardness. Higher amount of Si into the alloys produces higher 
amount of Si-rich intermetallics, resulting in higher hardness [24, 29]. 

 

Applied load 
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Friction load cell 

Wear testing apparatus 
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Fig. 2 Variation of density of the experimental alloys  

 

 
Fig. 3 Variation of hardness of the experimental alloys 

 

 
Fig. 4 Variation of ultimate tensile strength of the experimental alloys 
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Fig. 5 Variation of % elongation of the experimental alloys 

It is seen from Fig. 4 that Si addition into the aged alloys increases the tensile strength up 
to the eutectic composition of the alloys. During ageing, it forms the intermetallic 
hardening phase Mg2Si, in addition to Al2Cu, which precipitates in the α-aluminum matrix 
and increases the tensile strength. Higher levels of Mg2Si precipitates in higher Si added 
alloys make strength of the alloy superior [30]. However, when the primary silicon 
appears as coarse polyhedral particles, the strength properties decrease with increasing 
silicon content [31]. 

The figure of percentages elongation confirmed that Si has an impact showing the 
reduction of this property (Fig. 5). The rate of ductility minimizing with the Si content is 
easily understandable. Higher Si means the density of fine precipitates are maximum into 
the alloy, which makes the alloys brittle resulting in lower elongation [32]. Another cause 
of lower elongation is, higher amount of Si stays slackly into the alloy’s matrix [20, 33]. 

3.2. Wear Behavior 

The weight losses, as a function of sliding distance for all the alloys at a constant pressure 
of 20 N or 1.02 MPa and velocity of 0.51 m/s under dry sliding conditions is shown in Fig. 
6. The weight loss of the alloys increases with sliding distance, but higher Si added alloys 
show lower weight loss compared to the other lower Si added alloys. But the hyper-
eutectic 17.9Si added alloy shows some deviation. During wear test, with increasing the 
sliding distance, the duration of contact between the rotating disc and sample surface 
also increased, resulting in further weight loss. Present results on the general wear loss 
behavior of aluminum alloys agree to some extent with the previous study [10]. These 
types of alloys consist of different particles like Al, Si, Cu, Mg, and Fe elements. Due to 
solution treatment and ageing, it forms different intermetallics into the Al matrix. It 
should be stated that especially formation of the Mg2Si phase improved the friction and 
wear properties of the alloys. Higher Si addition means a higher level of Mg2Si phase is 
formed, which inhibits weight loss. The obtained results are supported by the hardness 
values in Fig. 3. It is revealed that the Al-Si alloy with Si content beyond the eutectic 
composition 12.7Si has the primary Si particles. During the test, increased amount of Si 
may have a tendency to pull out, which could eventually result in a three-body abrasive 
wear process [34-36]. It means that, the fractured primary Si particles promote worn 
surface damage and act as third-body abrasives [37]. So the conventional casting and 
heat treatment of this type of the eutectic Al-Si automotive alloy offers the best wear 
properties, and beyond eutectic composition there is deterioration of wear property. 
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Fig. 6 Variation of the weight loss with sliding distance in dry sliding environment 

The influence of sliding distance on the wear rate of 0.2Si and 12.7Si added automotive 
alloys under dry, fresh and used engine oil sliding environment is shown in Figs. 7 to 9 
respectively. Figure 7 clearly reveals that under the dry sliding condition, as distance 
increases, wear rate increases in both alloys. The increase in wear rate can be attributed 
to frictional heat and softening of materials as prolonged intimate contact between the 
two mating surfaces [38]. The thermal softening of alloys is initiated due to excessive 
pressure and temperature and is time-dependent. So it occurs more effectively if dry 
sliding is continued for a prolonged period [39-41]. However, the automotive alloy with 
higher Si addition has shown relatively better wear resistance when compared to 0.2Si 
alloy. Probably, the addition of Si has resulted in microstructural modifications which 
contribute to an increase in hardness and strength of the base alloy, thereby reducing the 
surface damage and thereby increasing wear resistance. Furthermore, during wear tests, 
the generation of an intermediate oxide layer between mating surfaces is also one of the 
probable reasons for increased wear resistance. The additional amount of Si forms Mg2Si 
phases with the Mg particles present in the alloys. When the alloy surface gets into 
contact with air, Mg2Si further forms MgO and SiO2 layers [42, 43]. In addition, the fine 
and uniformly distributed Si phase usually enhances passivation on edges during friction 
and can reduce the stress concentration, thereby increasing the strength between the Si 
and the matrix and improving the wear resistance [36]. 

The wear rate of the alloys drastically decreases under engine oil sliding environment. 
Under dry sliding condition, there are direct contacts between two mating surfaces which 
dominate the properties, as a result, higher loss of materials. When the materials go 
under engine oil environment, the material removed through the wear to a certain extent 
take over on the lubricating film [44]. In case of wear under fresh and used engine oil 
sliding environment, the graphs show the opposite phenomenon where wear rate 
decreases with the sliding distance (Figs. 8 and 9). It is because engine oil slows down the 
heat generation moreover preventing the softening of contact materials. In both 
environments, the higher 12.7Si alloy shows better wear performance since its higher 
strength. In the case of wear in used oil, both alloys show an inferior property in terms of 
wear rate. The used engine oil contains several metal particles, combustion by-products 
and gases, worn particles, so loses its quality. Foreign particles are highly toxic along with 
the corrosive products, which affects the wear rate of the alloys resulting in higher wear 
rate [21]. Early obsession noted that 12.7Si added alloy shows relatively lower wear rate 
as Si-rich intermetallics inhibit the wear in such environment [10]. 
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Fig. 7 Variation of wear rate with sliding distance in dry sliding environment 

 
Fig. 8 Variation of wear rate with sliding distance in fresh oil sliding environment 

 

 
Fig. 9 Variation of wear rate with sliding distance in used oil sliding environment 

Influences on the frictional force at different sliding distances for the 0.2Si and 12.7Si 
automotive alloys under the above-said sliding environments are represented in Figs. 10 
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to 12. It clearly reflects that the frictional coefficient of both alloys fluctuates at the lower 
sliding distances at a constant pressure of 1.02 MPa and at a constant sliding speed of 
0.51 m/s. As initially, the surfaces in contact are comparatively rougher, the coefficient of 
friction is not steady in the beginning. However, the frictional coefficient is relatively 
lower for 12.7Si added alloy than that of 0.2Si alloy. A decrease in frictional force can be 
attributed to better hardness and strength, as the low plastic deformation of the alloy 
at real contact areas may lead to a lack of friction coefficient [45]. It is also due to the 
creation of an intermediate oxide-rich layer between mating surfaces which acts as a 
solid lubricant [46]. At the initial stage, the friction coefficient of the sample increases to a 
peak value, followed by a gradual steady-state value. The increased coefficient of friction 
is attributed to a localized adhering of the worn debris to the Al surface, as reported in 
previous investigations [37]. 

The coefficient of friction for both alloys in the engine oil environment is much lower 
than under dry conditions. It is because an oil film is developed between the tribo-pair, 
which reduces the roughness of the contact surfaces. In the used engine oil environment, 
there is some additional friction coefficient as some foreign particles are there. Foreign 
particles like worn-out metal, carbon, road dust etc. hinder relative motion. It also rapidly 
attains a steady state while establishing the lubricating mechanism. In the case of wear 
under engine oil environment, the scenario of the coefficient of friction is changed, where 
12.7Si added alloy attains the higher coefficient of friction. In this condition, the friction is 
controlled by the lubricating film leading to the lower value of 0.2Si alloy. Under these 
circumstances, the Si particles lose their role of frictional properties. The film produced 
by the used oil makes the higher coefficient of friction [44, 47]. 

 
Fig. 10 Variation of coefficient of friction with sliding distance in dry sliding environment 

 

Fig. 13 shows the deviation in the coefficient of friction for both alloys during dry sliding 
under different loads. Such a reduction in friction coefficient may be associated with the 
development of oxide layers. The increase in temperature between the disc and pin 
surfaces due to increasing load acts as the driving force for oxidation increase. Apart from 
Si particles are deformed into tiny fragments and act as a solid lubricant at the interface. 
These deformed particles carry the majority of the applied load under incessant sliding, 
so there is an inferior coefficient of friction [48].  

 

https://www.sciencedirect.com/topics/engineering/plastic-deformation
https://www.sciencedirect.com/topics/engineering/real-contact-area


Khan and Kaiser / Research on Engineering Structures & Materials 9(1) (2023) 1-18 

 

10 

 

Fig. 11 Variation of coefficient of friction with sliding distance in fresh engine oil sliding 
environment  

 
Fig. 12 Variation of coefficient of friction with sliding distance in used engine oil sliding 

environment 

 
Fig. 13 Variation of friction coefficient with applied load in the dry sliding environment 
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Again, under the engine oil environment, opposite scenario is observed as the increasing 
trend of coefficient of friction with a normal load. These related graphs are shown in Figs. 
14 and 15. This phenomenon occurred because the increased amount of worn-out 
particles from the counter body are mixed with the engine oil continuously, changing the 
oil film between the tribo-pair, in case of alloys with higher Si content. The harder surface 
of the alloys with higher Si wears away material from the counter surface. As a result, 
there is a continuous increase in the coefficient of friction with the load. This tendency 
goes up as the used oil already contains a number of heavy particles and additional 
components from engine wear. It is already discussed earlier regarding the quality of 
used engine oil.  

 
Fig. 14 Variation of friction coefficient with applied load in fresh engine oil sliding 

environment 

 
Fig. 15 Variation of friction coefficient with applied load in used engine oil sliding 

environment 

3.3. Optical microscopy 

The optical images presented in Fig. 16 are of the worn surfaces of 0.2Si, and 12.7Si 
added automotive alloys before and after wear for 2770 m at applied pressure of 1.02 
MPa and sliding velocity of 0.51 m/s under dry, fresh and used engine oil sliding 
condition.  
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Fig. 16 Optical micrograph of polished surfaces of experimental alloys before and after 
wear in dry, fresh and used engine oil sliding environment for 2770 m at applied 

pressure of 1.02 MPa 

100µm 
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Before wear, both the alloys display smooth and no evidence of plastically deformation 
surfaces. Without etching, the polished microstructure does not offer available 
information. However, this type of alloy consists of Al-rich dendritic matrix, α-Al phase, 
and a eutectic mixture in the interdendritic region. Therefore polished surfaces display 
some different tones since various levels of alloying elements are present in the alloys. 
The tone turns lighter and darker depending on the number of elements present in the 
alloys. However, the dark spots became more prominent on the surface of the 12.7Si 
added alloy because of the increasing percentage of Si in the Al matrix [49]. 

In dry sliding condition, the worn surfaces clearly show grooves running parallel to the 
sliding direction, the localized flow of surface material followed by delaminating of 
material and surface cracks. From the figure, it can also be observed that the wear marks 
in the worn surfaces of higher Si-added alloy were lower as the higher Si-rich phase 
increased the strength of this alloy. In the fresh oil sliding environment, the worn 
surfaces of both the alloys display a smooth surface, but the smoothness of 12.7Si alloys 
is higher than that of 0.2Si alloy. It is because the oil inhibits the thermal softening as well 
as the direct contact between two moving surfaces of the material, causing minimum 
removal of metal. The higher Si added alloy contains different fine precipitates and so 
higher smooth surfaces. As discussed earlier, the used engine oil contains different 
harmful particles and so produces higher wear marks on the surfaces. The alloy of 12.7Si 
displays a smoother surface than that of 0.2Si alloy because of Si-rich intermetallics 
prevent wear [50]. 

Figure 17 shows the optical micrographs of the dust particles created from the friction of 
0.2Si and 12.7Si automotive alloys under dry conditions. The dust particles of the 0.2Si 
alloy, which are granular and not adherent to other particles, are mixed with some chips 
originating from the stainless-steel disc (Fig. 17a). Whereas Fig. 17b shows different 
nature, the wear particles of the 12.7Si added alloy are fused together in an almost flat 
continuous amount of material.  Higher Si means a higher number of fine precipitates into 
the alloys along with the refined grain structures. This affects the size of the counter body 
particle as the fine grinding wheel produces the fine particles during grinding. One 
observation is the counter body particles are seen higher with respect to increasing Si 
contents alloys as higher hardness [51]. 

 

Fig. 17 Optical micrograph of dust of dry sliding condition (a) 0.2Si and (b) 12.7Si 

(a) (b) 

100µm 100µm 
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3.4. Scanning electron microscopy 

SEM microphotographs of 0.2Si and 12.7Si automotive alloys after wear test under 
different conditions at a distance of 2770 m are presented in Fig. 18. It is clearly 
suggesting abrasive wear in 0.2Si alloy revealing grooves due to abrading action by the 
hard particles, which got entrapped (Fig. 18a). For the 12.7Si added alloy under same 
wear environment the microphotograph revealed small cracks with grooves and 
dislodging of material clearly indicating combination of abrasive and delaminative wear 
(Fig. 18b). Further, SEM microphotographs of 12.7Si addition have revealed a reduced 
wear rate than that of 0.2Si alloy. The addition of Si has reduced the depth of abrasive 

 

 

 

Fig. 18 SEM images of the worn surfaces of the experimental alloys in the dry condition a) 
0.2Si, b) 12.7Si, in fresh oil c) 0.2Si, d) 12.7Si and used oil e) 0.2Si, d) 12.7Si after wear for 

2770 m at applied pressure of 1.02 MPa 

grooves due to higher hardness and an increased intermediate layer of oxide. The alloys 
under engine oil sliding conditions have smooth surfaces as the oil produces a thin layer 

(a) 

(c) 

(e) (f) 

(d) 

(b) 

Deep groove Deep groove 

Smooth surface Smooth surface 

Narrow groove 

Narrow groove 
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which reduces the direct contact between two movable surfaces (Fig. 18c and d). Wear is 
created through the engine oil under lower temperatures. While going through the used 
engine oil environment, both the alloys have resulted in severe wear in terms of deep 
grooves, as evident in Fig. 18e and 18f. SEM microphotographs of 12.7Si added alloy have 
revealed decreased wear rate at both conditions when compared to the lower 0.2Si 
added alloy. The addition of Si has reduced the depth of abrasive grooves due to higher 
hardness and an increased intermediate layer of oxide [22, 24]. 

4. Conclusions 

This study investigated the influence of Si on tribological properties of the Al-based 
automotive alloy and made a comparison of the influence of fresh and used engine oil 
along with the dry sliding condition. From the study following conclusions can be drawn.  

• Higher Si-added alloys achieved higher hardness due to the formation of different 
rigid Si-rich intermetallics through the ageing treatment. As a result, it improves 
the wear properties of the Al-based automotive alloys but beyond the eutectic 
composition forms the higher rate of primacy Si into the alloy, which weakens the 
matrix strength. 

• The wear rate increases with sliding distance at dry sliding conditions due to 
thermal softening of the material but under an engine oil environment wear rate 
decreases as it holds back the heat generation to prevent the softening of contact 
materials. Heavy and harmful chemical particles in used oil increase the wear rate 
to some extent. 

• Friction coefficient is too higher under dry sliding condition for their direct 
contact but lowers under engine oil environment due to the formation of thin film 
between the contact surfaces, which reduce the roughness.  Used oil exhibits some 
degree of higher friction coefficient for its damaged quality.  

• At dry sliding conditions, the lower coefficient of friction is observed for higher Si 
added alloy for its higher hardness and worked as a solid lubricant. On the other 
hand, under the engine oil environment, the opposite phenomenon is shown 
where there is a higher coefficient of friction for higher Si added alloy because the 
oil forms a thin lubricating film between the contact surfaces, which controls the 
wear properties.  

• Worn surfaces in dry sliding conditions are found with higher abrasive wear and 
plastic deformation due to thermal softening of the material during wear. Under 
oil sliding condition, a smooth surface is observed as the oil forms the lubrication 
film and thumbs down direct contact on the moveable surfaces. Different types of 
harmful foreign particles in the used oil play an unenthusiastic role on the surface. 
Higher Si added alloy contains superior intermetallics due to ageing since 
responsible for such smooth worn surfaces. 
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 In the current work, the effect of the addition of titanium carbide and graphene 
nanoparticles on the tensile strength of the aluminum 7075 matrix composites 
is investigated. The preparation of the mentioned composites is made using a 
novel ultrasonic stir casting process. The reinforcements used are 0.25wt% 
graphene nanoparticles and 0.5wt% to 2.5wt% of titanium carbide 
nanoparticles. Ultrasonic stir casting techniques are used to enhance the 
wettability of TiC and graphene nanoparticles. To quantify the microstructure 
of the prepared composites, SEM and EDS are used. An experimental 
investigation has been carried out to determine the influence of the addition of 
TiC and graphene nanoparticles on the tensile strength of the mentioned 
composite. From the SEM analysis, it is observed that the prepared composites 
have a uniform distribution of the reinforcements and the EDS analysis 
confirms the existence of reinforcing elements in the Al7075-TiC/Graphene 
composites. Experimental results show that the addition of TiC and graphene 
enhances the hardness and tensile strength. This enhancement is lost with the 
ductility of the Al7075-TiC/Graphene composites. The fractographic samples of 
the Al7075- TiC/graphene composites shows cracks in the vicinity of the matrix 
and reinforcements and also show a brittle fracture.  
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1. Introduction 

The limitations of traditional monolithic materials in terms of achieving good strength, 
toughness, hardness, density, and strength to weight ratio, etc., recent years have seen an 
exponential increase in the need for low-cost, high performance materials. This has led to 
the development of new advanced materials. A composite material is one that is made up 
of two or more separate materials, each of which has its own unique set of physical and 
chemical properties. Metal matrix composite is a material constituting of metallic matrix 
combined with reinforcements. The most used matrix material is aluminium, magnesium, 
copper, zinc, titanium. The most commonly used reinforcements are SiC, alumina, boron, 
graphite and fly ash [1,2] . 

One of the matrix materials which is commonly used in aerospace and aircraft 
applications is the reinforced aluminum matrix. Aluminum has a high strength  [3]  when 
it is chosen as low-density matrix and the main reinforcements used for improving 
mechanical properties are the ceramics like SiC, Al2O3, TiC, and Boron carbide. 
Limitations in terms of mechanical properties, working difficulties of B4C particles 
reinforced composites which is currently ruled in industrial applications can be 
significantly addressed by using aluminum as a matrix [4]. 
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The various processing methods of composites are stir casting, powder metallurgy, spray 
forming, liquid infiltration, ball milling, diffusion bonding, and soon. But the most 
commonly used process is stir casting & powder metallurgy due to their cost 
effectiveness as compared to other techniques [5] . In the present work, the ultrasonic 
liquid stir casting technique has been used owing to its simplicity, cost-effectiveness & 
complex structures can be easily developed  [6–8] . Addition of B4C was done in stages 
preferably two (or more) to get uniform distribution of the alloy [9,10] . In the said 
process aluminium was heated to above melting point temperature to soften it, and the 
melt was stirred continuously for an appropriate time period with simultaneous addition 
of reinforcement in stages. The prepared specimens were examined for their 
microstructure using a SEM, an X-ray diffractometer (XRD), tensile tests using a UTM to 
determine the material behaviour, as well as hardness and wear tests. The Density of the 
amalgamate is also investigated & compared with the base matrix alloy [11,12] . Many 
researchers used nanoparticles as reinforcements in the aluminum matrix and found 
enhanced mechanical properties in comparison with the unreinforced and single-
reinforced aluminum alloy composites [13,14].  

Al7075 alloys are widely used for applications where it requires withstanding high 
temperatures, high hardness, and strength. The main reinforcing elements in the Al7075 
are Si, Mg, Zn, and Fe. The nanoparticles of alumina [15,16] , graphene [17] , TiC [18–20] , 
SiC [21] , and also in combinations of many reinforcements are introduced in the Al7075 
matrix to produce the hybrid composites. Various other composites were prepared using 
the nano-particle reinforcements are nano-MWCNT [22] , B4C-Al2O3 [23] , B4C-SiC [24], 
TiC-SiC [25,26], and graphene-Beryl [27] . Researchers also used the nano B4C particles 
in Al7075 matrix and concluded that addition of reinforcement increase the strength of 
composites with little increases in weight, in contrast with the monolithic aluminum, and 
with loss of ductility [28–30]. 

 The mechanical behavior of aluminium matrix augmented with different nano-
particulate composites has received a lot of attention in the scientific literature. This 
context opens up opportunities for research into the mechanical properties of hybrid 
aluminium composites reinforced with TiC and graphene nanoparticles. This study aims 
to determine how incorporating TiC and graphene nanoparticles into Al7075-
TiC/graphene hybrid composites changes their microstructure and tensile behaviour. 

2. Materials and Preparations 

2.1. Materials 

The Al7075 (aluminium alloy) is used as a matrix in this study, and TiC and graphene 
nano-particles (Fig.1(a-b)) are used as reinforcements to reinforce the structure. The 
fundamental reason for using these materials is that their densities are practically the 
same, for example, Al7075 having density of 2.81g/cc and graphene having density of 
2.267g/cc. As a result, if the composite is manufactured using the liquid metallurgical 
method, the dispersion of reinforcements in the matrix will become nearly homogeneous. 
Aside from that, pure Al7075 has unusually low tensile and yield strengths, with a tensile 
strength of 80-130MPa and the yield strength measuring 60 MPa, respectively. Ceramics 
such as TiC and graphene, in particular, are used in high-temperature applications 
because their melting temperatures are higher than those of other ceramics. Graphene 
has a melting point of 4250 °C, while SiC has a melting point of 3100 °C. As a result, 
developing hybrid composites with titanium carbide (TiC) and graphene increases their 
hardness and tensile strength while reducing their elongation. They are also employed in 
situations where high temperature resistance is required. 
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 It is the reinforcement’s particle size that is most important in determining the material 
characteristics of the composites. The reinforcement’s particle size will have a 
considerable impact on the microstructure of the composites, among a variety of other 
aspects. The particle sizes of the reinforcements that were used in this experiment are as 
follows: TiC has a diameter of 50 nm and graphene has a thickness of 5-10 nm. It is 
preferred to manufacture the mentioned composite utilizing the liquid metallurgical 
approach, like the ultrasonic stir casting method (Fig.1(c)) , because it has numerous 
advantages, like being more cost- effective and simpler to use, as well as ensuring equal 
dispersion of the reinforcements throughout the matrix. 

  

 

(a) (b) (c) 

   

(d) (e) (f) 

Fig. 1 (a) Al7075 blocks; (b) TiC and Graphene particles; (c) Ultrasonic stir casting setup 
used in the fabrication of MMC; (d) Casted composites; (e) Hardness and (f) Tensile 

specimens 

2.2. Processing 

The graphite crucible was charged with Al7075 and heated to 800oC. The temperature 
was kept near around 800°C for an hour and to decrease the amount of gas in the 
aluminium melt, a C2Cl6 degassing tablet was employed. Mg particles with a larger grain 
size were used as a flux to improve the wettability of reinforcements when stirring 
molten liquid. The nanoparticles were dispersed into the liquid using an adaptation of the 
double stir casting technique.  

The liquid metal pool was introduced to and agitated with, preheated titanium carbide 
(TiC) and graphene nano-particles at vertex formation speed at 370 to 420 rpm for 30 
minutes at 450oC to ensure compatibility with the liquid metal and to avoid organic 
contaminants and moisture. 

In terms of two equal steps, this process will be continued for 20 minutes. A 10-minute 
stirring period preceded the creation of a semisolid state in between each stage. Adding 
nanoparticles automatically increased the viscosity of the melt of the aluminum alloy. The 
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flow ability of nanoparticles in a liquid substance was improved to reduce viscosity, and a 
higher melting temperature of 800oC was maintained inside the crucible to assure the 
effectiveness of the sonication process. After that, an ultrasonic cavitation process was 
used for 10 minutes using the probe made of titanium alloy, which is high-temperature 
resistant. The liquid metal was stirred by a mechanical stirrer for five minutes after the 
sonication procedure to disperse the blasted clusters and agglomerations. An 
ultrasonicator with a frequency of 18 to 25 kHz has been used to avoid amalgamation of 
nanoparticles in casting, and vibrating waves generated by the ultrasonicator will help in 
uniform distribution of hybrid nanoparticles. The liquid metal was stirred by a 
mechanical stirrer for five minutes after the sonication procedure to disperse the blasted 
clusters and agglomerations. The molten liquid was then immediately poured into a 
graphite mold that had been preheated to 500°C and let to cool naturally at room 
temperature for 24 hours. The cylindrical work pieces (Fig.1 (d)) were taken out of the 
mold after they had solidified and machined as per ASTM standards for various tests 
(Fig.1 (e-f)). Similarly, the processing of aluminum matrix hybrid composites with 
various wt.% of nano-TiC, including 0.5 to 2.5wt%, and nano-graphene, 0.25wt%, were 
made. The tensile and micro hardness test specimens were prepared in accordance with 
ASTM standards. 

3. Experimentation 

Universal testing equipment was used for tensile tests as per ASTM E8, and the Micro 
Vickers hardness machine for hardness tests as per ASTM E384. SEM was used to 
examine the dissemination of ceramic particle reinforcement in the composites. The 
various elements present in the various parts of the sample were identified using an 
energy-dispersive spectroscopy (EDS) record. The test specimen is indented using a 
diamond indenter as part of Vickers' indentation hardness testing process. The diamond 
indenters in use have a square base, a pyramidal shape, and a point at a 1360 degree 
angle in the middle. The indenter applies the load of 0.5kgf on the specimen material for 
10sec. After the applied force has been removed, the specimen's indentation has been 
measured using a microscope for both surface diagonals, and the average value has been 
considered. The area of diagonal slant surfaces' is calculated. The ratio obtained by 
dividing the kgf load by the square mm indentation area is known as the Vickers 
hardness. The circular rod of mentioned hybrid composites is tested to evaluate the 
ultimate tensile strength as per ASTM E8 standard. To brighten and reduction of the 
effects of surface area faults on the specimen, fine grit grinding mesh paper was utilized. 
The tensile test was carried out using a computerized universal testing machine (UTM) 
loaded with a 50 kN load. The values of the load and displacement were recorded. 

4. Results and Discussions  
 

4.1 Microstructure  

The existence of the three principal alloying elements (Zn, Mg, and Cu) confirmed by the 
energy dispersive spectroscopy (EDS) study of the matrix Al7075 (Fig. 2a).  

Due to their low content, alloying elements of less than 0.1wt% cannot be seen in the 
graph. Additionally, a small oxygen peak can be seen in the Al7075 EDS spectra. To 
confirm that the created hybrid composites contained an Al7075 matrix, 0.5 to 2.5wt% 
TiC reinforcements, and 0.25wt% of graphene, the EDS analysis of the hybrid composites 
was conducted (Fig 2(b-f)). It should be highlighted that the spectrum of the Al, Ti, and C 
peaks confirms the presence of Al7075, TiC, and graphene in the casted hybrid composite 
samples. The peaks of the alloying elements Cu, Zn, and Mg could be seen in the hybrid 
composite sample. Oxygen peaks, on the other hand, were furthermore noticed and are 
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related to the creation of oxides during the ultrasonic stir casting process. Table inside 
the Fig 2 shows the various alloying elements of the mentioned hybrid composites. Thus, 
it confirms the presence of Zn, Mg, and Cu which are the reinforcing elements in Al7075. 
The presence of Ti and C indicates the reinforcing elements such as TiC and graphene in 
the prepared hybrid composites. 

  

(a) Al7075+0wt%TiC+0.25wt% Graphene (b) Al7075+0.5wt%TiC+0.25wt% 
Graphene 

  

(c) Al7075+1.0wt%TiC+0.25wt% 
Graphene 

(d) Al7075+1.5wt%TiC+0.25wt% 
Graphene 

 
 

(e) Al7075+2.0wt%TiC+0.25wt% 
Graphene 

(f) Al7075+2.5wt%TiC+0.25wt% 
Graphene 

Fig. 2 EDS Spectrum of Al7075-graphene and Al7075-graphene-TiCp composites 

The elemental mapping analysis reveals that TiC and graphite (carbon) are distributed 
equally throughout the matrix Al7075. The EDS mapping of the mentioned hybrid 
composites and their reinforcements may be seen in Fig. 3. The composite was effectively 
cast with a random and uniform distribution of TiC and graphene in the Al7075 matrix. 
The presence of an ‘O’ indicates the development of different oxides during casting and 
machining. 
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Fig. 3 EDS Images showing the mapping of composites and reinforcements 

 

Fig. 4 SEM micrographs: (a) Al7075 alloy, (b-d) Al7075-TiC/graphene hybrid composites  

4.2 Micro-Hardness 

Al7075 alloy micro hardness values and different TiC concentrations in Al7075-
TiC/graphene hybrid composites were measured. Fig. 5 presents a summary of the 
findings. The micro hardness of the composites increases as the content of nanoparticles 
of TiC rises. Al7075 alloy sample has a micro hardness of 88 HV. For identical 
experimental settings, the micro hardness of Al7075-TiC/graphene hybrid composites is 
increased from 88 to 127.3 HV, 44.5 percent increase over the unreinforced Al7075. This 
result is due to the addition of nanoparticles of TiC and graphene which can prevent grain 
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growth in an aluminum matrix by the pinning of grain boundaries, resulting in an 
aluminum alloy with finer grains. Higher micro hardness levels may be the result of finer 
grain formations. 

 

Fig. 5 Micro hardness of Al7075 alloy and the composites 

4.3 Tensile Strength  

The tensile strength figures for the TiC and graphene reinforced Al7075 hybrid metal 
matrix composites are shown in Fig 6. Al7075 hybrid composites outperform the base 
alloy in terms of tensile strength. The presence of hard reinforcing particles underlies the 
composites' strengthening effect. The aluminium alloy composite's uniform ceramic 
particle distribution (TiC and graphene) serves as a barrier to the matrix alloy's 
dislocation motion, reducing fracture. By transferring stress from the aluminum matrix's 
(ductile) to the reinforced particles' (brittle) surfaces, the addition of ceramic particles 
primarily increases the composite material's impacting fracture and tensile strength. This 
is due to the Orowan mechanism, which allows a dislocation to avoid significant 
impediments when one is constrained around a particle. This results in an increase in 
tensile strength. When compared to the base alloy, Al7075+2.0wt% TiC+0.25wt% 
graphene shows the maximum strength of 192.5 MPa, which is rose by roughly 122 MPa 
(or 58 percent). Fracture will result from the buildup of stress at the nucleation point. 

The fracture surfaces of Al7075 hybrid MMC are shown in Fig 7. A small degree of 
material displacement and matrix cracks near the TiC and graphene particles are shown 
in the fractography of aluminum alloy composites with a higher reinforcing content. In 
the current study, Al7075-TiC/graphene hybrid composite fractured tensile specimens 
were subjected to scanning electron fractography. Investigation of the materials' failure 
mechanisms was done using a fractography study.  

 

In Al7075-1.0wt%TiC/0.25wt%graphene, shallow dimples, ductile initiated brittle 
fractures were seen in SEM fractography. The transgranular fracture surface is provided 
by the presence of hard, very brittle TiC and graphene particles. Perpendicular to the 
applied tensile load, the TiC and graphene particles exhibit plastic deformation. 
Additionally, it has been noted that when TiC content increases, the production of 
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dimples decreases, and ductility decreases as a result. The greater TiC content causes 
brittle fracture, and when tensile stress was applied, TiC particles were drawn out and 
dragged off. Therefore, a notable transfer of external stress from Al7075 to hard particles 
of TiC and graphene occurred, increasing the strength as depicted in Fig.7. 

 

Fig. 6 Tensile strength of TiC and graphene reinforced Al7075 composites 

 

Fig. 7 SEM micrographs of the tensile fracture surface 
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4.4 Yield Strength and Elongation 

The tensile yield strength and elongation for the TiC and graphene reinforced Al7075 
hybrid metal matrix composites are listed in the Table 1. 

Table 1 Mechanical properties of the Al7075-TiC/graphene composite 

Sl. 
No 

Composite 
Yield Strength 

(MPa) 
Percentage 
Elongation 

1 Pure Al7075 94.5 14.47 
2 AL7075+0.5%TiC+0.25 % Graphene 98.3 14.15 
3 AL7075+1.0%TiC+0.25 % Graphene 105.0 13.76 
4 AL7075+1.5%TiC+0.25 % Graphene 118.5 13.12 
5 AL7075+2.0%TiC+0.25 % Graphene 133.0 12.87 
6 AL7075+2.5%TiC+0.25 % Graphene 122.2 12.01 

From the Table 1 it can be observed that the increment in the reinforcement such as TiC 
increases the yield strength of the mentioned hybrid composite material whereas 
addition of TiC and graphene decreases elongation. The addition of hard particles in the 
aluminum matrix increases the strength whereas decreases the ductility. The decrement 
in the ductility observed is 17% whereas the increment in the yield strength is 29%.  

Table 2 shows the comparison of the properties of Al7075-TiC/graphene composite with 
Al7075 matrix composites.  

Table 2 Comparison of mechanical properties of different composites 

Sl. 
No 

Properties 
Al7075-TiC/ 

graphene 
[PW] 

Al7075+TiC+Si 
[25] 

Al7075-TiC 
[18] 

1 Tensile Strength, MPa 192.5 155 184 

2 Yield Strength, MPa 133.0 120 - 
3 Percentage elongation, % 12.01 13 10 

4 Density, g/cc 2.75 2.82 2.73 
5 Hardness, HV 127.3 150 102 

From the table it can be observed that Al7075-2.0wt%TiC/ 0.25wt%graphene composite 
is better than the Al7075-TiC composites and Al7075+TiC+Si hybrid composites.  

5. Conclusion 

• In this experimental work, the influence of the addition of the TiC and graphene 
nanoparticles on the tensile strength and hardness of Al7075-TiC/graphene 
hybrid composite has been studied. The Al7075-TiC/graphene nano-particulate 
hybrid composite is prepared using an ultrasonic two-step stir casting method 
as shown in fig.1 (a-f). 

• It is confirmed by the EDX analysis, as shown in Figs. 2 and 3, that Al7075 
contains reinforcing elements including Zn, Mg, and Cu. The presence of Ti and C 
suggests that the cast hybrid composites have reinforcements made of TiC and 
graphene. The random and uniform distribution of reinforcements in the 
aluminum matrix is confirmed by EDS elemental mapping analysis. When an "O" 
is present, it means that distinct oxides have formed during casting and 
machining. The Al7075 matrix contains reinforcement nanoparticles that are 
uniformly distributed without clumping, according to SEM examination. 

• The micro-hardness of the Al7075-TiC/graphene hybrid composites increases 
with an increase in wt.% of TiC as shown in fig.5. This increment is due to the 
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pinning of matrix grain boundaries by the reinforcements which results in the 
finer grains of aluminum. The maximum micro-hardness that is obtained is 
127.3HV for 2.5wt% of TiC, which is 44% higher than the unreinforced Al7075.  

• The presence of uniformly distributed reinforcing particles in the Al7075 matrix 
as shown in fig.4, which acts as a block-off for the matrix alloy's dislocation 
motion, leads to increase in the strength of the composites. Also, the addition of 
the ceramic reinforcements takes the load of the matrix material, thus increases 
the tensile strength. Al7075+2.0wt% TiC+0.25wt% graphene composites as 
shown in fig.6 exhibits the higher tensile strength of 192.5MPa which is 54% 
higher than the unreinforced Al7075. 

• Above results from fig.5, fig.6, and fig.7 shows that addition of TiC and graphene 
nanoparticles in Al7075- TiC/graphene hybrid composite, the tensile strength 
and hardness of the composite increases. However, this growth is gained with 
the loss of ductility, which is evident from the SEM images showing the brittle 
fracture. 
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 The study presents experimental investigation on short term mechanical 
properties and flexural behaviour of conventional Ordinary Portland Cement 
(OPC) based concrete and slag-fly ash based geopolymer concrete. Conventional 
and geopolymer concrete mixes were designed to achieve compressive strength 
equivalent to M40 and M70 grade as per Indian standard code. Mechanical 
properties of concrete mixes such as compressive strength, split tensile strength, 
flexural strength, modulus of elasticity and Poisson's ratio were evaluated and 
compared. The flexural behaviour of reinforced concrete beams for both 
conventional and geopolymer concrete has been studied using 4-point bend test. 
The findings suggest that geopolymer concrete shows comparable mechanical 
properties in terms of split tensile strength, flexural strength and Poisson’s ratio. 
However, modulus of elasticity of geopolymer concrete is lower than the 
conventional concrete of equivalent strength. Studies on flexure behaviour of 
reinforced concrete beams shows that both geopolymer and conventional 
concrete exhibit comparable flexural behavior in terms of load-deflection curves, 
yield load and yield moment. The amount of energy dissipated in flexure is 
marginally higher for high strength conventional concrete. Based on the visible 
cracks developed in flexure, it was concluded that the reinforced conventional 
concrete and reinforced geopolymer concrete show similar number and type of 
cracks in flexure. 
 

© 2023 MIM Research Group. All rights reserved. 

 
Keywords:  
 
Geopolymer concrete; 
Reinforced concrete; 
Mechanical properties; 
Flexural behavior; High 
strength concrete; 
Four-point bending test 

 

1. Introduction 

Usage of conventional Ordinary Portland Cement (OPC) based concrete has many adverse 
environmental impacts. OPC production is an energy-intensive process and is a significant 
source of CO2 emissions in the environment. With the growth of construction sector, the 
production of OPC is expected to rise exponentially, especially in developing countries. 
Many researchers have tried to find alternate ways to find environment friendly 
alternative cementitious systems, including attempts to create eco-friendly cement-free 
concrete to solve the issue [1, 2, 3]. As a result, geopolymer concrete has emerged as one 
of the widely accepted replacement for OPC based concrete. The geopolymer concrete has 
shown excellent structural performance [4], durability [5], better resistance to acid attack 
[6], good mechanical properties under chemical attack [7] and better chemical stability 
than conventional concrete [8]. The mechanical performance of geopolymer concrete in 
terms of split tensile strength and compressive strength, is also comparable to that of OPC 
concrete [9]. Some further advantages of geopolymer concrete include high early strength 
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[10] and good temperature resistance [11]. Geopolymer is amorphous rather than 
crystalline, as compared to other natural zeolitic materials [12]. Geopolymer concrete 
differs from conventional concrete as it does not use conventional Portland cement as a 
cementitious material. It uses industrial waste like fly-ash and Ground Granulated Blast 
Furnace Slag (GGBS). These materials act as precursors and are activated using alkaline 
solutions like Sodium hydroxide (NaOH) and Sodium Silicate (Na2SiO3). The hydration 
product of geopolymer concrete does not involve water; instead, as geopolymerisation 
reaction occur, water added to the mix gets expelled out during the subsequent drying and 
curing process. Activation of precursors in geopolymers is different from the hydration 
reactions when Portland cement is mixed with water, which produces the primary 
hydration products. i.e., calcium silicate hydrate (C-S-H) gel and calcium hydroxide in 
conventional concrete. The difference causes variations in these two concrete systems' 
mechanical, durability, and chemical properties [13].  

Studies on conventional concrete are extensively available in literature [14]–[17] for both 
normal and high strength concrete. Some past studies have highlighted the mechanical 
properties of geopolymer concrete to establish it as a suitable replacement for 
conventional concrete as construction material. Numerous experiments on the fresh and 
hardened properties of geopolymer concrete utilizing various precursors and activators 
have been done by researchers across the world. It is known that the major ingredients in 
the geopolymerization reaction—alumina (Al2O3) and silica (SiO2)—present in the 
precursors dissolve in water and react with alkali from the activators to form an 
aluminosilicate gel, which gives the geopolymer concrete mix its mechanical strength [18]. 
According to Ojha et al [1]. , the workability of geopolymer concrete depends on the 
proportion of precursors to alkaline solution as well as the ratio of Na2SiO3/NaOH. Due to 
the viscous nature of sodium silicate, an increase in the aforementioned ratios results in a 
larger water requirement for the creation of a workable geopolymer concrete mix.  

Hutagi and Khadiranaikar [19]studied the flexural behavior of reinforced geopolymer 
concrete beams cured under ambient temperature. The study involved twelve reinforced 
concrete beams tested using four-point bend test. The authors reported geopolymer 
beams' behavior to be similar to the conventional concrete beams in flexure. In a similar 
study, El-Sayed and Algash [20] evaluated the flexural behavior of ultra-high performance 
geopolymer concrete reinforced with Glass Fiber Reinforced Polymer (GFRP) bars. The 
study reported a higher crack width in Geopolymer concrete beams reinforced with GFRP 
bars than the steel reinforcement control beam. GFRP bars as reinforcement improve 
mechanical behavior like deflection, crack pattern, number of cracks, and mode of failure. 
Mo et al., [21] have reviewed past investigations on the structural performance of 
geopolymer concrete. The structural elements considered in the study included the 
reinforced concrete beams, columns, slabs, and panels. Based on the review, the authors 
found no negative effect of geopolymer beams on the structural performance of the 
elements considered. Study conducted earlier [14] using four-point bend test on 
reinforced geopolymer concrete beams the behavior of the beam was studied based on the 
ultimate load values. The results have shown similar performance for both geopolymers 
as well as conventional concrete beams. Saranya et al. [13] studied application of binary 
geopolymer beam with GGBS and dolomite as source material. Ten beams were cast and 
tested. Experimental and numerical simulations of beams were conducted under 
monotonic loading and has been found to have superior properties. Mohammed et al., [22]  
performed a similar review and data analysis on the mechanical properties of the 
Geopolymer concrete. The study attempted to establish a correlation between various 
mechanical properties and the compressive strength of the Geopolymer concrete.   

Under reinforced fly ash based (low calcium) geopolymer concrete beams as seen in past 
[13, 19, 20, 21] have indicated similar first cracking load, crack width, load–deflection 
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relationship, flexural stiffness, ultimate load and failure mode compared to conventional 
reinforced concrete beams subjected to flexural loading. In few cases, it was seen that the 
reinforced geopolymer concrete beams gave higher first crack load, ultimate load, mid 
deflection and smaller crack width when compared to conventional concrete beams. 
Studies done on flexural behavior of reinforced geopolymer concrete with combination of 
different constituents of geopolymers with fly ash to compare with conventional concrete 
that has indicated capability to take more flexural load, decrease of deflection and increase 
of first cracking load, ultimate load carrying capacity and higher ductility but a greater 
number of narrow cracks. 

Study conducted by past researchers on flexural behaviour of reinforced geopolymer 
concrete beams are with fly ash-based system mostly. Studies conducted by Saranya et al. 
[13] was on application of binary geopolymer beam with GGBS and dolomite as source 
material. Past studies done by researchers such as Mo et al. [21] evaluated structural 
performance of geopolymer concrete after being subjected to elevated temperature and 
indicated that flexural behaviour was influenced by multiple factors, and the material 
demonstrated some defects; which was inconsistent to the behaviour of the ambient 
beams. Hutagi and Khadiranaikar [19] conducted the study with low calcium geopolymer 
concrete with fly ash instead of GGBS.  

Research Significance: The literature on combined slag and fly ash based geopolymer 
concrete which is high calcium system is limited when it comes to study on flexural 
behaviour of reinforced slag and flyash based geopolymer concrete. Before putting any 
new building materials into practice, its structural performance in terms of flexure, shear 
and compression in very essential and present study covers mechanical and flexural 
behaviour of reinforced geopolymer concrete having combined slag: fly ash based high 
calcium system wherein ratio of GGBS and fly ash is kept at 70:30 respectively by weight, 
the activator modulus is maintained as 1 and curing regime is kept as ambient. Majority of 
the previous studies conducted in the area of alkali activated (geopolymer) concrete were 
primarily focused on normal strength concrete mix and present study deals with the 
comparison of mechanical and flexural behaviour of both normal and high strength 
reinforced high calcium geopolymer concrete with conventional concrete.  

The present study gives an experimental analysis of the flexural behavior and short-term 
mechanical characteristics of OPC concrete and slag and fly ash based geopolymer 
concrete. Two separate mixtures—one for M40 grade and the other for M70 grade, are 
used to make geopolymer and conventional concrete. Cube compressive strength, split 
tensile strength, flexural strength, elastic modulus, and Poisson's ratio are among the 
mechanical parameters that were examined. Further, using a 4-point bend test on beams 
with dimensions of 200 mm x 200 mm x 2400 mm, the flexural behavior of concrete has 
been investigated. Energy dissipation performance of conventional beams and geopolymer 
beams has been also evaluated.  

2. Materials and methods   

2.1 Materials 

In conventional concrete mix OPC-53, fly ash and silica fume were used as cementitious 
materials. In the geopolymer mix fly ash, and GGBS are used. The properties of OPC 
complies with IS 269: 2015[23]. Fly ash and silica fume are used as per IS 3812: 2013[24] 
and 15388: 2003[25] respectively. GGBS confirms the requirement of IS 16714: 2018[26]. 
The physical characteristics of OPC, silica fume, fly ash and GGBS have been evaluated as 
per test procedure laid down in relevant parts of IS 4031. The chemical characteristics of 
OPC, silica fume, fly ash and GGBS have been evaluated as per IS 4032: 1985 [27]. Coarse 
aggregate had the maximum nominal size of 20mm and the fine aggregate confirms to the  
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Table 1. Physical characteristics of GGBS, fly ash, OPC and silica fume 

Properties 
Indian Standard for 

Testing 
OPC -53 
Grade 

Silica 
Fume 

Fly 
Ash 

GGBS 

Fineness Blaine’s (m2/kg) IS 4031 (Pt-2): 1999 320 22000 403 335 
Soundness Autoclave (%) IS 4031 (Pt-3): 1988 0.05 - - - 

Soundness Le Chatelier 
(mm) 

IS 4031 (Pt-3): 1988 1 - - - 

Setting Time Initial (min.) 
& (max.) 

IS 4031 (Pt-5): 1988 
170.00 & 

220.00 
- - - 

Specific gravity IS 4031 (Pt-11): 1988 3.16 2.24 2.2 2.9 

Table 2. Chemical characteristics of GGBS, fly ash, OPC and silica fume 

Chemical Name GGBS Fly ash OPC 
Silica 
Fume 

Calcium Oxide (CaO), % 37.66 5.80 60.73 - 

Silica (SiO2), % 34.60 48.66 20.38 95.02 

Reactive Silica, % 33.96 23.52 - - 

Alumina (Al2O3), % 18.38 26.72 4.95 - 

Iron Oxide (Fe2O3), % 0.98 8.87 3.96 0.80 

Magnesium Oxide (MgO), % 5.15 1.43 4.78 - 

Na2Oeq (%) 0.60 0.74 0.52 - 

Loss on Ingnition, % 0.40 4.76 1.50 1.16 

Total Sulphur as SO3 ,% 0.05 0.75 2.07 - 
Sulphide sulphur (%) 0.39 0.56 - - 

Chloride (Cl), % 0.024 0.026 0.04 - 
Manganese Oxide (MnO), % 1.32 0.13 - - 

Table 3. Properties of coarse and fine aggregates 

Parameter 
Indian Standard for 

Testing 

Coarse Aggregate 
Fine 

Aggregate 20 mm 
10 

mm 

Specific gravity IS 2386 (Pt-3): 1963 2.83 2.83 2.65 
Water absorption (%) IS 2386 (Pt-3): 1963 0.3 0.3 0.59 

Sieve 
Analysis 

Cumulative 
Percentage 
Passing (%) 

 

20mm IS 2386 (Pt-1): 1963 98 100 100 
10 mm IS 2386 (Pt-1): 1963 1 68 100 

4.75 mm IS 2386 (Pt-1): 1963 0 2 99 
2.36 mm IS 2386 (Pt-1): 1963 0 0 89 
1.18 mm IS 2386 (Pt-1): 1963 0 0 64 

600 µ IS 2386 (Pt-1): 1963 0 0 43 
300 µ IS 2386 (Pt-1): 1963 0 0 26 
150 µ IS 2386 (Pt-1): 1963 0 0 14 
Pan IS 2386 (Pt-1): 1963 0 0 0 

Abrasion, Crushing & 
Impact Value (%) 

 19,19,13 - - 

Flakiness % & Elongation 
% 

 
29, 25 - - 

Zone II as per IS 383:2016[28]. The physical characteristics of coarse and fine aggregates 
have been evaluated as per test procedure laid down in relevant parts of IS 2386. Table 1 
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to Table 3 gives the physical and chemical properties of the materials used in the 
preparation of the mixes. 

2.2 Concrete mix design 

The mix design details for Reinforced Conventional Concrete (RCC) and Reinforced 
Geopolymer Concrete (RGC) for normal and high strength concrete are as shown in table 
4A. The cost comparison of both normal & high strength geopolymer concrete and 
conventional concrete has been given in Table 4b and 4c. The conventional concrete has 
designed as per IS 10262: 2009 [29] . The ratio of coarse to fine aggregates has been kept 
as 60:40 for normal strength conventional concrete mix and 35:65 for high strength RCC 
mix. Slump for all the concrete mixes was kept in the range of 75-100 mm. Superplasticizer 
have been used in conventional concrete mixes to achieve the required slump between 75-
100 mm. 

Table 4A. Mix design Details 

Parameter 
Mix RGC 
M40 

Mix RGC 
M70 

Mix RCC 
M40 

Mix RCC 
M70 

Total cementitious/ precursor content  
(kg/m3) 

350 380 362 525 

 

Individual 
cementitious 
materials / 
precursors 

(kg/m3) 

OPC - - 290 400 

Silica Fume - - - 50 

GGBS 245 266 - - 

Fly ash 105 114 72 75 

Ratio of water to total cementitious 
material / precursor  

0.50 0.40 0.47 0.27 

Na2O (% by weight of total precursor) 7 8 - - 

Activator Modulus (SiO2/Na2O) 1 1 - - 

NaOH (kg/m3) 17.24 21.39 - - 

Na2SiO3 gel (kg/m3) 74.20 92.12 - - 

Fine Aggregate (kg/m3) 690 660.80 650 692 

Coarse Aggregate – 10 mm (kg/m3) 514.50 540 777 754 

Coarse Aggregate – 20 mm (kg/m3) 631 662 518 406 

Water (kg/m3) 132.48 107.58 170 140 

Superplasticizer (%) Nil Nil 0.70 1.00 

 

The effects of varying constituents of concrete in conventional concrete mix on mechanical 
and durability properties is a well-established fact, but this is not the case with geopolymer 
concrete, the hydration, chemical reaction and microstructural properties are more 
complex for geopolymer concrete. Various factors that can affect its strength can be said to 
be temperature, activator modulus, type, quality and proportions of slag and fly ash, water 
content etc. Hence, to obtain optimized mix trial and error method is being used and based 
on strength results of various mixes the mix is finalized as shown in table 4.  The ratio of 
GGBS and fly ash is kept at 70:30 respectively by weight, the activator modulus is 
maintained as 1. The ratio of coarser to fine aggregates is kept at 55:45 percent for all 
geopolymer mixes and percentage by weight of total precursor content for Na2O is fixed at 
7 and 8 percent for M40 and M70 mix respectively. The alkaline activator solution used in 
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geopolymer concrete is the combination of Sodium Silicate solution (SiO2/Na2O), potable 
water and Sodium Hydroxide (NaOH), for this study the value Activator Modulus 
(SiO2/Na2O) is kept constant as 1. The activator needs to dissolve the reactive part Si and 
Al present in the GGBS and Fly-Ash and provide a highly alkaline medium for condensation-
polymerization reaction. The sodium silicate and sodium hydroxide solutions were 
prepared separately and mixed at the time of casting. NaOH solution is prepared one day 
before casting as it generates a lot of heat, and then it is used to obtain a required amount 
of workability here water doesn't participate in hydration reaction but is required for 
maintaining the workability of geopolymer mix. Mixes were prepared in a big pan type 
mixer (capable of preparing 120 litres of concrete mix in a single batch. For a particular 
concrete mix, concrete was prepared in three batches. From each of the first and second 
batch, one reinforced concrete beam and one set (i.e. total 6 cubes) of concrete cubes were 
cast. From third batch, specimen for evaluation of split tensile strength, flexural strength, 
MOE, Poisson’s ratio were cast along one set (i.e. total 6 cubes) of concrete cubes were cast 
to ascertain the compressive strength of concrete from each batch.  Total 6 specimens were 
cast for evaluation of each parameter i.e. compressive strength, split tensile strength, 
flexural strength, MOE and Poisson’s ratio. Average result of 6 specimen has been reported 
in the manuscript. As mentioned above one set (i.e. total 6 cubes) of concrete cubes were 
cast from each batch to ascertain the compressive strength of concrete from each batch. 

Table 4B. Cost comparison for M40 grade of geopolymer & conventional concrete (per 
m3) 

  

Geopolymer concrete Conventional Concrete 

Materi
al 

Rate  
Quantit
y (per 
m3) 

Cost 
(Rs.), 
Approx. 

 
Mate
rial 

Rate  
Quanti
ty per 
m3 

Cost 
(Rs.) 
Approx. 

 
Dry 
Binder  

GGBFS 

2.00 Rs 
per kg 
(Indian 
Rate) 

245 kg 490 
Ceme
nt  

6.5 Rs per 
Kg (Indian 
Rate) 

290 kg 1885 

Fly Ash  

1.00 Rs 
per kg 
(Indian 
Rate) 

105 Kg 105  
Fly 
Ash 

1.00 Rs 
per kg 
(Indian 
Rate) 

72 72 

Activator 

Caustic 
soda 

30 Rs 
per kg 
(Indian 
Rate) 

17 kg  510 Not applicable 

Sodiu
m 
Silicate 
solutio
n 

12 Rs 
per kg 
(Indian 
Rate) 

74 kg 890 Not applicable 

 
Total cost of precursor and 
activator in Geopolymer 
concrete 

Rs 1995 
per m3 

Total cost of cementitious 
material in conventional 
concrete 

Rs 1957 
per m3 

 Aggregates almost same in similar in both cases  
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Table 4C. Cost comparison for M70 grade of geopolymer & conventional concrete (per 
m3) 

  

Geopolymer concrete Conventional Concrete 

Materi
al 

Rate  
Quantit
y (per 
m3) 

Cost 
(Rs.), 
Approx. 

 
Mate
rial 

Rate  
Quanti
ty per 
m3 

Cost 
(Rs.) 
Approx. 

 
Dry 
Binder  

GGBFS 

2.00 Rs 
per kg 
(Indian 
Rate) 

266 kg 532 
Cem
ent  

6.5 Rs per 
Kg (Indian 
Rate) 

400 kg 2600 

Fly 
Ash  

1.00 Rs 
per kg 
(Indian 
Rate) 

114 Kg 114  
Fly 
Ash 

1.00 Rs 
per kg 
(Indian 
Rate) 

75 kg 75 

- - - - 
Silica 
Fum

e 

20.00 Rs 
per kg 
(Indian 
Rate) 

50 kg 1000 

Activato
r 

Caustic 
soda 

30 Rs per 
kg (Indian 
Rate) 

21 kg  630 Not applicable 

Sodiu
m 
Silicate 
solutio
n 

12 Rs per 
kg (Indian 
Rate) 

92 kg 1104 Not applicable 

 
Total cost of precursor and 
activator in Geopolymer 
concrete 

Rs 2380 
per m3 

Total cost of cementitious 
material in conventional 
concrete 

Rs 3675 
per m3 

 Aggregates almost same in similar in both cases  

 

2.3 Methods for evaluation of mechanical properties of conventional and 
geopolymer mixes 

Compressive strength test of concrete mixes was evaluated on concrete cubes of size 150 
mm as per IS: 516 (Part 1/Sec 1): 2021 [36]. Flexural strength test of concrete mixes was 
determined as per IS 516 on concrete beam (size 100 × 100 × 500 mm) at the age of 28 
days as per IS: 516 (Part 1/Sec 1): 2021. Split tensile strength and modulus of elasticity of 
concrete mixes were determined as per as per IS: 516 (Part 1/Sec 1): 2021 and IS: 516 
(Part 8/Sec1): 2020 [37] respectively on concrete cylinder (150 mm diameter and 300 mm 
height). 

2.4 Reinforced concrete beam detailing 

The beam specimens were designed with an aim to obtain pure flexure failure. The cross-
sectional dimensions of beams were fixed as 200 mm wide and 200 mm depth, and the 
beam length is kept as 2400 mm. The clear cover provided is 25 mm. The cross-sectional 
area and side view are as shown in figure 1(a), 1(b) and 1(c). The steel bars used in beams 
are 16mm, 20mm and 8mm. The reinforcement design of beam in flexure and shear is 
being done as per IS-456, for M40 grade beams 2 bars of 16 mm diameter and one bar of 
20 mm diameter is used. Whereas, for M70 grade beams, 20 mm diameter high yield steel 
bars are used.  
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Fig. 1(a) Design details for M40 and M70 reinforced beam (Sectional View) and (b) 
Details of shear reinforcement 

 

 

M40 
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Fig. 1(c) Design details for M40 and M70 reinforced beam (Lateral View) 

 

To make the beam extra safe in shear the shear reinforcement are provided on slightly 
higher side the stirrups are provided at a spacing of 60 mm c\c and 50 mm c\c for M40 and 
M70 grade for both RCC and RGC beams. The spacing of stirrups is reduced further to 40 
mm c\c at ends where the possibility of occurrence of shear failure is slightly higher. 
Nominal amount of compressive reinforcement is provided in both the M40 and M70 grade 
beams. The reinforcement details of all beams are provided in Table 5. 

Table 5. Reinforcement details of beam specimen 

Specimen Id 
Area of steel (mm2) 

ASC AST 

M40 RCC 100.54 711.41 

M40 RGC  100.54 711.41 

M70 RCC 100.54 937.26 

M70 RGC 100.54 937.26 

2.5 Preparation of specimen 

The steel molds of size 200*200 mm are used for both RGC and RCC beam, before filling of 
the molds the molds are coated with lubricating oils in order to prevent the adhesion of 
hardening concrete. The reinforcement cage is fixed in the mold after putting the cover 
blocks of 25 mm to obtain required arrangement. The concrete is being filled in the moulds 
in three layers of equal depths. After each layer the needle vibrator and tamping rods are 
used to ensure proper compaction. Figure 2 shows the moulds, reinforcement and freshly 
cast beams for testing. 

Although, the polymerization reaction is generally accelerated in higher temperatures than 
in ambient behavior and gives higher early strength, yet the beams cured at ambient 
temperature gives better compressive strength in 28 days as compared to 7 days, thus the 
curing of beams is conducted at ambient room temperature. Three cubes of 150 mm are 
casted along with the beams to determine the compressive strength of concrete at the day 
of testing i.e., 28 days strength.  

M70 
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(a) 

 

(b) 

Fig. 2 (a) Reinforcement and mould for preparing the specimen and (b) Casting of 
specimen 

2.6 Loading and test setup 

The four-point bend test is conducted on beams using Flexural Testing Machine of capacity 
500 kN. The loading applied is the displacement controlled loading. The beam is being 
placed on the steel girder and out of the 2400 mm length of beam clear span of beam is 
maintained as 2000 mm. The distance between the point loads is kept as 666 mm, thus 
dividing the clear span of 2000 mm in three equal parts. The concrete cubes specimens 
were tested in a displacement-controlled compression testing machine of 3000 kN 
capacity at room temperature of 27 ± 2oC and relative humidity 65% or more. LVDT was 
used to get the deflection at the centre of beam. The first crack load was obtained by visual 
examination. The test setup for four-point bend test is been shown in figure 3(a) and 3(b). 

  

Fig. 3 (a) Beam in 4 point bend test and (b) Test Setup 

3. Results and discussions 

3.1 Fresh concrete properties  

Fresh concrete properties such as initial workability (in terms of initial slump) and air 
content after preparation of mix were evaluated for all the 4 concrete mixes and test results 
are given below in table 6. 
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Table 6.  Fresh properties of geopolymeric and conventional concrete mixes 

S. No. Specimen Id 
Initial 

workability in 
terms of slump 

Air 
Content  

(%) 

Superplasticizer 
(% by weight of 

cementitious content) 

1. M40 RCC 100 mm 1.30 0.80 
2. M40 RGC Collapse 1.20 Nil (i.e. 0 %) 
3. M70 RCC 85 mm 1.60 1.20 
4. M70 RGC 80 mm 1.40 Nil (i.e. 0 %) 

Superplasticizer was used in case of conventional concrete mixes to achieve sufficient 
initial workability (i.e. slump of at least 75 to 100 mm) as mentioned in Table 6. In case of 
geopolymer concrete mixes, superplasticizer was not required at all, as M40 RGC mix 
showed collapse behaviour immediately after preparation of mix. Whereas, M70 RGC mix 
showed initial slump of 80 mm without any superplasticizer. In case of, conventional 
concrete mixes, M40 RCC and M70 RCC required 0.80% and 1.2% superplasticizer to 
achieve an initial slump of 100 mm and 85 mm respectively. All the four concrete mixes 
were homogenous and did not show any signs of bleeding and segregation. Air content for 
conventional and geopolymer concrete mixes are observed to be in range of 1.2 to 1.6%. 

3.2 Mechanical properties of mixes 

Test results of different mechanical properties i.e. compressive strength, split tensile 
strength, flexural strength, modulus of elasticity and Poisson’s ratio for all the concrete 
mixes have been tabulated below in table 7. The mechanical properties of conventional mix 
are compared with geopolymer concrete mix of equivalent strength. The conventional and 
geopolymer concrete mixes were designed and optimized to have almost similar and 
comparable compressive strength, so that other mechanical characteristics of 
conventional and geopolymer concrete can be compared. One of the significant difference 
in both the concrete system is the difference in their modulus of elasticity. Six specimens 
for each mix were tested for evaluation of every parameter and average value of test results 
have been tabulated in table 7.  

Table 7. Mechanical properties of different mixes 

Specimen Id 

Cube 
Compressive 

strength 
(MPa) 

Split 
Tensile 
Strengt

h 
(MPa) 

Flexural 
Strengt

h 
(MPa) 

Modulus of 
elasticity 

(GPa) 

Poisson's 
Ratio 

M40 RCC BEAM 1 46.11 
4.04 4.42  32.64 0.16 

M40 RCC BEAM 2 44.61 
M40 RGC BEAM 1 50.71 

4.10  5.07 22.92 0.17 
M40 RGC BEAM 2 51.46 
M70 RCC BEAM 1 82.15 

5.05  8.52 43.13 0.14 
M70 RCC BEAM 2 83.90 
M70 RGC BEAM 1 77.80 

4.50  5.85 33.37 0.14 
M70 RGC BEAM 2 79.80 

 

As per experimental plan, in order to compare the behaviour of hardened concrete 
properties of geopolymer and conventional concrete mixes, mixes were cast to obtain 
almost comparable compressive strength for geopolymer and conventional concrete mixes 
of equivalent grade.  Flexural and split tensile strength of concrete mix has a direct 
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relationship with its compressive strength. Split tensile strength of M40RGC is about 101.5 
% of split tensile strength of M40RCC and split tensile strength of M70RGC is about 89.00 
% of split tensile strength of M70RCC.  Flexural strength of M40RGC is about 115 % of 
flexural strength of M40RCC and Flexural strength of M70RGC is about 69 % of flexural 
strength of M70RCC.  For concrete mixes equivalent to M40 grade, the flexural and split 
tensile strength values of M40 RGC are slightly higher in comparison to M40 RCC. This 
observation is supported by the previous findings [30] also reported that flexural strength 
of alkali activated concrete is higher in comparison to flexural strengths of conventional 
Portland cement concrete of similar grade. However, in case of high strength concrete 
mixes equivalent to M70 grade, trends are opposite to the observations made for flexural 
and split tensile strength of mixes equivalent to M40 grade. Flexural and split tensile 
strength of M70 RGC mix are lower in comparison to M70 RCC of equivalent grade at 28 
days. This increase in flexural and split tensile strength of high strength conventional 
Portland cement concrete is similar to findings of Arora et.al [16, 40, 41] wherein it was 
reported that flexural strength of silica fume concrete was higher by 10- 15% as compared 
that of Portland cement concrete for about 12-15 % silica fume addition. The addition of 
silica fume in concrete mix leads to reduction in the development of cracks at micro level 
near the interface of cement paste and unreacted cement or pozzolans [30, 42, 43, 44, 45].  
Modulus of elasticity of M40RGC is about 70.00 % of modulus of elasticity of M40RCC and 
Modulus of elasticity of M70RGC is about 77 % of Modulus of elasticity of M70RCC. 
Modulus of elasticity of both M40 RGC and M70 RGC are observed to be lower than their 
corresponding conventional concrete mixes of similar grade. This observation is 
supported by observations of research studies carried out by past researchers [30, 31, 32]. 
The intrinsic modulus of C-A-S-H gel formed in slag-based geopolymer concrete is 
comparable with the C-S-H gel formed in cement. But the intrinsic modulus of N-A-S-H gel 
formed in low-calcium fly ash gel based geopolymer concrete is much smaller than that of 
the C-S-H gel formed in cement. The lower value of modulus of elasticity for geopolymer 
concrete than conventional concrete can be attributed to the low intrinsic modulus of N-
A-S-H gel and higher initial micro-cracks formulation in geopolymer concrete [30, 31, 32]. 

3.3 Load- deflection behaviour 

Figure 4 and 5 show the load-deflection curves for the RCC beams and reinforced 
geopolymer beams for the M40 and M70 grade concretes respectively. The load vs 
displacement curves at the mid span of the beam are as mentioned in figure 5 for M40 
mixes of conventional and geopolymer concrete and in figure 6 for M70 mixes.  

 

Fig 4 Load deflection curves for M40 RCC and RGC beams 
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Fig 5 Load deflection curves for M70 grade RCC and RGC beams 

 

Yield point was determined visually from load deflection curve and the yield point is stage 
where no significant increase in load was observed and deflection was increasing 
continuously. The yield points for all M40 mixes are in the displacement range of 18 to 22 
mm. The drop in the curves for all mixes represents the occurrence of failure. The 
displacement range for ultimate or failure points of various curves of grade M40 is much 
higher as compared to range of yield points, it is between 26 to 33 mm. After the yield point 
the curves are depicting an elastic plastic behavior for all curves except for RGC M40 beam 
2 where the curve slightly shows strain hardening behavior. From load displacement 
results it is evident that the yield points are reached at the same time for both conventional 
concrete and geopolymer concrete of same grade at almost similar deflection. The curves 
suggests that the flexural behaviour of both the conventional and geopolymer concrete are 
comparable. The values of experimental moment calculated from the load-deflection curve 
and predicted moment as per IS456 is given in Table 8.  

The predicted maximum strength of beams is calculated as per the dimensions of beam 
and the reinforcements provided and these are calculated as per IS 456: 2000 [33]. The 
moment of resistance (Mp) is calculated as per IS-456. Experimental maximum value 
which is obtain from beam testing is obtained then from mid span moment formula for 
four point test the predicted maximum moment (Me) that the beam can resist is calculated. 
The normalized strength is calculated as given in Equation 1, whereas, the expression for 
normalized moments is as given in Equation 2; 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐿𝑜𝑎𝑑 =
𝑃

𝜎𝑏𝑑
 

(1) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑚𝑜𝑚𝑒𝑛𝑡 =
𝑀

𝜎𝑏𝑑2
 

(2) 

Where, σ is the Compressive strength of the mix at 28 days, P is Load obtained from the 
load deflection curve, M is Moment obtained from the load deflection curve, b is Width of 
the beam and d is the Depth of the beam. The normalized yield strength as a percent of 
ultimate strength varies from 95 to 100 percent, this shows that beams are not undergoing 
strain hardening. Whereas, the ratio of normalized yield moment to ultimate moment 
varies in between. Figure 6 gives us the relationship between the normalized yield strength 
and normalized ultimate strength.  
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Table 8. Characteristics of load deflection curves of the beams 

Id 

Moment  Compres
sive 

Strength 
MPa 

Normalised  
Moment 

Predicted 
Moment Mp 
(KN-m) (as 
per IS 456) 

Me/M
p 

Yield 
kN-M 

 

Ultimate 
(Experim

ental) 
kN-M 

Yield  
kN-M 

Ultimate  
kN-M 

M40 RCC 
BEAM 1 

53.30 54.17 46.11 0.15 0.15 44.01 1.23 

M40 RCC 
BEAM 2 

53.97 55.20 44.61 0.15 0.15 44.01 1.25 

M40 RGC 
BEAM 1 

57.03 59.57 50.72 0.15 0.15 44.01 1.35 

M40 RGC 
BEAM 2 

53.30 55.27 51.47 0.14 0.14 44.01 1.26 

M75 RCC 
BEAM 1 

74.23 75.70 82.15 0.10 0.10 67.37 1.12 

M70 RCC 
BEAM 2 

74.87 77.53 83.90 0.10 0.11 67.37 1.15 

M70 RGC 
BEAM 1 

75.70 76.47 77.80 0.11 0.11 67.37 1.14 

M70 RGC 
BEAM 2 

74.67 77.50 79.80 0.11 0.11 67.37 1.15 

 

The findings in the study is comparable to past literatures. Hutagi and Khadiranaikar [19] 
studied the behavior with reference to various first crack load, service load and ultimate 
load. The results were found to be similar to that of conventional cement concrete 
reinforced beams. Kumaravel and Thirugnanasambandam [34] in their paper studied the 
flexural behaviour of geopolymer concrete beams and compared with control cement 
concrete beams. The results show that the geopolymer concrete beams exhibit increased 
flexural strength. The deflections at different stages including service load and peak load 
stage are higher for geopolymer concrete beams. Moreover the review paper by Under 
reinforced fly ash based (low calcium) geopolymer concrete beams as seen in past [13, 19, 
20, 21] have indicated similar first cracking load, crack width, load–deflection relationship, 
flexural stiffness, ultimate load and failure mode compared to conventional reinforced 
concrete beams subjected to flexural loading. Mo et al. [21] shows that there is no 
detrimental effect on structural performance when geopolymer concrete is compared with 
the conventional concrete. For four-point bend test the theoretical maximum deflection 
occurs at the mid-point and is given by Equation (3); 

∆max = 
23𝑝𝑙3

648 𝐸𝐼
 

(3) 

Where, ∆max is the Maximum deflection at mid span, p is the Load applied on the beam, l 
is total length, E represents modulus of elasticity and I is the Moment of inertia of the beam 
cross section.  

The values of normalized yield deflection to ultimate displacement is in the range between 
55 to 75 percent, from this it can be said that beams follow inelastic behavior for very long 
time after the yield points.  
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Fig. 6 Theoretical mid span displacement, normalized yield displacement and ultimate 
displacement for all mixes 

3.4 Strength Characteristics 

Table 9 and Table 10 shows the normalized yield strength and normalized ultimate 
moment respectively. As shown in table, the yield strength and yield moment for the 
comparable strength conventional and geopolymer concrete are comparable. One of the 
reasoning for the similarity can be attributed to the cross-linked structure in geopolymer 
mix which makes it capable to take similar load as conventional concrete with lower 
binding content. Table 9 and table 10 also confirms the action of reinforcement in OPC and 
the geopolymer concrete is also comparable. Figure 7 represents normalized yield strength 
as percentage of normalised ultimate strength. Sumajouw et al. [38] evaluated the flexural 
load capacity of the sixteen reinforced geopolymer concrete beams and the average 
experimental to prediction ratio was found to be 1.11. Considering that the beams were 
under-reinforced, the effect of the geopolymer concrete compressive strength was 
marginal. Similar trend has been observed in the study discussed in this manuscript.  

Table 9. Normalized yield strength and normalized ultimate strength of the beams 

Id 

 

Yield 

Load  

kN 

Ultimate 

Load 

kN 

Compressive 

Strength 

MPa 

Normalized  

Py/Pu 
First 

Crack  

kN 

Yield 

Strength 

kN 

Ultimate 

Strength 

kN 

M40 RCC BEAM 1 60.25 159.90 162.50 46.11 0.087 0.088 98.40 

M40 RCC BEAM 2 64.75 161.90 165.60 44.61 0.091 0.093 97.77 

M40 RGC BEAM 1 66.85 171.10 178.70 50.72 0.084 0.088 95.75 

M40 RGC BEAM 2 57.90 159.90 165.80 51.47 0.078 0.081 96.44 

M70 RCC BEAM 1 79.92 222.70 227.10 82.15 0.068 0.069 98.06 

M70 RCC BEAM 2 82.25 224.60 232.60 83.90 0.067 0.069 96.56 

M70 RGC BEAM 1 87.65 227.10 229.40 77.80 0.073 0.074 99.00 

M70 RGC BEAM 2 80.75 224.00 232.50 79.80 0.070 0.073 96.34 
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Table 10. Normalized yield moment and normalized ultimate moment of the beams 

Id 
MY 

kN-M 

MU 

kN-M 

Compressive 

Strength 

MPa 

Normalized 

Yield Moment 

kN-M 

Normalized Ultimate 

Moment 

kN-M 

My/Mu 

M40 RCC B-1 53.30 54.17 46.11 0.029 0.029 98.40 

M40 RCCB-2 53.97 55.20 44.61 0.030 0.031 97.77 

M40 RGC B-1 57.03 59.57 50.71 0.028 0.029 95.75 

M40 RGC B-2 53.30 55.27 51.46 0.026 0.027 96.44 

M70 RCC B-1 74.23 75.70 82.15 0.023 0.023 98.06 

M70 RCC B-2 74.87 77.53 83.90 0.022 0.023 96.56 

M70 RGC B-1 75.70 76.47 77.80 0.024 0.025 99.00 

M70 RGC B-2 74.67 77.50 79.80 0.023 0.024 96.34 

 

 
Fig. 7 Normalized yield strength as percentage of normalised ultimate strength 

3.5 Energy dissipation 

Figure 8 shows the values of energy dissipated by the beam during the four point bend test. 
It can be seen that the beams of higher grade dissipates more energy. In terms of energy 
dissipation, the performance of geopolymer concrete beams as compared to conventional 
concrete beams is almost identical. However, in high strength concrete, the energy 
dissipation values are found to be slightly lower in geopolymer concrete compared to 
conventional concrete. The observed variation in energy dissipation in higher grade 
concrete can be attributed to the presence of silica fume in the high strength conventional 
OPC concrete. The difference in the gel systems formed in these two variation of the mixes 
can be attributed as a possible explanation of the observed trend which is not much 
significant in the normal strength concrete. Findings in the literature [30] suggests that the 
C-S-H gel formed in OPC concrete and the N-A-S-H gel primarily found in fly ash based 
geopolymer have variations in their intrinsic modulus which is well reflected in high 
strength concrete. 
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Fig. 8 Energy dissipated in flexure by beams 

3.6 Crack width and pattern 

Figure 9 (a) and (b) show the crack patterns observed in the beam after the completion of 
the test. In the test the flexural cracks were first observed at the tension zone in beam 
between the loading arrangements. With increase in load the cracks developed both in size 
and number. The patterns of cracks clearly shows that all beams have undergone pure 
flexure failure. It can be further depicted that the cracks patterns, crack width and number 
of cracks are almost identical for both reinforced as well as geopolymer concrete for both 
normal and high strength beams. As shown in figure 9 (a) and (b), the number of visible 
cracks in normal strength conventional concrete is 8 and in normal strength geopolymer 
beam is 10 where two cracks are smaller in size. The high strength conventional concrete 
bears 10 major cracks and the corresponding strength geopolymer concrete has 9 cracks 
of identical patterns and size. Researchers also investigated the structural behaviour of 
under reinforced geopolymer concrete beams containing different concrete materials. 
Andalib et al. [39] incorporated 30% Palm Oil Fuel Ash (POFA) into the geopolymer 
concrete to produce reinforced geopolymer concrete beams and they observed 
comparable cracking and ultimate moments as well as crack pattern as conventional 
reinforced concrete beams. Literature supports the findings of present study. Hutagi and 
Khadiranaikar [25] has also found that there is no significance difference in crack patterns 
of reinforced concrete beams as well as geopolymer beams 

 

a 
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Fig. 9 (a) M40 RCC and RGC beams 9 and (b) M70 RCC and RGC 

 

The past literature has also shown the similar trends which validates the findings of this 
paper. In the experimental study conducted by Ren et al. [35]  geopolymer concrete beams 
under a flexural load resembled the mechanical performance of the OPC concrete beams.  

4. Conclusions 

In present study, short-term mechanical properties and flexural performance of normal 
and high strength reinforced conventional and geopolymer concrete were experimentally 
analyzed. Geopolymer and conventional concrete mixes were designed for M40 and M70 
grade. The mechanical characteristics such as cube compressive Strength, split tensile 
strength, flexural strength, modulus of elasticity and Poisson's ratio were evaluated for all 
the four mixes. Further, the flexural behaviour of reinforced concrete beam was studied 
using 4-point bend test on reinforced concrete beams. Following conclusions can be drawn 
from the above study: 

• Geopolymer concrete achieves similar and comparable compressive strength as in 

case of conventional concrete at lower precursor content in comparison to total 

cementitious content required in case of conventional concrete mixes.  

• The modulus of elasticity of geopolymer concrete is lower than the conventional 

concrete of equivalent strength. The split and flexural strength of geopolymer and OPC 

based concrete of comparable compressive strength were observed to be similar for 

normal strength grade i.e. M40 grade. However, in case of high strength mixes, 

conventional mix showed higher flexural strength in comparison to geopolymer 

concrete mix. Increase in flexural and split tensile strength of high strength 

conventional concrete is higher by 10- 15% as compared to that of geopolymer 

concrete. This can be attributed to presence of 10-12% silica fume in high strength 

conventional concrete mix.  

• The flexural performance of conventional and geopolymer concrete was observed to 

be comparable in 4-point bend test. The strength characteristics in terms of yield load 

and yield moment capacities were also comparable. This suggests that reinforced 

conventional and geopolymer concrete of equivalent strength behave similarly in 

flexure. The normalized yield strength as a percent of ultimate strength varies from 

95 to 100 percent, this shows that beams are not undergoing strain hardening.  The 

values of normalized yield deflection to ultimate displacement is in the range between 

b 



Ojha et al. / Research on Engineering Structures & Materials 9(1) (2023) 31-51 

 

49 

55 to 75 percent, from this it can be said that beams follow inelastic behavior for very 

long time after the yield points. 

• Energy dissipation performance of conventional beams and geopolymer beams was 

observed to be identical. However, in high strength concrete the energy dissipation 

values are found out to be slightly lower in geopolymer concrete as compared to the 

conventional concrete. The added silica fume in higher compressive strength 

conventional concrete may be responsible for the improvement in energy dissipation 

capabilities of the beams. 

• Based on the visual examination of flexural cracks, it can be concluded that the 

reinforced conventional concrete and reinforced geopolymer concrete depict similar 

number and type of cracks in flexure. The number of visible cracks in normal strength 

conventional concrete is 8 and in normal strength geopolymer beam is 10 where two 

cracks are smaller in size. The high strength conventional concrete bears 10 major 

cracks and the corresponding strength geopolymer concrete has 9 cracks of identical 

patterns and size.  
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 Within this study, the non-crimp fabrics (NCF) with commingled yarns that they 
contained hybrid structures in which two different materials in the form of fibers 
were mixed, which consisted of polyethylene terephthalate (PET)/glass fiber 
(GF), were coated with multi-walled carbon nanotubes (MWCNTs) (weight 
percentages were 0 and 0.9%) and modified multi-walled carbon nanotubes 
(MWCNTs-Carboxylic acid (COOH)) (weight percentages were 0 and 0.9%) to 
fabricate hybrid composites. Three types of composite materials were prepared 
(pure polyethylene terephthalate/glass fiber (PET/GF), PET/GF with MWCNTs 
and PET/GF with MWCNTs-COOH) and they were tested against tensile and 
Charpy impact loadings. The effects of MWCNTs contents on the micro-structure 
and morphology of the composites were reported by using a scanning electron 
microscope (SEM), fourier transform infrared spectroscopy analysis (FTIR) and 
optical microscopy (OM). The specimens with MWCNTs-COOH exhibited an 
enhancement of 33% tensile strength, 23% tensile modulus and 8% Charpy 
impact energy compared to the samples without MWCNTs-COOH. It can be 
concluded that even a small mass fraction of MWCNTs was capable of improving 
the mechanical performance of the glass fiber reinforced PET matrix composites. 
In other words, due to the presence of the carbon nanotubes on the fiber surface 
helped to improve interfacial adhesion in the fabricated composites.  
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1. Introduction 

Scientists and researchers used the nanomaterials in the producing of composite materials 
[1]. Carbon nanotubes (CNTs) are today considered to be the most important 
nanomaterials. CNTs are used in numerous applications like nanotechnology, optics, water 
treatment, electronics and other levels of the materials science. In addition, the tensile 
strength of CNTs is close to 100 times higher than those in steel. CNTs are made from thin, 
long cylinders of the atomic layer of graphite, with diameters usually measured in 
nanometers [2-5]. The incorporation of nanotubes can improve the properties of 
composites very well [6, 7]. MWCNTs consist of several concentric graphene tubes 
installed inside the other with a diameter in the nanometer scale [8, 9]. In addition, 
MWCNTs have a higher grade of stability and stiffness compared to single-WCNTs [10].  

Thermoplastic consumption is approximately 80% from the total plastic consumption. 
These materials permit manufacturing of composite materials in short times that makes 
them possible to produce large quantities [11]. Polyethylene terephthalate (PET) is used 
as a container for food and liquids. PET material is hard, strong material that absorbs a 
little water and it has resistance to impact, moisture, alcohols and solvents [12, 13, 14]. 
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Glass fibers (GF) are made from extremely fine fiber of glass. The principal advantages of 
the glass fibers are high tensile, low cost, high chemical resistance properties [15, 16]. 

Some studies were done on the commingled fiber reinforced textile composites. Effect of 
comingling techniques on mechanical properties of natural fibre reinforced cross-ply 
thermoplastic composites were studied by Abidin et al. [17].  

Many researchers studied the improvement of the mechanical properties of thermoplastic 
and thermoset composites through adding CNTs. Gojny et al. reported the investigation of 
the effect of various types of CNTs on the mechanical properties of epoxy matrix materials 
[18]. Shazed et al. reported that the Young’s modulus increased by 104% and the tensile 
strength improved by approx 64%, due to the presence of CNTs in the polypropylene 
composites [19]. The mechanical properties of CNTs integrated carbon fiber reinforced 
thermoplastic composites was investigated by Liu et al. [20]. They obtained an 
improvement of 27.0% of the impact toughness after using CNT/CF hybrid fiber in the 
fabrication process. Hao et al. studied the enhancing of the mechanical properties of the 
poly ether ketone/zinc oxide nanocomposites [21]. Glass fiber−epoxy composites with 
boron nitride nanotubes for enhancing interlaminar properties in structures were studied 
by Rahmat et al. [22].  

There are many studies on improving interface properties of the CNTs integrated 
thermoplastic composites. Demircan et al. reported the effects of carbon nanotubes (0.0, 
0.7, 0.9, and 1.1-wt %) on the mechanical properties of glass fiber thermoplastic 
composites [23]. The difference from the previous article [23] was that they used a low 
melting point temperature PET (LPET) polymer with one type of MWCNTs, they didn’t 
conduct a Charpy impact test on specimens and they didn’t modelled the tensile properties 
of the composites. The obtained results of our study can be inspiring for many upcoming 
studies in this field. 

2. Experimental  

2.1. Composite Constituents 

The specifications of the NCFs (Metyx Composites Corporation, Istanbul/Turkey), 
MWCNTs and the modified MWCNTs-COOH (Ege Nanotek Kimya Sanayi, Izmir/Turkey) 
are given in Table 1, Table 2 and Table 3 respectively.  

There are glass fiber types such as A, C, E, S etc. E-glass commonly used in most of the 
composite applications. We used E glass type in our research.  

2.2. Fabrication Method 

The NCFs with the dimensions of 200 mm x 200 mm were prepared in ten layers. Two 
kinds of solutions with the MWCNTs and modified MWCNTs (MWCNTs-COOH) were 
prepared using ethanol. At first, the MWCNTs distributed throughout the ethanol by using 
a magnet bar, stirred by a magnetic field. After that, an ultrasonic bath was used to disperse 
the MWCNTs in the ethanol.  

Both faces of NCFs were coated by using the solution of MWCNTs and ethanol as shown in 
Figure 1 (a). The MWCNTs coated fabrics were symmetrically left in the mold cavity of the 
hot press machine [90o/0o]10s (Figure 1 (b)). The top views of schematic representation of 
the NCF layers were shown in Figure 1 (c). 

The hot press machine was used to produce the NCF composites. The molding temperature 
and pressure were 205 oC and 22 bar, which were the same used values for all fabricated 
specimens.  ASTM D3171-99 standard was used to calculate weight and volume fractions 
of the samples (Table 4). 
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Table 1. The specifications of non-crimp fabric (NCF) 

 
Biaxial yarn 0° 
(warp) fibers 

Biaxial yarn 90° 
(weft) fibers 

Binding fibers 

Weight composition 
60% E glass fibers 

40% PET fibers 
60% E glass fibers 

40% PET fibers 
100% polyester 

         Color Natural white         Natural white   Natural white 
Weight (g/m2) 380                380           5.0 

Yarn count (Tex) 525                525           7.6 

Table 2. The specifications of multi-walled carbon nanotubes (MWCNTs) 

Parameter Value 

Outer diameter (nm)  
Interior diameter (nm)  

Length (µm)  
Surface area (m2/g)  

Color  
Ash  

Electrical conductivity (S/cm)  
Density (tap) (g/cm3)  
Density (true) (g/cm3)  

10–20 
5–10 

10–30 
>200 
 Black 

Mass<%1.5 
>100 
0.22 
2.1 

Table 3. The specifications of modified multi-walled carbon nanotubes (MWCNTs-COOH) 

Parameter  Value 

Content of-COOH (wt %) 
Outer diameter (nm)  

Interior diameter (nm)  
Length (µm)  

Surface area (m2/g)  
Color  
Ash  

Electrical conductivity (S/cm)  
Density (tap) (g/cm3)  
Density (true) (g/cm3)  

2                   
10–20 
 5–10 
10–30 
>200 
 Black 

Mass<%1.5 
>100 
 0.22 
 2.1 

Table 4. Weight and volume fractions of composites for the tested specimens 

Weight 
percentages 
of MWCNTs 

(MWCNTs wt-%) 

Weight 
percentages 

of glass fibers 
(GF wt-%) 

Volume 
percentages of 

glass fibers 
(GF vol-%) 

Density 
(g/cm3) 

Thickness 
(mm) 

0.0 (Pure 
GF/PET) 

63.38 44.47 1.824 3.42 

0.9 (GF/PET with 
MWCNTs) 

59.86 42.00 1.824 3.64 

0.9 (GF/PET with 
MWCNTs-COOH) 

63.85 45.64 1.858 3.42 

2.3. Characterization 

Tensile and Charpy impact tests were performed on the fabricated specimens in the 0 
degree directions. Figure 2 (a) and (b) show the specimen geometries for tensile and 
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Charpy impact characterization tests. The tensile tests (INSTRON 5982 100KN (USA)) 
were conducted on the samples with the dimensions of the 160 mm x 20 mm x thickness 
and the thickness of the aluminum tab was 0.2 mm according to ASTM-D3039 standard 
(Figure 2 (a)). The linear displacement speed in the tensile test was 1 mm/min.  

 

Fig. 1 (a) Real image of MWCNTs coated biaxial (0o/90o) NCF, (b) side view of schematic 
representation of symmetrical stacking of biaxial (0o/90o) NCF layers and (c) top view of 

schematic representation of symmetrical stacking of biaxial (0o/90o) NCF layers 

 

(a) 

Non-crimp Fabric

Specimen in 0° direction

Warp yarn in 0°

Weft yarn in 90°

Binding yarns

0 

90 

45 

10  mm

a) b)

c)

Warp yarn, Weft yarn,

Tsp

Aluminum tab

Tal

Side view

Top view

Applied
force

Applied
force

60 mm

160 mm

20 mm

a)
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(b) 

Fig. 2 (a) The sample dimensions of the tensile test, Tsp: the thickness of the specimen, 
Tal: the thickness of the aluminum tab, (b) The sample dimensions of the Charpy impact 

test 

ALSA ZBC 2000, Turkey type of machine was used in the Charpy impact tests. The all types 
of fabricated unnotched samples were tested in size of 80 mm x 10 mm x thickness (Figure 
2 (b)). The tensile and Charpy impact test set ups were shown in Figure 3. 

  

(a) (b) 

Fig. 3 (a) Tensile, (b) Charpy impact test set ups 

3. Results and Discussion 

3.1. Surface Characteristics of CNT-coated Fibers 

Figure 4 (a) to (c) show the scanning electron microscope photographs of the commingled 
yarn (PET fiber/glass fiber). The homogeneous carbon nanotubes distributions on the 

Hummer

Specimen

10 mm

80 mm

Tsp

b)
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surfaces of the glass fibers were seen in Figure 4 (a) and (b). The CNT bridging and pullout 
were influenced by the homogeneous carbon nanotube distribution on fiber surface. 
Figure 4 (c) shows the presence of a few CNTs agglomerations on the coated the fiber. 

 

Fig. 4 (a), (b) and (c) SEM images of surface morphologies of PET-glass commingled 
fibers after grafting CNTs. SEM: scanning electron microscopic; PET: polyethylene 

terephthalate; CNTs: carbon nanotubes 

The obtained data from FTIR analysis of pure MWCNTs, PET/GF and PET/GF+MWCNTs 
are shown in Figure 5. Figure 5 (a) (FTIR spectrum of the MWCNTs) shows the presence 
of the hydroxyl groups at 3731 cm-1. The bands in the spectrum at 2989 and 2904 cm-1 are 
induced by C–H stretching vibrations on the nanotube surface, which reveal the –CH3 
absorption [24, 25]. The appearing of the peaks and its positions depending on the bonds 
types of the structure. The production process of nanotubes is responsible for the 
generation of the functional groups on the nanotube surface [26]. The PET monomer 
consists of: 2 esters, 1 aromatic ring and 1 ethyl functional groups.  

Group of terephthalate are bound with the ethyl group to form a PET monomer. The 
functional groups at the PET monomer consist of several bonds such as: C – O, C – H, C – C 
and aromatic ring. The main peak from the PET structure at 1715 cm-1 was the C=O group 
of terephthalic acid ester [27, 28] (Figure 5 (b)). The bands at 872 cm-1 and 1408 cm-1 refer 
to the groups of silanol on the surface of the fiber and the C-O groups. After grafting of the 
MWCNTs on the non-crimp PET/GF (Figure 5 (c)), any changes on the intensities and the 
characteristics of the spectrum were not seen, just a physical interaction between the 
MWCNTs and NCFs. Our results agreed well with the results of FTIR characterization of 

Agglomerations

CNTs

a

c

b

CNTs
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Demircan et al. [23]. It can be noted that the most of the peaks that appeared in the article 
of Demircan et al. [23] were seemed in our experiment of FTIR test. 

 

Fig. 5 (a), (b) and (c) Results of FTIR characterization 

3.2. Tensile Properties 

The tensile properties were calculated from the excel table of the test results. The tensile 
strength was the value of the maximum stress on the stress-strain graphs. Tensile modulus 
were calculated from the slopes of the curves of the stress-strain diagrams. The presented 
stress-strain diagram (Figure 6 a) was corresponding to the longitudinal direction of the 
loading. 

The tensile properties of the fabricated composites with 0.9-wt % MWCNTs and 0.9-wt% 
MWCNTs-COOH showed higher value compared to the 0.0-wt% MWCNTs and 0.0-wt% 
MWCNTs-COOH composites. An improvement of approximately 17% and 23% tensile 
modulus and 20% and 33% tensile strengths were obtained from 0.9-wt% MWCNTs and 
MWCNTs-COOH compared to the samples without MWCNTs (Figure 6 (b)). It was expected 
that the possible cause for having the enhanced tensile properties for the samples with 
MWCNTs was the presence of the carbon nanotubes on the fiber surface. 

3.3. Laminate Theory 

The laminate theory was used for the calculation of the tensile modulus of the composite. 
The modulus of the composites were increased by adding CNTs (Table 5). The tensile 
modulus of the composites with MWCNTs-COOH (25.4 GPa) was highest compared to the 
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composites with MWCNTs (22.7 GPa) and pure GF/PET (21.4 GPa). Since the modulus of 
the composites were increased by adding CNTs from the experiments, the results from the 
laminate theory agreed well with the results from the experiments. 

Effect of the binding yarns on the calculated tensile modulus could not be reflected in the 
laminate theory, due to this reason the modulus results of the laminate theory of the 
composite structures were much higher than the experimental results [29].  

 

(a) 

 

(b) 

Fig. 6 (a) Stress–strain curves from tensile test, (b) Results of the tensile modulus and 
strength of the specimens 
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Table 5. The modulus results from tensile test and laminate theory 

Sample 
 

Modules 
from  

experiment  
Eexp [GPa] 

Modules from  
laminate 

theory 
 ELam [GPa] 

Difference 
between ELam  
and Eexp [%] 

0.0 (Pure GF/PET) 9.28 21.4 +130.6 
0.9 (GF/PET with MWCNTs) 10.8 22.7 +110.2 

0.9 (GF/PET with MWCNTs-COOH) 11.4 25.4 +122.8 

3.4. Charpy Impact Properties  

The fabricated specimens with 0.0-wt% MWCNTs had 4.49 J Charpy impact absorbed 
energy, whereas that was 5.50 J with 0.9-wt% MWCNTs and 4.85 J with 0.9-wt% MWCNTs-
COOH (Figure 7). 

 

Fig. 7 Charpy impact absorbed energy of the specimens 

The obtained results in our study clearly showed an enhancement of the Charpy impact 
absorbed energy in the fabricated composite materials combined with nanomaterial 
(MWCNTs and MWCNTs-COOH) compared to the fabricated composite without 
nanomaterial in 0°. 

The Charpy impact properties of the fabricated composites with 0.9 wt-% MWCNTs and 
0.9-wt% MWCNTs-COOH had higher value compared them to the 0.0-wt% MWCNTs in 0°. 
An enhancement of about 22% and 8% Charpy impact absorbed energies were gained 
from 0.9-wt% MWCNTs and MWCNTs-COOH compared to the fabricated samples without 
MWCNTs. 

 3.5. Results of Fracture Aspects of Composites 

The SEM images of the through thickness parts of the samples containing 0.9-wt% of 
MWCNTs from the tensile test is shown in Figure 8 (a) and (b). It is believed that each of 
the following factors like, fiber bridging, CNT pullout and CNT bridging contributed to the 
fracture toughness of the specimens.  
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We can see in Figure 9 (a) and (b) the fracture aspects from the OM of tensile tested 
through thickness parts of the samples in the 0°. In Figure 9, it was shown some force 
application. This represents the direction of the force from the tensile test. It is a tensile 
force. We applied the force on the specimens on the longitudinal direction of the fabricated 
plates. The prominent failure mechanism was mode I in Figure 9a. The failure modes of the 
tensile tested composite samples with 0.0-wt% MWCNTs were matrix cracks, transverse 
cracks and delaminations (Figure 9 (a)). The absence of delaminations and few numbers 
of fiber and matrix cracks in the composite with 0.9-wt% MWCNTs (Figure 9 (b)) refers to 
enhanced mechanical properties of those composite structures. 

 

(a) (b) 

Fig. 8 (a) and (b) SEM images of fractured specimens with MWCNTs from tensile test 

 

(a) 

a) b)

CNT pullout
Fiber bridging CNT bridgingCNT pullout

Weft fibers

Warp fibers

Delamination

Matrix cracksTransverse cracks Transverse cracks

Transverse cracks

500 μm

Applied 
force

a)



Demircan et al. / Research on Engineering Structures & Materials 9(1) (2023) 53-65 

 

63 

 

(b) 

Fig. 9 (a) and (b) Fracture aspects of optical micrograph from tensile tested specimens 
(a) 0.0-wt% MWCNTs and (b) 0.9-wt% MWCNTs. MWCNTs: multi-walled carbon 

nanotubes 

4.  Conclusions 

Within this study, the NCF with the commingled yarn of the polyethylene terephthalate 
(PET)/glass fiber (GF) were coated with MWCNTs and MWCNTs-COOH (the weight 
percentages were 0 and 0.9%) to fabricate hybrid thermoplastic composites. Three 
different types of thermoplastic composite materials were prepared (pure polyethylene 
terephthalate/glass fiber (PET/GF), PET/GF with MWCNTs and PET/GF with MWCNTs-
COOH). The effects of MWCNTs contents on the micro-structure and morphology of the 
composites were investigated by using a SEM, FTIR analysis and OM.  

The homogeneous carbon nanotubes distributions on the surfaces of the glass fibers as 
well as the presence of a few CNTs agglomerations on the coated the glass fibers were seen 
from the SEM images of the CNTs coated fibers. 

Our study showed the Charpy impact and tensile properties of the fabricated PET/glass 
fiber reinforced thermoplastic composites with 0.9 wt% MWCNTs and 0.9 wt% MWCNTs-
COOH demonstrated higher values compared to the 0.0 wt% MWCNTs fabricated 
composites. Furthermore, each of the following factors like, fiber bridging, CNT pullout and 
CNT bridging contributed to the fracture toughness of the specimens. Morover, from the 
tensile tested OM images of MWCNTs integrated glass fiber reinforced specimens, the 
absence of delaminations and few numbers of fiber and matrix cracks were appeared. 

FTIR results showed that after grafting of the MWCNTs on the non-crimp PET/GF, any 
changes on the intensities and the characteristics of the spectrum were not seen, just a 
physical interaction between the MWCNTs and NCFs. 

Considering the improvement in tensile modulus, tensile strength, Charpy impact strength, 
it can be concluded that even a small mass fraction of MWCNTs was capable of enhancing 
the mechanical performance of the glass fiber reinforced PET matrix composites. Our 
future research will be investigating the effect of nano materials on the Short Shear Beam 
characteristics of the thermoplastic and thermoset composite materials. 
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 In this study, The study investigates the production of sustainable geopolymer 
concrete using industrial wastes such as Ground Granulated Blast Furnace Slag 
and ultra fine Rice Husk Ash (URA). The effect of partial substitution of GGBS 
with URA in proportions such as 0, 5, 10, 15 and 20 percent is investigated for 
workability, drying shrinkage, compressive and tensile strength over different 
ages of concrete ranging from 7 to 90 days. A micro structural investigation 
through Scanning Electron Microscope and X-Ray Diffraction Analysis is carried 
out to analyze the micro structure of matrix. Further a sustainability analysis is 
conducted over the geopolymer specimens through the parameters such as cost 
efficiency, energy efficiency and CO2 efficiency. Results from the tests indicate a 
significant enhancement in workability, compressive and tensile strength and 
decrease in the drying shrinkage values with 15 percent utilization of URA in 
GPC. Micro structural study also exhibited a compact and dense microstructure 
of the specimen. Results clearly portray the coexistence of both calcium-based 
product and sodium-based product. Sustainability analysis indicates increased 
cost efficiency and Eco efficiency and reduction in the energy consumption with 
the utilization of 15 percent of URA. The study also reported the possibility of 
reduction of carbon footprint by increasing the dependency over Geopolymer 
concrete. The findings of the study unleash hefty potential towards utilizing 
grounded RHA in alkali activated concrete. 

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

The most versatile building material is concrete, and the principal constituent for 
producing concrete is cement. However, a substantial quantum of energy is consumed for 
the production of cement, that emits a hefty amount of CO2 corresponding to the 
manufacturing process[1,2]. It is also to be noted that, making 1 t of cement liberates half 
a tonne of CO2. Furthermore, if carbon fuel is utilised in this operation, an additional 0.45 
t of CO2 will be produced. As a result, producing 1 t of cement produces nearly 1 t of 
CO2[2–4]. On the other hand, clinker is the primary raw material needed for cement 
manufacturing process, which is formed by processing limestone at temperatures more 
than 1000°C. The essential energy for this heating is obtained through the combustion of 
fossil fuels. As a result, the cement sector is thought to be responsible for about 8 percent 
of global CO2 emissions[4,5]. A substitute for cement or a technology for concrete with no 
cement is the sustainable option. This demands the necessity of invention of cement less 
material for a sustainable progress in the construction sector.  
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The concept under the creation of geopolymer concrete (GPC) is to give a long-term 
alternative to traditional cement concrete of lowering CO2 emissions. Furthermore, 
because this method makes use of industrial by-products, economic benefits are provided 
owing to their inexpensive nature. Furthermore, this technology helps to solve the 
problem of industrial by-product disposal.    

Plenty of research works focus on the utilization of flyash for the development of 
geopolymer concrete[6–8], bio medical waste ash[9,10], wood ash[11–15], GGBS[16–18]. 
Low calcium fly ash is widely preferred owing to its abundance availability and cheap 
cost. Geopolymer concrete synthesized from low calcium type yield fair engineering 
properties, elevated temperature properties, reduced drying shrinkage and creep[19–
23]. The shortfall of utilization of class C type of fly ash is its requirement to be heat cured 
which focused its application to only precast products[24]. Another contemporary source 
material for the development of GC is Rice Husk Ash (RHA). The perceived benefits of 
RHA based geopolymer material in improving mechanical properties are mostly related 
to high silica concentration of RHA[25–27]. In comparison to other source materials, RHA 
has the highest silica concentration ranging around 95.0 percent and the lowest alumina 
level not higher than 2.0 percent. More RHA volume results in higher silica content 
enabling a higher Si/Al ratio. Komnitsas and Zaharaki claimed higher mechanical 
strength with the higher Si/Al ratio[28]. However on the other hand, Songpiriyakij, et al., 
claimed reduction in characteristic strength with a further increase in Si/Al ratio[29]. 
Fletcher et al., suggest 24 as the limiting value for Si/Al ratio to be efficient in achieving 
the engineering properties[30]. The pitfall of utilization of URA for developing a 
sustainable building material is its requirement for heat curing at elevated temperatures 
to exhibit fair engineering properties[31]. The advent of deployment of GGBS in 
geopolymer concrete enabled the production of geopolymer concrete without heat curing 
conditions with outstanding engineering properties[16,21,32,33]. Further with the 
utilization of GGBS, Davidoits reported minimum requirement of sodium silicate solution 
which forms the major part of alkaline activator solution for the polymerization reaction 
to happen[34]. Davidovits reported the ability of GGBS based GPC to set and harden in 
minimum time using less quantity of alkaline activator solution[34]. Blending of GGBS 
with RHA would prove beneficial in synthesizing the geopolymer concrete at ambient 
curing conditions[35].Hence in this work, effort has been made to develop geopolymer 
concrete using RHA and GGBS.  

A considerable quantity of these by-products such as GGBS and RHA are produced, and 
disposing of them has become a big concern. Predominantly these wastes are land-filled 
which is against the sustainable development. Furthermore, as the iron and steel 
industries expand, so will the generation of slag, which poses a significant environmental 
risk. From the market survey, India stands first in the global RHA production with about 
105 million tonnes of Rice. Kusbiantoro et al., reported 200 kilo gram of ash generation 
for each 1 Metric Tonne production of Rice[31,36]. Hence utilizing these wastes for the 
synthesise of building material would again lessen the disposal problems and strain over 
the environment when compared with the other alternative source material[37].   

The focus of the research is to create GPC using ultra fine RHA as a fractional 
substitute to GGBS as a source material and examine its mechanical characteristics. While 
RHA has high silica oxide level, GGBS has high calcium content and lower silica oxide 
content. It is therefore reasonable to assume that adding RHA to the GGBS based 
geopolymer concrete could increase the amount of silica available for the polymerization 
reaction that could improve the characteristics of GPC. Further RHA is grinded in this 
work to ultra fine size with the objective of increasing the specific surface area and 
reactivity. The novelty of this research work lies in investigating the effect of ultra fine 
grinded RHA over GGBS based GPC over properties such as workability, drying shrinkage, 
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compressive and tensile strength. A micro structural investigation using Scanning 
Electron Microscopy (SEM) analysis and X-Ray Diffraction (XRD) was also carried out to 
detect the morphology, chemical composition and crystalline phases to characteristics of 
matrix. Further a sustainability analysis is conducted over the geopolymer specimens 
through the parameters such as cost efficiency, energy efficiency and CO2 efficiency.    

2. Materials and Methodology 

Geopolymer concrete in this investigation was made utilizing GGBS, ultra fine RHA (URA), 
fine and coarse aggregate and alkaline activator solution. GGBS is procured from salem 
steel plant in Tamil Nadu, India. URA was procured from a local Rice mill in Salem, Tamil 
Nadu, India. URA is then grounded using a ball mill for about 6 hours. SEM analysis and 
Particle Size Analysis (PSA) for URA was carried out to find out morphology and specific 
surface area and are depicted in Figure 1. From SEM analysis it is seen that URA are flaky 
in nature. Hence it can be apprehended that URA has large potential specific surface area 
which could enhance the dissolution of silica ions leading to the release of precursor ions 
necessary for the formation of monomers. PSA reports about 90 percent of the particles 
less than 100 micrometer thereby confirming the ultra fine nature of URA enhancing the 
possibility of polymerization reaction rate. Specific gravity of URA is found as 2.34. 
Specific gravity of GGBS was found to be 2.9. The chemical composition of URA and GGBS 
procured is listed in Table 1. From Table 1, it can be observed that the GGBS is having 
almost equal quantities of calcium oxides and silica oxides. URA contains almost 90 
percent of silica oxide serving the purpose of its addition to the geopolymer matrix. 
Another significant factor that affects the properties of geopolymer concrete is the 
alkaline activator solution. A combination of NaOH and Na2SiO3 solution is utilized as the 
alkaline activator solution. Sodium hydroxide and sodium silicate solution are mixed in 
the ratio of 1:2.5. A 12M NaOH solution is made and combined with the sodium silicate 
solution 24 hours before concrete mixing. M-sand from the local quarry is used as the fine 
aggregate (FA) and coarse aggregate (CA) of 20 mm is used as coarse aggregate solution. 
Specific gravity of FA and CA was determined to be 2.54 and 2.61.  

  

(a) (b) 

Fig. 1 (a) SEM analysis of URA, (b) PSA of URA 

The different materials are proportioned in accordance with modified guidelines for mix 
design[38]. The GGBS and URA are mixed dry first, then FA and CA are added. The 
alkaline solution is then added to the mixture and well stirred for about 5 minutes in the 
mixer. The concrete is then casted in to respective sizes and shapes depending on the test 
to be conducted. The total number of the specimens casted to determine the properties is 
listed in Table 2a. An average result value of three tested specimens is taken as the result 
of the particular tested mix id. The specimens are then ambient cured. Ambient curing in 
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this test was conducted by placing the casted specimen inside the laboratory under the 
shade in open condition. The ambient temperature during the entire time of casting and 
curing was in the range of 36 to 39 degree Celsius. URA is added as a partial substitute to 
GGBS in varying fractions such as 0, 5, 10, 15 and 20 percent. The mix proportions for the 
different mixes are listed in Table 2b. The effect of addition of URA over GGBS based 
geopolymer concrete is investigated in this study in three phases such as matrix 
performance, micro-structural characterization and sustainability analysis. Matrix 
characterization is carried out by determining properties such as workability, drying 
shrinkage, compressive and tensile strength for 3, 7, 28 and 90 days. Further micro 
structural characterization is carried out through SEM analysis and XRD analysis to 
examine morphology and flaws in the matrix. Sustainability impact is carried out by 
determining the cost efficiency, energy efficiency and CO2 efficiency.    

Table 1. Chemical composition of Base Materials 

Chemical Composition GGBS URA 

SiO2 42.3 89.57 

Fe2O3 1.14 0.51 

Al2O3 13.6 0.81 

CaO 41.1 0.69 

MgO 1.1 0.39 

Na2O 0.3 0.23 

K2O 0.56 0.20 

SO3 - 0.13 

Table 2 (a). Specimen details  

Mix ID Drying Shrinkage Compressive 
Strength  

Tensile Strength  

7D 28D 96D 7D 28D 96D 7D 28D 96D 
GR0 3 3 3 3 3 3 3 3 3 
GR5 3 3 3 3 3 3 3 3 3 

GR10 3 3 3 3 3 3 3 3 3 
GR15 3 3 3 3 3 3 3 3 3 
GR20 3 3 3 3 3 3 3 3 3 
Total 45 45 45 

Table 2 (b). Mix Proportions 

 Mix ID GGBS 
(kg/m3) 

URA 
(kg/m3) 

NaOH 
(kg/m3) 

Na2SiO3 
(kg/m3) 

FA 
(kg/m3) 

CA 
(kg/m3) 

GR0 550 0 95.86 239.64 531.32 929.62 
GR5 522.5 27.5 95.86 239.64 529.19 925.89 

GR10 495 55 95.86 239.64 527.06 922.16 
GR15 467.5 82.5 95.86 239.64 524.93 918.43 
GR20 440 110 95.86 239.64 522.79 914.69 

3. Results and Discussions 

3.1 Matrix Analysis 

3.1.1 Workability 

The effect of addition of URA as a partial substitute of GGBS in GPC over workability is 
investigated through the compaction factor test and slump test as per IS 1191-2018[39]. 
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The variation in the results with the utilization of URA is listed in Table. 3. From Table 3, 
it is pragmatic that with the addition of URA, there is a continuous increase in the 
compaction factor values. As the quantity of URA increases the workability of GPC 
increases due to the ultra-fine nature and very small particle size of URA compared with 
GGBS. This is witnessed from the particle size analysis (PSA) of URA as well. This could be 
witnessed during the mixing of the concrete as well. As per British Road Note 4, with 
addition of 20 percent URA, workability is improved to medium from low category and 
compaction becomes optional for better stability whereas without URA, GGBS based GPC 
needs hand compaction for better stability.  

3.1.2 Drying Shrinkage 

Concrete drying shrinkage is an important metric for assessing the durability 
and serviceability aspect. The blended effect of URA and GGBS over drying shrinkage in 
GPC specimens of size 40 x 40 x 150 mm is investigated as per IS 516-2020 (Part-6)[40].  

 

Fig. 2 Drying shrinkage results 

Table 3. Mechanical characterization 

 

Figure 2 depicts the variation of drying shrinkage values with addition of URA for 
different ages such as 7, 28 and 90 days. A gradual decrease in the drying shrinkage 
values throughout the addition of URA across all the ages. From Figure 2, it is observed 
that about 55 percent of 90 days shrinkage strain values are observed in 7 days itself and 
about 85 percent of the 90 days shrinkage strain values are observed in 28 days. The 
majority of drying shrinkage occurs in the initial few days as a result of the rapid internal 
loss of relative humidity from the surface of the specimens. Beyond 90 days, the increase 

Mix 
ID 

Workability 
Drying Shrinkage 

(Micro Strain) 
Compressive Strength 

(MPa) 
Tensile Strength  

(MPa) 

CF Slump D.o.W 7D 28D 90D 7D 28D 90D 7D 28D 90D 

GR0 0.85 30 Low 420 640 750 40.5 44.2 47.8 4.0 4.4 4.8 

GR5 0.86 45 Low 410 620 730 42.3 45.8 49.4 4.3 4.7 5.1 

GR10 0.88 60 Medium 400 605 715 44.6 47.5 52.7 4.4 4.9 5.3 

GR15 0.89 70 Medium 385 590 695 47.4 51.8 56.5 4.8 5.3 5.8 

GR20 0.9 75 Medium 380 575 675 42.4 45.2 48.5 4.3 4.6 4.8 
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in drying shrinkage is insignificant. Drying shrinkage is essentially caused by the 
evaporation of water present in the pores due to the reduced humidity level in the 
environment. During drying, capillary stresses are induced in the capillary water present 
in the matrix are responsible for the shrinkage strain. The decrease in drying shrinkage 
caused by the addition of URA shows that the escape of internal moisture during drying 
was controlled owing to the refinement of the pore structure contributed by the ultra fine 
URA. 

3.1.3 Compressive Strength  

Compressive strength of GPC specimens for various additions of URA is investigated as 
per IS 516-2021 [41] for 7,28 and 90 days. GPC specimens of size 150 x 150 x 150 mm 
are tested. The strength values are listed in Table 3. Figure 3 depicts the variation of 
characteristic strength across the ages such as 7, 28 and 90 days for the utilization of URA 
in various proportions such as 0, 5, 10, 15 and 20 percent.  

 

Fig. 3 Compressive strength results 

About 85 percent of 90 days strength is observed in 7 days itself for the specimen with 
zero percent UURA and about 84 percent of the 90 days strength is observed in 7 days 
itself for the specimen with 15 percent URA. Hence the influence for the early attainment 
of strength by the URA is negligent. However, GR15, with 15 percent of URA exhibited the 
maximum compressive strength with 56.5 MPa at 90 days. The test reported increase in 
strength with the addition of URA till 15 percent and beyond that it decreases. The 
enhancement in compressive strength with the inclusion of URA up to 15 percent 
corresponds to the higher SiO2 content of URA which increased the overall SiO2/Al2O3 
ratio thereby enhancing the polymerization reaction. This increase is further enhanced 
by the ultra-fine nature of URA than GGBS which could increase the specific surface area 
of the source material available for the reaction to occur [42]. The cohabitation of CSH, 
induced by the extra silica with the polymerization product NASH, could be related to the 
increase in strength with the introduction of URA. But URA when added in excess i.e.) 
more than 15 percent, a decrease in strength is reported. This is due to the fact that GGBS 
and URA has different solubility rates and at times when almost equal quantities are 
used, different solubility rates becomes an issue [31]. Moreover, excess URA leads to the 
presence of additional unreactive silica which hinders polymerization reaction.  Similar 
research works report the reduction in compressive strength because of expansion and 
cracking that occurs due to the existence of excess silica in the matrix[43,44].  

3.1.4 Tensile Strength  

Tensile strength of GPC specimens for various additions of URA is investigated as per IS 
516-2021 [41] for 7,28 and 90 days. GPC cylindrical specimens of diameter 150 mm and 
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height 300 mm are tested. The strength values are listed in Table 3. Figure 4 portrays the 
transformation of split tensile strength across the ages such as 7, 28 and 90 days for the 
utilization of URA in various proportions such as 0, 5, 10, 15 and 20 percent.  

 

Fig. 4 Tensile strength results 

About 84 percent of 90 days strength is observed in 7 days itself for the specimen with 
zero percent URA and about 83 % of the 90 days strength is observed in 7 days itself for 
the specimen with 15 percent URA. Hence the influence for the early attainment of 
strength by the URA is negligent. The reported values are in line with the results of 
compressive strength values. However, GR15, with 15 percent of URA exhibited the 
maximum tensile strength with 5.8 MPa at 90 days. The test reported enhancement in 
strength with the addition of URA till 15 percent and beyond that it decreases.  

The reason for augmentation in tensile strength with the utilization of URA up to 15 
percent is similar to that of observed in compressive strength and corresponds to the 
higher SiO2 content of URA which increased the overall SiO2/Al2O3 ratio and the ultra 
fine nature of URA than GGBS which could increase the specific surface area of the source 
material available for the reaction to occur [42]. Whereas at 20 percent of URA, about 90 
percent of 90 days strength is observed in 7 days itself and about 96 percent of 90 days 
strength is observed in 28 days. Thereby making the presence of unreactive excess silica 
explicit. This excess silica hinders the polymerization reaction at higher URA dosage. Also 
at higher URA dosage, the Si/Al ratio increases beyond 24 which is the threshold value 
for the effective polymerization reaction[30].  

3.2 Micro-structural Characterization 

Micro-structural investigation was carried out using SEM and XRD analysis. SEM and XRD 
examination were performed on cracked sections of 90-day compressive strength test 
specimens for GPC mixes containing 15% URA. Figure 5 shows the micro structure of 
GPC.  

From Figure 5, it is clear that there are no voids or cracks and a dense, compact 
microstructure is reported. This could be due to the presence of ultra fine URA which 
contributed to the higher surface area of the source materials favoring the formation of 
precursor ions. This is also due to the presence of 15 percent silica which contributed to 
the higher silica content thereby enhancing the polymerization reaction.  

XRD analysis is carried out over the optimum specimen GR15 with 15 percent URA 
addition in order to identify the crystalline phases and the chemical composition. Figure 
5 depicts the intensity versus position of GR15. Results clear portray the coexistence of 
both calcium based product and sodium based product. Calcium based products (CSH) 
are the result of interaction between the GGBS precursor ions and silica supplied by the 
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URA. Sodium based products (NaSH) are the usual polymerization products. Quartz 
(SiO2) with the highest peak are the silica based products. Existences of these products 
are responsible for the observed characteristics of GC.     

 
 

Fig. 5 SEM and XRD analysis of GR15 sample 

3.3 Sustainability Analysis 

3.3.1 Cost Efficiency  

Cost efficiency is one of the essential parameter to be considered for sustainability. Cost 
efficiency of the specimens is evaluated based on the ratio of strength delivered to the 
incurred cost of production of different ingredients such as GGBS, URA, NaOH, Na2SiO3, 
FA and CA present in the matrix. Equation (1) gives the formulae to calculate the cost of 
efficiency. Market price of the materials is considered as the cost of materials.  

𝐶𝑜𝑠𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑀𝑃𝑎

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑝𝑒𝑟 𝑐𝑢𝑏𝑖𝑐 𝑚𝑒𝑡𝑒𝑟
 (1) 

Table 4. Cost Analysis of GPC 

Material 
Rate / 
Tonne 

GR0 GR5 
Quantity 

(kg) 
Cost (Rs) 

Quantity 
(kg) 

Cost (Rs) 

GGBS 2000 550 1100 522.5 1045 
URA 1500 0 0 27.5 41.25 

NaOH 12250 95.86 1174.285 95.86 1174.285 
Na2SiO3 10000 239.64 2396.4 239.64 2396.4 

FA 900 531.32 478.188 529.19 476.271 
CA 775 929.62 720.4555 925.89 717.5648 

Total Cost (Rs)   5869.3285  5850.771 

Material 
Rate / 
Tonne 

GR10 GR15 GR20 
Quantity 

(kg) 
Cost (Rs) 

Quantity 
(kg) 

Cost (Rs) 
Quantity 

(kg) 
Cost (Rs) 

GGBS 2000 495 990 467.5 935 440 880 
URA 1500 55 82.5 82.5 123.75 110 165 

NaOH 12250 95.86 1174.285 95.86 1174.285 95.86 1174.285 
Na2SiO3 10000 239.64 2396.4 239.64 2396.4 239.64 2396.4 

FA 900 527.06 474.354 524.93 472.437 522.79 470.511 
CA 775 922.16 714.674 918.43 711.7833 914.69 708.8848 

Total Cost (Rs)   5832.213  5813.655  5795.081 
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The investigation is carried out in India; hence rupees was used as the currency. The 
various cost of the materials is listed in Table 4 and the subsequent rate of different 
mixes are also calculated and listed in Table 4. 

Figure 6 shows the cost efficiency of different specimens for the incorporation of URA as 
a substitute to GGBS. In Figure 6, y axis represents the strength to cost ratio per cubic 
meter.  From Figure 6, it is clear that there is an increase in the cost efficiency with respect to 
the utility of URA. An increase in cost efficiency of about 18 percent is witnessed with the 
utilization of URA for 15 percent. This is due to the reduced cost of URA and increased 
strength exhibited by the GPC specimens with addition to URA up to 15 percent. Hence the 
strength to cost ratio calculated for 1 cubic meter increases till 15 percent and then it 
decreases at 20 percent utilization of URA.  The important factor that contributes for the 
increase in cost of the geopolymer specimens is the cost of sodium silicate solution. This could 
be reduced if the sodium silicate solution is prepared from rise husk solution by sol-gel 
method[45].      

 

Fig. 6 Cost efficiency 

3.3.2 Energy Efficiency 

The primary parameter that affects sustainability is the energy efficiency. Energy 
efficiency is calculated as the ratio of strength exhibited to the sum of the energy 
consumed for the production of different ingredients such as GGBS, URA, NaOH, Na2SiO3, 
FA and CA present in the matrix. Equation (2) gives the formulae to calculate the Energy 
Efficiency. Energy efficiency of different specimens is indicated in Figure 7. 

The quantum of energy needed for the generation of one tonne of GGBS and URA is 
0.857GJ and 0.455GJ[46]. Energy consumed for the production of one tonne of FA and CA 
are 0.081GJ and 0.083GJ. Energy required to produce one tonne of sodium hydroxide and 
sodium silicate solution is 20.5GJ and 5.371GJ[47–49]. From Figure 7, it is explicit that 
there is a considerable decrease in the energy consumed with respect to the addition of 
URA.  

𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑀𝑃𝑎

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑃𝑟𝑜𝑢𝑐𝑡𝑖𝑖𝑜𝑛 𝑜𝑓 1 𝑐𝑢𝑏𝑖𝑐 𝑚𝑒𝑡𝑒𝑟
       (2) 
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(a) (b) 

Fig. 7 (a) Energy consumption, (b) Energy efficiency 

3.3.3 CO2 Efficiency  

CO2 efficiency is the second most important parameter that influences the sustainability. 
Carbon dioxide is liberated by burning of fuels that is responsible for energy required for 
the production of various materials. Compared to other materials, production of fine 
aggregate and coarse aggregate liberate least CO2 with 0.0048 tonne of CO2 for every one 
tonne of production. CO2 for the GGBS and URA is 0.052 and 0.025 tonne of CO2 for every 
one tonne of production. CO2 emission for NaOH is 1.915 and that of Na2SiO3 is 1.915 
and 1.222 tonne of CO2 for every one tonne of production[50]. CO2 emission is calculated 
for every one cubic meter of different mix ids and is depicted in the Figure 8. 

 

Fig. 8 CO2 Efficiency 

From Figure 8, its pragmatic that with the utilization of URA, there is a decrease in the 
liberation of CO2. Eco efficiency is calculated similar to cost efficiency by the ratio of 
strength to the CO2 emission and is depicted in Figure 9. Equation 3 gives the formulae to 
calculate the Eco Efficiency. Eco efficiency is calculated as the ratio of strength exhibited 
to the sum of the CO2 liberated for the production of different ingredients such as GGBS, 
URA, NaOH, Na2SiO3, FA and CA present in the matrix. 

𝐸𝑐𝑜 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑀𝑃𝑎

𝐶𝑂2 𝑙𝑖𝑏𝑒𝑟𝑎𝑡𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑃𝑟𝑜𝑢𝑐𝑡𝑖𝑖𝑜𝑛 𝑜𝑓 1 𝑐𝑢𝑏𝑖𝑐 𝑚𝑒𝑡𝑒𝑟
       (3) 
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Fig. 9 Eco efficiency 

From Figure 6,7 and 9, it is observed that GPC specimens with 15 percent URA addition 
as a substitute to GGBS exhibited better efficiency when compared to the other 
specimens. Also, it is observed that the strain over the environment could be reduced 
through the dependency on GPC.  

4. Conclusion 

The effect of URA addition as a partial substitution for GGBS in GPC over properties such 
as workability, drying shrinkage, compressive strength and tensile strength for different 
ages from 7 to 90 days was evaluated.  With the utilization of URA, significant 
enhancements in engineering properties were reported. Micro-structural investigations 
reveal the dense microstructure and the chemical composition responsible for the 
enhancement in properties. Further sustainability analysis was performed to evaluate the 
impact of GC made to environment. Significant outcomes of this research work could be 
summarized as follows,  

• Workability of the slag based GC increase with the increase in the utilization of 
URA owing to the ultra fine size and higher specific surface area of URA.  

• With the incorporation of URA, there is decrease in the value of drying shrinkage 
strain values across all ages such as 7, 28 and 90 days. Significant reduction of 
about 7 percent is visible with the addition of URA at 15 % replacement level.  

• There is a significant increase of about 18 percent in compressive strength and 
about 20 percent in tension strength with the addition of URA at 15 % 
replacement level. 

• XRD study reveals the existence of CSH, NaSH and SiO2 in the matrix that are 
responsible for the better performance of GC. 

• Cost efficiency increases about 19 percent with the inclusion of URA in slag 
based GC. 

• A gradual decrease in the energy consumption for production is reported with 
the utilization of URA. 

• Eco efficiency increases by about 18.75 percent with the utilization of URA as a 
partial substitute of slag in GC. 

 The findings of the study open the path for the creation of URA-based sustainable 
construction materials. From the detailed sustainability analysis, in general it can be 
observed that in GC, the major decline in efficiency is due to the presence of sodium 
silicate solution followed by the sodium hydroxide solution. Further this efficiency can be 
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increased by reducing the dependency over NaOH and finding a sustainable way of 
producing sodium silicate solution which would prove beneficial to the scientific society. 
This research work could be extended by utilizing the sodium silicate solution that are 
synthesized using Rice Husk Ash and sodium hydroxide solution of less molarity.  
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 The current work focuses on finding the ideal set of Electro Discharge Machine 
(EDM) process variables for machining Shape memory alloy (NiTi). NiTi alloy is 
a significant class of smart material with several unique properties. There are 
numerous uses for NiTi in the security, marine, biomedical, and aerospace 
industries. NiTi is particularly difficult to cut using conventional machining 
methods due to its hardness; nevertheless, the material can be removed using 
an electric discharge machining technique. The experiments were carried out 
using Taguchi’s L27 orthogonal array. A Multi-criteria decision-making (MCDM) 
technique known as TOPSIS is used to optimize the response performance 
variables of material removal rate (MRR) and surface roughness (SR). TOPSIS 
combines multiple objectives into a single objective and provides the optimum 
set of parameters, From the optimization results, the optimal combination of 
process parameters is obtained at Voltage=30V, Discharge Current= 20A, 
Ton=35µs, Toff=8µs. Confirmatory experiments show a satisfactory 
improvement of preference values utilizing TOPSIS in the EDM experimental and 
initial settings of 1.82. 
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1. Introduction  

According to the state of research, shape memory alloy (SMA) development is proceeding 
successfully. SMA demand is on the rise for a wide range of engineering components. When 
used as a binary alloy, nickel and titanium have different element weight percentages in 
the SMA [1]. Smart materials in the NiTi class have special qualities like super elasticity, 
high strength, biocompatibility, etc. In the fields of defense, aerospace, and medicine, NiTi 
alloy is widely applied. This alloy is difficult to machine using traditional machining 
techniques because it has unique qualities and applications. Instead, this alloy is machined 
using non-conventional techniques such as electric discharge machining (EDM) [2]. By 
generating controlled sparks between an electrode with a specific form and an electrically 
conductive workpiece, electrical discharge machining (EDM), a popular technique for 
shaping conductive materials, can be utilized to remove material [3]. Sushil Kumar 
Choudhary et al. examine the research that was done on die-sinking EDM, water-in EDM, 
dry EDM, and powdered mixed electric discharge machining from inspection through 
development. He noted that the main advancement in research had improved tool wear 
and metal removal rate [ 4]. Azizul Bin Mohamad et al., optimization of EDM parameters 
process and response parameters using Taguchi method. They observed that pulse on time 
and discharge current were most effective on the Surface and also duty factor as least 
influencing the machining process quality [5]. K.M Patel et al. investigated the effect of 
process parameters on surface quality. They investigated that the most significant factor is 
discharge current which affects surface quality. Surface roughness increases with an 
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increase in discharge current and also affects the metal removal rate [6]. Singh Balbir et al. 

investigate the process of alloying AA 6061/ SiCp using Cu-W powder metallurgy 

electrodes in EDM. They investigated the effects of peak current, gap voltage, pulse off time, 
and pulse on time on response parameters metal removal rate, electrode wear, and surface 

roughness. They analyze that using powder metallurgy improves the surface quality [7].E. 
Aliakbari et al. found the ideal rotary process parameter setting and deduced from this 
experiment that the most influential input parameters on MRR, EWR, and SR are current, 
pulse on time, electrode rotational speed, and electrode shapes [8].Bala Murugan 
Gopalsamy et al, noticed that the parameters that have the most influence on rough 
machining are the cut width and depth. The most important factor in finish machining is 
cutting speed [9]. Ho and Newman presented a review of the electrical discharge 
machining process and discussed the parameters that are contributing to machining 
efficiency. EDM process involves many process parameters which can be broadly classified 
into two categories such as electrical and non-electrical process parameters. They stated 
that empirical modeling can be better described in the EDM process as it is stochastic in 
nature [10]. Mr. L.G. Machado et al. give a review on the medical applications of shape 
memory alloys. The aim of this review paper is to explain the most exciting uses of SMA in 
the biomedical field and to provide a brief overview of its thermomechanical behavior. 
These include surgical tools and uses for the heart and joints [11]. Multiple performance 
characteristic issues require the modeling and optimization of the EDM process. Kasdekar, 
D. K. et. al. suggested a TOPSIS, Simple Additive Weighting (SAW) method based on entropy 
to address the multi-performance parameter optimization issue in EDM [12]. Tripathy, S. 
et. al. assessed the efficiency of improving several performance variables for powder-
mixed EDM of H-11 die steel using the copper electrode by combining the Taguchi 
technique with TOPSIS and grey relational analysis [13]. Vaddi, V. R. et. al. worked on using 
TOPSIS and the Taguchi technique to optimize EDM machining parameters for titanium 
alloys (Ti-6Al-4V), taking into account various performance concerns. All of the results 
demonstrated TOPSIS's ability to address a variety of concrete EDM-related challenges 
using the Taguchi approach. This technique reduced a multi-performance problem to a 
single equivalent objective problem [14]. Phan Huu Nguyen et. al. adjusts the process 
parameters for milling titanium alloy specimens with tungsten carbide. To determine 
improved process variables including voltage, capacitance, and electrode rotating speed, 
the Taguchi-TOPSIS approach was applied. To assess the depth of machining, overcut, and 
tool wear rate, voltage, capacitance, and electrode rotational speed were taken into 
account. The investigation revealed that the best settings can result in better surface polish 
and greater machining precision [15].M Somasundaram et. al. carries out studies to mill 
AZ31 alloy using EDM to optimize process parameters by combining multi-attribute 
optimization and Taguchi methodologies. In this work, multiple-response optimization 
was accomplished using Multi-Criteria Decision Making (MCDM) approaches such as the 
TOPSIS methodology and Grey Relational Analysis (GRA). Due of TOPSIS' flexibility in 
determining how much weight to give the response based on the need, researchers came 
to the conclusion that it is the best method for solving real-time multi-criteria problems. 
With GRA, which has a constant value for all response variables, it is not conceivable. [16].  

The current study's objective is to maximize the material removal rate and minimize 
surface roughness during the machining of NiTi alloy by optimizing the electric discharge 
machining process parameter. Surface roughness (SR) and material removal rate (MRR) 
were the output parameters, and pulse current, voltage, gap, and pulse on-off time were 
the input parameters. 
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2. Design of Experiment 

2.1 Experimental Setup 

An EDM machine (Valpak) was used in this study to conduct experiments shown in Fig. 1. 
An electrode was a rectangular, pure copper plate that measured 40 mm by 40 mm by 20 
mm. A moving dielectric fluid, kerosene, kept the workpiece and electrode apart. Shape 
memory alloy (NiTi) was used as the workpiece's material. For experimentation, shape 
memory alloy pates with dimensions of 25 mm by 40 mm by 15 mm were used. As a 
workpiece, NiTi shape memory alloy has been utilized in orthopedics to fix fractured 
bones. 

 

 

Fig. 1 EDM setup and Machined plates ( Ni-Ti Alloy) 

Placing the electrode in the ram hold and fixing it in place. To maintain a very small gap of 
50 µm between the electrode tip and the surface of the workpiece, its height was 
automatically adjusted by the machine with respect to the workpiece. keeping the 
workpiece in place on the machine's work table's magnetic chuck. Flushing the dielectric 
fluid up to the height where the electrode sparking region is totally submerged, flooding 
the volume (work tank) around the workpiece. Perform the machining operation for the 
specified amount of time. It is possible to see intermittent sparking through the dielectric 
fluid. Small craters are generated as a result of a high number of current discharges that all 
contribute to the removal of material from the workpiece. The workpiece is removed from 
the device and its surface roughness (SR) is checked with Taylor-Hobson Surf Com 
equipment. The readings are noted down. 

 2.2. Selection of an orthogonal array 

Machining experiments for determining the optimal machining parameters were carried 
out by setting: For each experiment the combinations of the 4 input parameters viz. Gap 
Voltage(V) in the range of 25V to 100V, Discharge Current (A) in the range of 10A to 20A, 
Pulse on-time (Ton) in the range of 35 µs to 100 µs, pulse off-time (Toff) in the range of 5 
µs to 39 µs, all having 3 levels (Table 1)    

The total degree of freedom when there are three independent variables, each with three 
levels, is nine. As a result, the chosen orthogonal array must include at least 9 experiments. 
This condition is satisfied by an L9 orthogonal. Three levels and four factors were chosen 
for this investigation. An orthogonal array L27 was chosen for this experiment [18]. 
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Table 1. Initial EDM Parameter 

EDM Parameters Unit Level-1 Level-2 Level-3 

Gap Voltage V 25 30 100 

Discharge current A 10 15 20 

Pulse On Time µs 35 50 100 

Pulse Off Time µs 5 8 9 

 

2.3. Conducting the Experiment 

After choosing the orthogonal array, the experiments are carried out using the level 
combinations. The execution of all the experiments is required. L27 orthogonal array was 
used since there were four components and three levels in this investigation [23]. 

Table 2. Orthogonal Array of Experimental Combination 

Test Gap Voltage Discharge current Pulse On Time Pulse Off Time 

1 25 10 35 5 

2 25 10 35 8 

3 25 10 35 9 

4 30 15 50 5 

5 30 15 50 8 

6 30 15 50 9 

7 100 20 100 5 

8 100 20 100 8 

9 100 20 100 9 

10 25 15 100 5 

11 25 15 100 8 

12 25 15 100 9 

13 30 20 35 5 

14 30 20 35 8 

15 30 20 35 9 

16 100 10 50 5 

17 100 10 50 8 

18 100 10 50 9 

19 25 20 50 5 

20 25 20 50 8 

21 25 20 50 9 

22 30 10 100 5 

23 30 10 100 8 

24 30 10 100 9 

25 100 15 35 5 

26 100 15 35 8 

27 100 15 35 9 
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2.4. Machining Performance Measure  

Surface Roughness Measurement- 

The parameter Ra, which is the most frequently used, was chosen for this study from a 
variety of surface finish characteristics, including roughness average (Ra), root-mean-
square (rms) roughness (Rq), and maximum peak-to-valley roughness (Ry or Rmax). The 
experiments were carried out with various Gap voltage, Discharge current, Pulse on-time, 
and Pulse on-time settings (Table 2). The Taylor-Hobson Surf Com equipment was used to 
measure the specimens' surface roughness. 

Material Removal Measurement- 

Machining was executed using a fixed time and the MRR was measured by determining the 
weight difference of the workpiece before and after machining. The MRR measured in 
cubic millimeters per minute, was obtained using Eq. (1). 

𝑀𝑅𝑅 =
(W1 − 𝑊2)

ρw 𝑡
∗ 103 

(1) 

Where W1 and W2 are the work piece weight before and after machining, respectively, ρw 
is the density of the NiTi, SMA, and t is the machining time (min).  

3. Result in Analysis 

Minitab TM 18 tool is employed for data analysis. Two response parameters from the result 
in table 3 are selected for study in order to determine the best combination that can 
produce a high-quality machined surface finish. 27 experiments were carried out in 
accordance with the L27 orthogonal array, with the findings for surface roughness and 
metal removal rate displayed in table 3. 

Table 3. Result Table 

Test 
Gap 

Voltage 
Discharge 

current 

Pulse 
On 

Time 

Pulse 
Off 

Time 

Surface 
roughness  

MRR 
(mm3/min) 

1 25 10 35 5 5.31 7.375 
2 25 10 35 8 5.35 6.146 
3 25 10 35 9 5.55 6.914 
4 30 15 50 5 6.25 6.062 
5 30 15 50 8 6.15 6.056 
6 30 15 50 9 6.44 6.062 
7 100 20 100 5 6.01 6.062 
8 100 20 100 8 5.9 7.375 
9 100 20 100 9 6.26 7.375 

10 25 15 100 5 6.52 6.291 
11 25 15 100 8 6.32 5.531 
12 25 15 100 9 6.82 4.425 
13 30 20 35 5 4.62 7.375 
14 30 20 35 8 4.52 8.749 
15 30 20 35 9 5.12 7.375 
16 100 10 50 5 5.01 7.375 
17 100 10 50 8 5.24 7.375 
18 100 10 50 9 5.44 6.914 
19 25 20 50 5 6.11 6.062 
20 25 20 50 8 5.96 7.375 
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21 25 20 50 9 5.34 6.146 
22 30 10 100 5 5.12 6.062 
23 30 10 100 8 5.05 7.375 
24 30 10 100 9 5.37 5.531 
25 100 15 35 5 5.2 7.375 
26 100 15 35 8 5.18 7.375 
27 100 15 35 9 5.34 7.375 

4. Optimization Using Technique for Order of Preference (TOPSIS) & Results  

A technique for multi-criteria decision analysis is called TOPSIS (Technique for Order of 
Preference by Similarity to Ideal Solution). By determining weights for each criterion, 
normalizing scores for each criterion, and calculating the geometric distance between each 
alternative and the ideal alternative, which is the alternative with the best score for each 
criterion, this compensatory aggregation method compares a set of alternatives. The 
criteria are assumed to be monotonically growing or decreasing by TOPSIS [14,15].  

The steps involved in multi-objective optimization are [16]: 

Step 1.  Determine the objective and identify the pertinent evaluation criteria. 

Step 2.  Construct a decision matrix based on all the information available for the criteria. 
Each row of the decision matrix is allocated to one alternative and each column to one 
criterion. Therefore, an element, xij of the decision matrix shows the performance of ith 
alternative with respect to jth criterion. 

Step 3.  Obtain the normalized decision matrix, rij using the following equation: 

    𝑟𝑖𝑗
=

𝑥𝑖𝑗

√∑ 𝑥𝑖
2

𝑗
𝑚
𝑖=1

 (2) 

Step 4.  Construct the weighted normalized decision matrix. 

    𝑣𝑖𝑗
= 𝑟𝑖𝑗

 × 𝑤𝑗   (3) 

Step 5.  Determine the Positive ideal Row (IDR) that one with the largest observed value 
for each column. 

 IDR = (max vi1, max vi2 , …….., max vin) = (v1+, v2+   , ……, vn+   ) (4) 

Similarly, the Negative-ideal Row (NDR) that one with the smallest value for each column. 

NDR = (min vi1, min vi2 , …….., min vin) = (v1-, v2-   , ……, vn-   ) (5) 

Step 6. Measure the distance, di+ for i= 1,2, 3,……,m, of each alternative from the positive 
ideal one. 

𝑆𝑖+= [ ∑ ( 𝑣𝑖𝑗
− 𝑣𝑗

+)
2

]2𝑛
𝑗=1             for i= 1,2, 3,……,m. 

(6) 

Similarly, Measure the distance, di- for i= 1,2, 3,……,m, of each alternative from the negative 
ideal one. 

𝑆𝑖−= [ ∑ ( 𝑣𝑖𝑗
− 𝑣𝑗

−)
2

]2𝑛
𝑗=1             for i= 1,2, 3,……,m. 

(7) 
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Step 7. Calculate the relative closeness of alternatives to ideal solution by computing what 
is known as Composite Index (CI). 

Pi =
𝑑𝑖

−

𝑑𝑖
+ + 𝑑𝑖

− 
(8) 

Step 8. A set of alternatives is arranged in descending order, according to Pi value, 
indicating the most preferred and the least preferred solutions. 

The normalized decision matrix for the provided data is shown in Table 4. Table 6 
illustrates the Weighted Decision matrix, respective Euclidian distances, degree of 
closeness, and ranks for a set of input parameters whereas Table 5 displays the weighting 
applied to each output response variable. These are all taken from an excel spreadsheet 
that was created. 

Table 4. Normalized Decision Matrix 

Experimental Result Normalized Output 

Surface 
roughness  

MRR (mm3/min) Surface roughness  MRR (mm3/min) 

5.31 7.375 0.1811 0.1376 

5.35 6.146 0.1825 0.1147 

5.55 6.914 0.1893 0.129 

6.25 6.062 0.2132 0.1131 

6.15 6.056 0.2098 0.113 

6.44 6.062 0.2197 0.1131 

6.01 6.062 0.205 0.1131 

5.9 7.375 0.2012 0.1376 

6.26 7.375 0.2135 0.1376 

6.52 6.291 0.2224 0.1174 

6.32 5.531 0.2156 0.1032 

6.82 4.425 0.2326 0.0826 

4.62 7.375 0.1576 0.1376 

4.52 8.749 0.1542 0.1632 

5.12 7.375 0.1746 0.1376 

5.01 7.375 0.1709 0.1376 

5.24 7.375 0.1832 0.1376 

5.44 6.914 0.1856 0.129 

6.11 6.062 0.2084 0.1131 

5.96 7.375 0.2033 0.1376 

5.34 6.146 0.1821 0.1147 

5.12 6.062 0.1746 0.1131 

5.05 7.375 0.1723 0.1376 

5.37 5.531 0.1787 0.1032 

5.2 7.375 0.1774 0.1376 

5.18 7.375 0.1767 0.1376 

5.34 7.375 0.1821 0.1376 

      The normalized decision matrix has been formed as shown in Table 4.  
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Table 5. Considered weightage of output response 

Output Response    Ra MRR 

Weightage      0.5    0.5 

 

Table 6. Weighted normalized decision matrix, Euclidian Distance & Relative Closeness 

Weighted Normalized Output 
  

Surface 
roughness  

MRR (mm3/min)     Si+  Si- Pi Rank 

0.0906 0.0688 0.0186 0.0376 0.6691 8 

0.0913 0.0574 0.0281 0.0297 0.5145 17 

0.0947 0.0645 0.0245 0.0317 0.5636 12 

0.1066 0.0566 0.0387 0.0181 0.319 23 

0.1049 0.0565 0.0375 0.019 0.3366 22 

0.1099 0.0566 0.0413 0.0166 0.2868 25 

0.1025 0.0566 0.0356 0.0206 0.3663 20 

0.1006 0.0688 0.0268 0.0317 0.5419 14 

0.1068 0.0688 0.0324 0.0291 0.4735 18 

0.1112 0.0587 0.0411 0.0181 0.3062 24 

0.1078 0.0516 0.0429 0.0134 0.2373 26 

0.1163 0.0413 0.0562 0 0.0002 27 

0.0788 0.0688 0.0129 0.0465 0.7827 2 

0.0771 0.0816 0 0.0562 0.9997 1 

0.0873 0.0688 0.0164 0.04 0.7094 5 

0.0855 0.0688 0.0153 0.0413 0.7294 3 

0.0916 0.0688 0.0194 0.037 0.6564 10 

0.0928 0.0645 0.0232 0.033 0.5872 11 

0.1042 0.0566 0.0369 0.0195 0.346 21 

0.1017 0.0688 0.0277 0.0311 0.5288 15 

0.0911 0.0574 0.028 0.0299 0.5168 16 

0.0873 0.0566 0.027 0.0328 0.5484 13 

0.0862 0.0688 0.0157 0.0408 0.7218 4 

0.0894 0.0516 0.0324 0.0288 0.4705 19 

0.0887 0.0688 0.0173 0.039 0.6927 7 

0.0884 0.0688 0.0171 0.0392 0.6964 6 

0.0911 0.0688 0.019 0.0373 0.6628 9 

 

The closest and farthest points from the ideal solutions, or the Euclidian distance (S+&S-), 
are determined. The Pi value, or degree of proximity to the best solution, is calculated from 
these Euclidean distances, and the highest Pi value is indicated as the first ranking, while 
the lowest Pi value is marked as the final rank or the 27th rank. Table 7 lists the Pi values, 
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Euclidian distances, Weighted Normalized Decision Matrix, and the corresponding rank 
assigned to each set of input parameters based on the Pi values. 

Table 7. Summarized TOPSIS table ranking the set of input parameters 

 

From Table 7, Based on the relative closeness, we understand that Exp. 14 shows the best 
set of input parameters while Exp. 12 shows the worst results. The optimal input 
parameters for the combined EDM machining are shown in Table 8. 

 

Table 8. The optimized set of input parameters (Weightage 0.5-0.5) 

Gap Voltage Discharge current Pulse on Time Pulse off Time 

30 20 35 8 

 

Test 
Gap 

Voltage 

Dischar
ge 

current 

Pulse 
On 

Time 

Pulse 
Off 

Time 
SR MRR Si+ Si- Pi 

Ra
nk 

1 25 10 35 5 5.31 7.3746 0.0186 0.0376 0.6691 8 

2 25 10 35 8 5.35 6.1455 0.0281 0.0297 0.5145 17 

3 25 10 35 9 5.55 6.9137 0.0245 0.0317 0.5636 12 

4 30 15 50 5 6.25 11.0619 0.0387 0.0181 0.319 23 

5 30 15 50 8 6.15 10.0563 0.0375 0.019 0.3366 22 

6 30 15 50 9 6.44 11.0619 0.0413 0.0166 0.2868 25 

7 100 20 100 5 6.01 11.0619 0.0356 0.0206 0.3663 20 

8 100 20 100 8 5.9 7.3746 0.0268 0.0317 0.5419 14 

9 100 20 100 9 6.26 7.3746 0.0324 0.0291 0.4735 18 

10 25 15 100 5 6.52 12.2911 0.0411 0.0181 0.3062 24 

11 25 15 100 8 6.32 5.531 0.0429 0.0134 0.2373 26 

12 25 15 100 9 6.82 4.4248 0.0562 0 0.0002 27 

13 30 20 35 5 4.62 7.3746 0.0129 0.0465 0.7827 2 

14 30 20 35 8 4.52 14.7493 0 0.0562 0.9997 1 

15 30 20 35 9 5.12 7.3746 0.0164 0.04 0.7094 5 

16 100 10 50 5 5.01 7.3746 0.0153 0.0413 0.7294 3 

17 100 10 50 8 5.24 7.3746 0.0194 0.037 0.6564 10 

18 100 10 50 9 5.44 6.9137 0.0232 0.033 0.5872 11 

19 25 20 50 5 6.11 11.0619 0.0369 0.0195 0.346 21 

20 25 20 50 8 5.96 7.3746 0.0277 0.0311 0.5288 15 

21 25 20 50 9 5.34 6.1455 0.028 0.0299 0.5168 16 

22 30 10 100 5 5.12 11.0619 0.027 0.0328 0.5484 13 

23 30 10 100 8 5.05 7.3746 0.0157 0.0408 0.7218 4 

24 30 10 100 9 5.37 5.531 0.0324 0.0288 0.4705 19 

25 100 15 35 5 5.2 7.3746 0.0173 0.039 0.6927 7 

26 100 15 35 8 5.18 7.3746 0.0171 0.0392 0.6964 6 

27 100 15 35 9 5.34 7.3746 0.019 0.0373 0.6628 9 
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 Confirmation Test: 

The confirmation experiment is the last stage in the design of the experiment process’s 
initial iteration. The verification experiment's purpose is to confirm the findings of the 
TOPSIS analysis phase. It is carried out by adjusting the process parameters to 
Voltage=30V, Discharge Current= 20A, Ton=35µs, Toff=8µs, as the optimum level and the 
actual surface roughness obtained is 6.34 µm to 4.52 µm and metal removal rate as 12.75 
mm3/min to 14.75 mm3/min. Surface roughness and metal removal rate improvement 
shows that the accuracy of outcomes is increased by the TOPSIS multi-decision-making 
optimal design. 

5. Conclusion 

This study helped determine the ideal Shape Memory Alloy Electro Discharge Machine 
(EDM) parameters to optimize for low surface roughness (SR) and maximize metal 
removal rate (MRR). In these investigations, 27 sets of tests were carried out utilizing a 
copper electrode and an L27 Taguchi orthogonal array on shape memory alloy. Voltage, 
Discharge current, Pulse on time, and Pulse off time are some of the input parameters used. 
From the experiment and design of the experiment, the following conclusions were made; 
The many objectives are combined by Optimization using the Technique for order of 
preference (TOPSIS) into a single objective, and the optimum set of parameters, i.e., Ra & 
MRR, is provided. Table 6 lists the outcomes of the best solutions for both positive and 
negative ideal solutions. In Table 7, the output performances are sorted according to their 
proximity coefficient values. The largest MRR and the least amount of surface roughness 
are closer with the highest proximity coefficient value. By averaging the experiment data, 
the average proximity coefficient value for MRR and Ra is determined for levels 1-3. The 
shape memory alloy's MRR and Ra are determined in large part by the EDM machining 
parameters; among the parameters chosen, a larger current could produce enough 
discharge energy to melt and evaporate the reinforcement and matrix material. For the 
ideal good outcome, higher MRR and lower Ra are preferable. The results of the experiment 
show that voltage and discharge current have more effects. From the experiment, we get 
poor outcomes while keeping parameters set as Voltage=25V, Discharge Current= 15A, 
Ton=100µs, Toff=9 µs and best outcomes keeping parameters set as Voltage=30V, 
Discharge Current= 20A, Ton=35µs, Toff=8µs. Each performance is given a weight factor 
of 0.5. The optimum results obtained by the TOPSIS method for 0.5-0.5 weightage are as 
optimum surface roughness is 4.52 µm and metal removal rate as 14.75 mm3/min by a 
combination of input parameters as Voltage=30V, Discharge Current= 20A, Ton=35µs, 
Toff=8µs. Confirmatory experiments show a satisfactory improvement of preference 
values utilizing TOPSIS in the EDM experimental and initial settings of 1.82. 
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 The current Indian Standard IS: 456-2000 has the equation for prediction of 
flexural strength which is valid only up to concrete strength of 55 MPa and with 
introduction of High Strength Concrete (HSC) in the standard, there is need to 
develop equation and relationship which can predict flexural and split tensile 
strength of HSC including the effect of steel fibres. This study is aimed to develop 
relationship between the ratios of split tensile to flexural strength which is 
applicable to concrete having strength range from 15 MPa to 150 MPa. The study 
is done by analyzing experimentally obtained test results of a total 120 
specimens for flexural strength and 120 specimens for split tensile strength. 
Further study is also conducted on steel fibre reinforced concrete samples by 
analyzing experimentally obtained test results of a total 24 specimens for 
flexural strength and 30 specimens for split tensile strength. The results 
obtained from the test are compared with empirical equations given by 
International standards and literatures. On the basis of analysis of results, ratio 
of split tensile strength to flexural strength is recommended for concrete with 
and without steel fibre having wide strength range from 100 to 120 MPa. 
Empirical equations for prediction of spilt tensile and flexure strength of normal 
to high strength concrete is proposed and applicability of proposed equation for 
evaluation for normal to high strength steel fiber reinforced concrete is also 
discussed. 
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1. Introduction 

Concrete is generally not designed to sustain tensile forces, understanding and prediction 
of tensile behavior becomes crucial as it is applicable for estimating stress level under 
which initiation of cracking may take place. From the structural design point of view of 
unreinforced concrete for application in structures such as dams or pavements, the role of 
tensile properties are more important than compressive properties [1-3]. The accurate 
and realistic value of in situ tensile and compressive strengths of concrete distressed 
during service period provide an important base for the structural assessment and better 
decision on repair or rehabilitation. In addition to high degree of variability in results, 
complexity, cost etc. involved in correlation of concrete tensile strength, it is important to 
develop realistic constitutive relationship between concrete tensile and compressive 
strength [4–16]. The concrete as a construction material has a very low tensile strength as 
compared to its compressive strength which leads to its low resistance to tensile crack 
which in turn affects safety and durability performance thereby reducing service life of 
reinforce concrete structures [17-21]. Tensile strength is measured in terms of direct or 
splitting tension or flexural tensile strength wherein split tensile strength test gives a lower 
coefficient of variation [22]. The tensile properties of concrete is mainly influenced by 
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water to binder ratio, characteristics and quantum of fine and coarse aggregates, concrete 
age, loading rate, addition of fibers etc. [21-27]. High strength concrete (HSC) is generally 
defined as concrete with a specified characteristic cube strength between 60 and 100 MPa, 
Major applications for HSC are in offshore structures, columns for tall buildings, long-span 
bridges and highway structures. Advantage of HSC is the reduction in size of compression 
elements and amount of longitudinal reinforcement required. Apart from conventional 
hydraulic cement and supplementary cementitious materials, Silica fume (microsilica) or 
metakaoline can be used to enhance the strength at high levels (75 MPa and above). In 
concrete mix proportioning, the role of impact, crushing or abrasion value of aggregate is 
generally not a significant parameter for normal concrete strength except in case of 
lightweight aggregate as aggregate is stronger and failure occurs in paste and not from 
aggregate [25]. However, it is well established that aggregate properties apart from 
strength, such as size, shape, surface texture, grading, and mineralogy affects concrete 
strength in different degrees [26-27]. Further, since the interfacial transition zone 
properties has key role on concrete tensile properties compared to compressive strength, 
aggregates characteristics has impact on the constitutive relationship between tensile to 
compressive strength [27-30].  

Many international standards and researchers have proposed empirical equations earlier 
based on experimentation and therefore applicability of these equations may not be 
suitable for different conditions and concrete ingredients particularly with addition of 
fibers [4–16]. This study is aimed to develop relationship between the ratios of split tensile 
to flexural strength which is applicable to concrete having strength range from 20 MPa to 
120 MPa. The study is done by analyzing experimentally obtained test results of a total 120 
specimens for flexural strength and 120 specimens for split tensile strength. Further study 
is also conducted on steel fibre reinforced concrete samples by analyzing experimentally 
obtained test results of a total 30 specimens for flexural strength and 24 specimens for 
split tensile strength. The results obtained from the test are compared with empirical 
equations given by international standards and literatures. On the basis of analysis of 
results, ratio of split tensile strength to flexural strength is recommended for concrete with 
and without steel fibre having wide strength range from 100 to 120 MPa. Apart from this 
empirical equation developed are for certain strength range and in this study an attempt 
has been made to develop empirical equation for strength range of 15 to 150 MPa. Study 
also includes the comparison of flexural and split tensile strength of fibre reinforced 
concrete with proposed equations.  

2. Materials  

Details of Ordinary Portland Cement (OPC) cement, Coarse and Fine aggregate, Fly ash, 
ultrafine GGBS, Silica Fumes, Superplasticizer, water and steel fiber used for producing 
concrete mixes are given hereunder. 

2.1. Cementitious Materials 

OPC 53 grade as per IS 269-2015 [31] is used along with fly ash, ultrafine GGBS and silica 
fume in mixes based on strength requirement of concrete mix. Detailed physical and 
chemical characteristics of cement, fly ash, ultrafine GGBS and silica fume are given in 
Table-1 & 2. The 3-, 7- & 28-days compressive strength of OPC 53 Grade cement are 36.50 
MPa, 45.00 MPa and 56.50 MPa respectively. The 28 days compressive strength of 
controlled concrete (OPC based concrete without fly ash) and concrete sample with fly ash 
are 38.83 MPa and 31.94 MPa respectively. The 7 days compressive strength of controlled 
concrete (OPC based concrete without silica fume) and concrete sample with silica fume 
are 12.66 MPa and 14.56 MPa respectively, when tested as per IS: 1727. 
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Table 1. Physical properties of materials [31] 

S. No. Properties Cement G.G.B.S Fly ash UFGGBS Silica Fume 
1. Fineness(m2/kg) 323 400 310 2026 16701 
2. Specific Gravity 3.15 2.93 2.28 2.88 2.28 

 

Table 2. Chemical properties of materials 

Sl. 
No. 

Properties Cement G.G.B.S Fly ash UFGGBS Silica 
Fume 

1 Loss of Ignition (LOI) 2.3 0.33 0.4 0.17 2.73 
2 Silica (SiO2) 20.71 34.41 60.95 33.05 85.03 
3 Iron oxide (Fe2O3) 4.08 1.18 5.7 0.58 - 
4 Aluminium oxide (Al2O3) 5.15 18.45 26.67 20.40 - 
5 Calcium oxide (CaO) 59.96 36.46 2.08 33.14 - 
6 Magnesium oxide (MgO) 4.57 7.00 0.69 7.62 - 
7 Sulphate (SO3) 1.84 0.097 0.29 0.19 - 
8 Na2O 0.42 0.30 0.06 0.19 0.73 
9 K2O 0.56 0.37 1.46 0.58 2.96 

10 Chlorides 0.012 0.022 0.009 0.016 - 
11 Insoluble Residue 1.25 0.40 - 0.86 - 

 

2.2. Aggregates 

Granite type coarse aggregate having maximum size of 20 mm is utilized and crushed fine 
aggregate (Zone II) as per IS: 383-2016 [32] is used in study for strength level up to 90 
MPa. Physical properties of both aggregate is presented in Table-3. To obtain enhancement 
in packing density of concrete making materials, three different types of aggregates were 
used namely Fine Quartz Sand (FQS), Ground Quartz (GQ) and River sand for concrete 
strength level between 90 MPa to 120 MPa. No coarse aggregate was used in concrete mix 
produced to achieve strength level of 90 MPa to 120 MPa as coarse aggregate was failing 
before the cement paste and hence strength could not be achieved. Ground Quartz having 
finer size particles was used as micro filler to increase the packing density of cement 
aggregate matrix. Its particle size ranges from 0.5 to 63 microns. Particle size distribution 
are shown in Figure 1. Majority of quartz grains are having size range of 20-30µm. High 
strength concrete mixes were produced using fine quartz sand having particle size ranging 
from 150 to 996 microns. Majority of quartz grains are having size range of 300-600µm. 
Quartz sand used in this study have particle size ranging from 1mm to 3 mm.  

2.3. Superplasticizer and Water 

A polycarboxylate-based superplasticizer complying with IS: 9103 [34] is used in concrete 
mixes having w/c ratios as 0.16, 0.18, 0.20, 0.27, 0.30 and 0.36. A naphthalene-type 
superplasticizer complying with IS: 9103 [34] is used in concrete mixes having w/c ratios 
as 0.47, 0.50, 0.57 & 0.60. Water meeting IS: 456-2000 limits for construction was utilized 
in concrete mixing.  

2.4. Steel Fiber 

The trough and hooked end shaped steel fibers are used for the study. Past studies suggest 
that these fibers are more efficient with improved pull out resistance and toughness as 
compared to straight end fibers [4]. The fibers used are 0.55 mm (diameter) and 35 mm 
(length) having aspect ratio of 63 which meets requirement of ASTM A-820. The 
photograph of trough and hooked end shaped steel fibers and length of fibres measured 
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using scale are shown in Figure-2. Tensile strength of the fibers as per the manufacturer’s 
test certificate is 1486.99 MPa. 

Table 3. Properties of aggregates 

Property 
Granite  

Fine Aggregate 
20 mm 10 mm 

Specific gravity 2.83 2.83 2.65 

Water absorption (%) 0.3 0.3 0.59 

Sieve Analysis 
Cumulative 
Percentage 
Passing (%) 

 

20mm 98 100 100 

10 mm 1 68 100 

4.75 mm 0 2 99 

2.36 mm 0 0 89 

1.18 mm 0 0 64 

600 µ 0 0 43 

300 µ 0 0 26 

150 µ 0 0 14 

Pan 0 0 0 

Abrasion, Crushing & Impact Value 19,19,13 - - 

Flakiness % & Elongation % 29, 25 - - 

 

 

Fig. 1 Materials particle size distribution  

  

Fig. 2 Trough and hooked end shaped steel fibers 

0

20

40

60

80

100

0.1 1 10 100 1000 10000

C
u

m
u

la
ti

v
e 

%
 p

as
si

n
g

Size (microns)
S.F UFGGBS GGBS OPC 53



Ojha et al. / Research on Engineering Structures & Materials 9(1) (2023) 95-112 

 

99 

3. Mix Proportion and Compressive Strength of Concrete  

The mixes from w/b ratio of 0.60 to 0.16 were adopted to achieve the compressive strength 
range of 20 to 120 MPa for determining flexural and split tensile strength of concrete. The 
mix details and 28 days compressive strength are presented in Table-4. The slump of 
concrete was kept between 80-100 mm. Amount of steel fiber added to the concrete is 1 % 
of steel fibers by volume of the concrete and it is adopted based on past studies suggesting 
it as an economical and optimum dose for maximum improvement in overall mechanical 
performance of concrete [35], [36].  

To propose an equation for prediction of the flexural tensile strength; for one mixture, 
twelve specimens were cast and for total ten mixture without steel fibre referred in the 
Table-4A, total 120 specimens were tested. To propose an equation for prediction of the 
split tensile strength; for one mixture, twelve cylindrical specimens were cast and for total 
ten mixture without steel fibre referred in the Table-4A, total 120 specimens were tested. 
The experimental results of split tensile and flexural tensile of concrete for strength range 
between 20 to 110 MPa obtained from testing samples of 3 concrete mixes (Table-4B 
(Mix:M11-M13)) with steel fibre addition of 1 percent by volume on 30 specimens and 24 
specimens respectively are given in section 8.  10 specimens for each of three mixtures 
were cast for split tensile strength and 8 specimens for each of three mixture were cast for 
flexural tensile strength. This was done to compare the variation in experimental results 
with the model developed based on experimental data on flexural tensile and split tensile 
strength of concrete without steel fibre. For conducting experimental studies, mixes were 
made in pan type mixer for strength level 20 to 90 MPa and in plenatry mixer for strength 
level above 90 MPa. The moulds were adequately coated with oil before usage, and casting 
was done in layers, each of which was vibrated on a vibration table to compact. Specimens 
were removed from moulds after 24 hours. The laboratory conditions of temperature and 
relative humidity were monitored during the ambient curing i.e. 27±2oC and relative 
humidity 65±5 as per IS: 516. The specimens were allowed to become surface dry before 
being testing in a saturated surface dried state. The compressive strength of hardened 
concrete were determined using 150 mm size cube as per the procedure given in IS 516. 
The 28 days average compressive strength of concrete determined from three cube 
specimens are tabulated in Table-4. Three cylindrical specimens of diameter 150 mm and 
length 300 mm were also cast for 10 concrete mixtures given in Table-4A (M1-M10) to 
generate experimental data on compressive strength of cylinder and cubes for comparing 
empirical equations of different international standards and experimental results.  

4. Experimental Study for Determining Split Tensile Strength and Flexural Strength 

The split tensile strength was carried out as per IS: 5816 and set up is shown in Figure 3. 
For split Tensile Strength as per IS: 5816, the cores of 150 mm diameter and 300 mm long 
complying with the requirements given in IS 516 were used. The 28 days flexural strength 
of the concrete mixes was determined through beam specimens of size 150 x 150 x 700 
mm as per IS: 516 wherein beam was kept on two rollers and load was applied in center 
and test set up is shown in Figure 4. The clear span of beam used for test were kept as 600 
mm. For one mixture, twelve specimens (4 samples with each sample consisting of three 
specimens) were cast and for total ten mixture without steel fibre referred in the Table-
4A, total 120 specimens (40 samples with 4 samples for each mixture) were tested. The 
findings of the results of split tensile strength and flexural strength of concrete including 
comparison of proposed models with empirical models given in international standards 
and literature are given in subsequent sections. 
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Table 4. Mix design details of concrete mix without steel fibre 

Table 4 (Con). Mix design details of concrete mix without steel fibre 

Mixture Details 
   Mix ID 

M8 M9 M10 M11 M12 M13 
w/b 0.20 0.18 0.16 0.47 0.36 0.20 

Cement Quantity, kg/m3 563 480 635 290 334 563 
Fly Ash, kg/m3 112 -- 95 72 83 112 

Silica fume, kg/m3 75 165 139 -- -- 75 
Ultrafine GGBS, kg/m3 -- 165 109 -- -- -- 

Total cementitious materials, kg/m3 750 810 978 362 417 750 
Coarse aggregate 10 mm, kg/m3 640 1033 -- 777 730 640 
Coarse aggregate 20 mm, kg/m3 427 -- -- 518 487 427 

Fine aggregate (River Sand), kg/m3 536 640 -- 650 726 536 
Fine aggregate (Quartz Sand), kg/m3 -- -- 516 - - - 

Fine aggregate (Ground Quartz 
Sand), kg/m3 -- -- 290 - - - 

Fine aggregate (Coarse Quartz 
Sand), kg/m3 -- -- 371 - - - 

Steel Fibre % by volume of concrete 150 135 156 1.00 1.00 1.00 
Water, kg/m3 1.16 1.20 1.8 170 150 150 

Water-reducing admixture, kg/m3 
103.5

5 
107.5 

127.5
0 

0.40 0.35 1.16 

28 Days average Compressive  
Strength of Concrete, MPa    48.72 68.14 111.55 

5. Comparison of Experimental Values of Compressive Strength of Cylinder and 
Cubes with Different International Standards 

The conversion factor for cube to cylindrical compressive strength for the ten concrete 
mixes without steel fibre (M1-M10) have been worked out (Figure-5). The results indicate 

Mixture Details 
Mix ID 

M1 M2 M3 M4 M5 M6 M7 
w/b 0.60 0.57 0.50 0.47 0.36 0.30 0.27 

Cement, kg/m3 200 250 290 290 334 400 400 
Fly Ash, kg/m3 50 65 60 72 83 75 75 

Silica fume, kg/m3 -- -- -- -- -- 25 50 
Ultrafine GGBS, kg/m3 -- -- -- -- -- -- -- 

Total cementitious materials, 
kg/m3 250 315 350 362 417 500 525 

Coarse aggregate  
10 mm, kg/m3 795 780 775 777 730 729 754 

Coarse aggregate  
20 mm, kg/m3 520 525 520 518 487 486 406 

Fine aggregate (River Sand), 
kg/m3 690 685 660 650 726 725 692 

Fine aggregate (Quartz Sand), 
kg/m3 -- -- -- -- -- -- -- 

Fine aggregate (Ground Quartz 
Sand), kg/m3 -- -- -- -- -- -- -- 

Fine aggregate (Coarse Quartz 
Sand), kg/m3 -- -- -- -- -- -- -- 

Water, kg/m3 150 180 175 170 150 150 140 
Water-reducing admixture, 

kg/m3 0.60 0.50 0.35 0.40 0.35 0.60 1.00 
28 Days average 

Compressive Strength of 
Concrete, MPa 

24.85 27.85 40.35 45.72 65.14 78.93 89.60 
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that as compressive strength of concrete increases the ratio of cube to cylindrical strength 
decreases. IS: 456-2000 recommends fix value of 1.25 up to concrete grade M55 and 
considering the significant decrease in ratio for grade above M55, values needs to be 
modified for high grades of concrete. This is also important in assessment of structure 
where concrete core test is recommended for in-situ verification of strength and 
cylindrical strength is needed to be converted to concrete equivalent cube compressive 
strength. The values obtained are used for validating models developed in past which uses 
either cylindrical or cubical compressive strength in empirical equations. In the present 
study the cube to cylindrical strength ratio is adopted to be 1.20 upto cube compressive 
strength of 90 MPa and 1.10 for cube compressive strength above 90 MPa. The assumed 
ratio is based on the experimental findings and the comparison between the experimental 
and assumed values are given in Figure 5.  

  

Fig. 3 Test set-up for split tensile strength Fig. 4 Test set up for flexural strength 

 

Fig. 5 Comparison of cube to cylinder compressive strength of 20-120 MPa strength 
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6. Comparison of Proposed Model for Split Strength of Concrete with International 
Codes and Literature 

The experimental results of split tensile of concrete for strength range between 15 to 150 
MPa obtained from testing samples of 10 concrete mixes without steel fibre are shown in 
Figure 6 and 7. In case of experimental results of split tensile strength, for HSC both matrix 
aggregate separation and transgranular failure was observed. The studies done in past [5 
& 19] has shown that ratios of flexural strength to compressive strength increases with 
increase in the compressive strength of concrete. The ratio of split tensile strength to 
compressive strength of concrete is about 10 % of compressive strength for normal 
strength concrete. However, for the high strength concrete it goes down to about 5 % of 
compressive strength. To propose an equation for prediction of the split tensile strength; 
for one mixture, twelve cylindrical specimens were cast and for total ten mixture without 
steel fibre referred in the Table-4A, total 120 specimens were tested. The cylindrical 
specimen cast from 10 mixes (referred in Table-4A) has compressive strength ranging 
from 15 to 150 MPa which has been plotted and shown in Figures 6 and 7.  

The correlation between the split tensile strength and compressive strength is plotted and 
proposed equations are having high coefficient of correlation (R2 = 0.90) using regression 
analysis. Using regression analysis, it is noted that for both one parameter analysis and two 
parameter analysis similar level of coefficient of correlation is achieved as shown in 
Figures 6 and 7. In Figure-6, based on two parameter analysis, the proposed equation for 
estimating split tensile strength of concrete for compressive strength ranging from 15 to 
150 MPa can be 0.42 fck0.6 where Fck is the cube compressive strength of concrete. In two 
parameter analysis, both functions i.e. multiplying factor with Fck and power factor to Fck 
has been varied. Whereas in single parameter analysis, power function to Fck has been 
kept constant and only multiplying factor analysis has been carried out to develop a 
simplified equation for incorporation in Indian Standard which is similar to equations 
given in other international codes for normal strength concrete.  Keeping this in view for 
simplicity, the proposed equation for estimating split tensile strength of concrete 
considering single parameter analysis (Figure-7) for compressive strength ranging from 
15 to 150 MPa can be 0.63 fck0.5 where Fck is the cube compressive strength of concrete.  

 

Fig. 6 (a) Derived model for split tensile strength vs compressive strength of concrete 
considering two parameters 
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Fig. 6 (b) Comparison of proposed model for split tensile strength vs compressive 
strength of concrete considering two parameters 

 

Fig. 7 (a) Proposed model for split tensile strength vs compressive strength of concrete 
considering one parameter 

 

Fig. 7 (b) Comparison of proposed model for split tensile strength vs compressive 
strength of concrete considering one parameter 
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Table 5. Previous equation for estimation of split tensile strength of concrete at ambient 
temperature 

Sl. 
No. 

Reference Previous Equations for estimation of split 
tensile strength of concrete [MPa] 

1 CEB_FIP (1990) 67.0
3.0 ct ff =  

2 ACI 363R-92 (1984) 5.0
59.0 ct ff =  

3 ACI318-99 (2005) 5.0
56.0 ct ff =  

4 Perumal (2014) 84.0
188.0 ct ff =  

5 Rashid et al. (2002) 56.0
47.0 ct ff =  

6 Hueste et al. (2004) 5.0
55.0 ct ff =  

7 Ramadoss (2014) 95.0
12.0 ct ff =  

8 Xu and Shi (2009) 83.0
21.0 ct ff =  

9 Thomas and Ramasamy (2007) 5.0
57.0 ct ff =  

10 Singh et.al. (2021) 5.0
5.0 ct ff =  

 

 

Fig. 8 Comparison of proposed model based on experimental results for spilt tensile 
strength of concrete in comparison with models proposed in international standards 

and literature  
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7.  Comparison of Proposed Model for Flexural Strength of Concrete with 
International Codes and Literature 

The experimental results of flexural tensile of concrete for strength range between 15 to 
150 MPa obtained from testing samples of 10 concrete mixes without steel fibre are shown 
in Figures 9 and 10. To propose an equation for prediction of the flexural tensile strength; 
for one mixture, twelve cylindrical specimens were cast and for total ten mixture without 
steel fibre referred in the Table-4A, total 120 specimens were tested. The cylindrical 
specimen cast from 10 mixes (referred in Table-4A) has compressive strength ranging 
from 15 to 150 MPa which has been plotted and shown in Figures 9 and 10 The correlation 
between the flexure tensile strength and compressive strength is plotted and an equation 
is proposed with a high coefficient of correlation (R2 = 0.94) using regression analysis. 
Using regression analysis, it is noted that for both one parameter analysis and two 
parameter analysis similar level of coefficient of correlation is achieved as shown in 
Figures 9 and 10. In Figure-9, based on two parameter analysis, the proposed equation for 
estimating flexural tensile strength of concrete for compressive strength ranging from 15 
to 150 MPa can be 0.31 fck0.7 where Fck is the cube compressive strength of concrete. In 
two parameter analysis, both functions i.e. multiplying factor with Fck and power factor to 
Fck has been varied. Whereas in single parameter analysis, power function to Fck has been 
kept constant and only multiplying factor analysis has been carried out to develop a 
simplified equation for incorporation in Indian Standard which is similar to equations 
given in other international codes for normal strength concrete.  Keeping this in view for 
simplicity, the proposed equation for estimating flexural tensile strength of concrete 
considering single parameter analysis (Figure-10) for compressive strength ranging from 
15 to 150 MPa can be 0.83 fck0.5 where Fck is the cube compressive strength of concrete. 

Comparison of proposed model with previous equations (Table-6) for estimation of flexure 
tensile strength of concrete at ambient temperature is given in Figure-11. The cubic 
compressive strength were converted to cylindrical compressive strength for the 
comparison with previous models wherever applicable based on cube to cylinder ratio 
determined in section 4.  

From Figure 11, it can be seen that ACI: 318, New Zealand code (NZS: 3101), Canadian code 
CSA: A23.3-14 (2014) and IS-456-2000 estimates flexural strength value on lower side 
than the actual experimental values for normal and high strength concrete. The difference 
between the estimated and experimental value increases significantly with increase in 
concrete strength. The values of flexural tensile strength of concrete estimated through 
equation proposed by Singh et.al holds good for even higher grades but the study 
conducted by them was upto 90 MPa only. In the current study the equation has been 
proposed upto 120 MPa compressive strength of concrete which estimates flexural 
strength with a reasonable level of consistency.  

Table 6. Previous equation for estimation of tensile strength of concrete at ambient 
temperature 

Sl. 
No. 

Reference Previous Equations for estimation of flexural 
tensile strength of concrete [MPa] 

1 ACI: 318 (2014) 𝑓𝑡 = 0.62𝑓𝑐
0.5 

2 NZS: 3101 (2006) 𝑓𝑡 = 0.6𝑓𝑐
0.5 

3 CSA: A23.3-14 (2014) 𝑓𝑡 = 0.6𝑓𝑐
0.5 

4 IS 456 (2000) 𝑓𝑡 = 0.7𝑓𝑐
0.5 

5 Singh et. al. (2021) 𝑓𝑡 = 0.8𝑓𝑐
0.5 
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Fig. 9 (a) Proposed model for flexural tensile strength vs compressive strength of 
concrete considering two parameters 

 

Fig. 9 (b) Comparison of proposed model for flexural tensile strength vs compressive 
strength of concrete considering two parameters 

 

Fig. 10 (a) Proposed model for flexural tensile strength vs compressive strength of 
concrete considering two parameters 
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Fig. 10 (b) Comparison of proposed model for flexural tensile strength vs compressive 
strength of concrete considering one parameter 

 

Fig. 11 Comparison of proposed model based on experimental results for spilt tensile 
strength of concrete in comparison with models proposed in international standards 

and literature 

8. Comparison of Experimental Results of Flexural and Spilt Tensile Strength of 
Steel Fibre Reinforced Concrete with Proposed Models 

The experimental results of split tensile of concrete for strength range between 20 to 110 
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percent by volume on 30 specimens are shown in Figure 12.  Total 10 specimens for each 
of three mixture were cast and results are analyzed. 

In case of experimental results of split tensile strength of steel fibre reinforced concrete, 
for normal and high-strength concretes matrix aggregate separation was similar to that of 
concrete without fibre but there is improvement in spilt tensile strength of steel fibre 
reinforced concrete by 23% on average. The correlation between the split tensile strength 
of steel fibre reinforced concrete and compressive strength is plotted and when validated 
with proposed equation high coefficient of correlation (R2=0.90) using regression analysis 
has been found. However, the proposed model is underestimating the spilt tensile strength 
of steel fibre reinforced concrete and it is suggested to use same equation as variation in 
spilt tensile strength of concrete is on average 23 percent. The experimental results of 
flexural tensile of concrete for strength range between 20 to 110 MPa obtained from 
testing samples of 3 concrete mixes with steel fibre addition of 1 percent by volume on 24 
specimens are shown in Figure 13. Total 08 specimens for each of three mixture were cast 
and results are analyzed. Contrary to split tensile strength of fiber reinforced concrete, the 
experimental values for the flexural strength of steel fiber reinforced concrete shows high 
deviation from the behavior of plane concrete. The average variation in flexural strength 
values for steel fibre reinforced concrete with respect to plain concrete was found to be 
about 107 percent.   

As presented in Figure 13, the proposed model for plain concrete depicts a very weak 
coefficient of correlation between the experimental and modelled values of the flexural 
strength. The findings indicates a significant improvement in the flexural strength of 
the concrete with addition of steel fiber. The fiber action also depends on the packing 
density of concrete used. It was also observed that the mix with intermediate strength 
shows a higher flexural strength after the addition of steel fiber than the mix of higher 
strength with significantly improved packing density and wider inter transition zone. 
The reason for the observed trend can be attributed to higher number of voids for the 
steel fiber in the intermediate strength mix as compared to highly optimized mix. 

9. Evaluation of Ratio of Flexural Strength to Spilt Tensile Strength of Concrete for 
Strength Range 20 to 120 MPa 

Based on the experimental results of 120 specimens tested for flexural tensile strength and 
120 specimens tested for split tensile strength of concrete on the concrete prepared with 
10 concrete mixes (Table-4), a relationship between flexural and split tensile strength of 
concrete has been proposed. The correlation between the flexural tensile strength and split 
tensile strength when plotted (Figure-14) has coefficient of correlation (R2 = 0.775) using 
regression analysis has been found. The obtained equation is Fft=1.27 Fspt and the 
proposed equation can be Fft=1.25 Fspt where Fft is flexural tensile strength of concrete 
and Fspt is split tensile strength of concrete for the strength range of 20 to 120 MPa. Figure 
14 shows the comparison between the experimental values and the derived relation 
between the split and flexural tensile strength. 
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Fig. 12 Comparison of proposed model for split tensile strength vs compressive 
strength of plain concrete and experimental results of steel fibre reinforced concrete 

considering both models 

 

Fig. 13 Comparison of proposed model for flexural tensile strength vs compressive 
strength of plain concrete and experimental results of steel fibre reinforced concrete 

considering both models 

 

Fig.14 Comparison of proposed model for estimating flexural strength from split 
tensile strength of concrete 
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10. Conclusions  

The equation for prediction of flexural and split tensile strength from the cube compressive 
strength in the current Indian Standard IS: 456-2000 is only valid up to concrete strength 
of 55 MPa. With the inclusion of high strength concrete to the standard, it is necessary to 
develop a relationship that can predict the approximated flexural and split tensile strength 
of high strength concrete. Along with this the impact of steel fibers on these two properties 
needs consideration to check the suitability of empirical equations developed for 
estimation of flexural and split tensile strength of concrete. The present study attempted 
to establish a correlation among the splitting tensile strength and flexural strength with 
compressive strength that is suitable to concrete with strengths between 20 MPa and 120 
MPa. A total of 120 test results for split tensile strength and 120 test results for flexural 
strength were used in the investigation with a total of approximately 24 test results for 
split tensile strength and about 30 test results for flexural strength of concrete with steel 
fibers. Findings can be concluded as follow: 

• The ratio of cube to cylindrical compressive strength varies with increase in 
concrete compressive strength. From the experimental investigation, the cube to 
cylindrical compressive strength is found to be approximately 1.20 upto 90 MPa 
and 1.10 for 90 MPa to 120 MPa cube compressive strength. 

• The relation between the cube compressive strength and the split tensile strength 
was established as fspt=0.42*fck^(0.60) for two parameter optimisation and 
fspt=0.63*fck^(0.5) for single parameter optimisation wherein both equations 
depicts high coefficient of correlation. For simplicity the obtained equation 
fspt=0.63*fck^(0.5) is recommended for inclusion in codal provisions.  

• Similarly the Correlation equation obtained for the estimation of flexural strength 
from the cube compressive strength is Fft=0.31*fck^(0.7). For simplicity keeping 
the power 0.5, the equation becomes Fft=0.83*fck^(0.5). Both the equations show 
a high coefficient of correlation in regression analysis. For simplicity the obtained 
equation Fft=0.83*fck^(0.5) is recommended for inclusion in codal provisions.  

• Addition of steel fibers in concrete mix have different effects on the split and 
flexural tensile strength of the concrete. With the addition of steel fibers the split 
tensile strength increases marginally and the equation for the plain concrete can 
be used for predicting the approximate split tensile strength of fiber reinforced 
concrete also. 

• The fiber action of steel fibers in steel fiber reinforced concrete affects the flexural 
behaviour significantly. The increase in the flexural strength observed is as high 
as 107% on average. The proposed equation in this study for plain concrete will 
underestimate the flexural strength for fiber reinforced concrete and further 
study is needed to establish the effect of steel fibre strength, shape, percentage, 
aspect ratio and composition of concrete mix on flexural tensile strength of 
concrete.  

• The ratio between the flexural and split tensile strengths of plain concrete is 
estimated to be 1.27. The obtained coefficient of correlation is 0.78. Although, the 
experimental and predicted values does not show a very high coefficient of 
correlation, flexural strength still can be approximately estimated from the split 
tensile strength using the equation, Fft = 1.27Fspt. 
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 Geopolymer concrete is the finest replacement to ordinary portland cement 
concrete, reducing greenhouse gas emissions in cement production. Most of the 
binders used in geopolymer concrete require high alkaline solution, high-
temperature curing, and a prolonged time for setting. In this study, wood ash, 
which has an alkaline compound in its composition, is used to replace fly ash. The 
binder ratio is fixed as 70 percent of fly ash and 30 percent of wood ash. 
Meanwhile, geopolymer concrete lacks brittleness, energy absorption, and 
impact strength. The addition of fibres is helped in improving the above-
mentioned properties. This study has made an effort to incorporate waste 
rubber as fibre combined with polypropylene fibre. The various dosage of 
polypropylene and rubber fibre hybridization such as 0/1, 0.75/0.25, 0.5/0.5, 
0.25/0.75, 1/0, and 1/1 is optimized. The impact of various fibre dosages on 
fresh and hardened characteristics of geopolymer concrete is assessed. Further, 
the impact of various hybrid fibre dosages on durability was also investigated in 
this study. As a result, the hybrid fibre dosage of 0.5 percent of PP and 0.5 percent 
of rubber attained significant performance in all hardened properties. The 
optimum mix also showed better resistance against all durability properties. The 
mix with 0.5PP/0.5R gained the maximum compressive strength of 47.30Mpa, 
which is sufficient to design the paver block for medium traffic conditions as per 
IS15658-2006. 
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1. Introduction 

Climate change [1,2] due to cement production and energy utilization for production has 
increased every day. Geopolymer concrete is the growing trend in the construction field, 
which could help for sustainable development by eliminating cement utilization in concrete 
and mitigating climate change [3–7]. Geopolymer concrete is made by the chemical reaction 
of precursors from the aluminosilicate binder with the aid of alkalines and the formation of 
monomers to develop polymerization, which could create polymerized gel structure for 
binding [8]. Various industries are producing different waste by-products such as 
metakaolin, silica fume, granulated blast furnace slag, fly ash, pulverized fuel ash, etc., [9], 
which can be used in the geopolymer concrete as an aluminosilicate binder [10–15]. The 
GGBS is a very good precursor. In the alkaline environment, pozzolanic powders (GGBS, 
metakaolin, silica fume, fly ash, etc.) enter into a chemical reaction [16]. Alkaline activators 
played a vital role in the chemical reaction of the precursors from the by-products and 
developing monomers [17,18]. Both hydroxide-based activators and silicate-based 
activators are needed to promote polymerization. The formation of gel structures has based 
on the compositions of the aluminosilicate binders and the type of the activator used, such 
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as sodium-based activators and potassium-based activators. The waste byproduct which 
contains less calcium has developed Na-S-H (Sodium Silicate Hydrate) gel, and the high 
calcium source material produces both the Na-S-H gel and C-A-S-H (Calcium Alumino 
Silicate Hydrate) gel [19–21]. At the same time, the utilization of potassium-based activators 
leads to the formation of Potassium Silicate Hydrate (K-S-H) gel [22,23]. The various modes 
of gel formation are the reasons for achieving strength in geopolymer concrete. However, 
the geopolymer concrete made with any source material lacked brittleness, impact strength, 
and energy absorption capacity. Hence, the inclusion of fiber is required to expand the 
brittle, energy absorption, and impact behavior of geopolymer. 

The various studies [24–28] on geopolymer concrete by incorporating different types of 
fibres and their impact on the strength properties are considered in this study. The 
utilization of coir fiber in geopolymer concrete enhanced the compressive strength and 
reduced the flexural strength. The incorporation of raffia fibers in geopolymer concrete 
decreased both the compressive and flexural strength. The addition of cotton and sisal fibers 
in geopolymer concrete increased the compressive strength to 28.42 MPa and 25.56 MPa 
from 24.78 MPa of the control specimen. The bond between fibers (cotton, coir, raffia) and 
the matrix is weak without any cohesiveness, causing negative impacts over the mechanical 
properties and inducing the failure pattern [29]. The utilization of steel fibre in geopolymer 
concrete reduces the workability and provides less crack propagation resistance [26]. Steel 
fibre addition leads to corrosion failure. Glass fibre decreases workability and provides less 
crack propagation resistance. Polypropylene fibre increases the first crack load and gives 
more bonding effect in the concrete structure due to its high aspect ratio and the surface 
texture [30]. The addition of polypropylene fibre does not influence in increasing the 
compressive strength. However, polypropylene increases the flexural strength (13 to 36.1 
percent) and toughness, and it helps in limiting shrinkage deformation. Capillary pores are 
reduced by increasing the polypropylene content in geopolymer concrete [31]. 
Polypropylene fibre increases the ductility of geopolymer concrete and reduces the degree 
of compressibility and shrinkage ratio. Crack width expansion and propagation resistance 
is increased with the addition of polypropylene fibres [32,33]. PP fibre addition reduced the 
ITZ width. However, the improvement in energy absorption and impact energy due to the 
polypropylene fibre incorporation is insufficient to design the structural member as impact 
resistance and heavy load members.  

Various studies [34–37] were done on the various properties of rubberized geopolymer 
concrete. The addition of rubber fibre decreased the compressive strength due to lesser 
bonding between rubber particles and increased the flexural strength and splitting tensile 
strength. In contrast, an increase in rubber fibre increases the ductility of concrete and 
reduces the brittleness of concrete [38]. The rubber fibre increases the impact strength and 
energy absorption capacity of concrete due to its retaining effect on the plastic state [39]. 
The rubber fibres are incorporated as a replacement for fine aggregate only. A smaller 
volume fraction of rubber fibre helps limit the decrease in compressive strength [40]. The 
addition of rubber as a fibre with a smaller volume fraction in GPC has not been carried out. 
Incorporation of individual fibre led to enlarge the convenient characterstics of concrete to 
certain limit. Hybridization of two or more fibres exhibits improvements in all properties of 
concrete due to the fact that each fibre has its own properties [32]. The novelty of the study 
is to utilize the waste rubber as a fibre in smaller volume fractions and hybridization of both 
the fibres. Hence, an effort has been made by hybridizing polypropylene and rubber fibres 
to the effects of hybrid fibre on the properties of geopolymer concrete is studied. 

In this study, the optimization of hybrid fibre dosage of polypropylene fibre and rubber fibre 
is done by mechanical and durability properties. Further, the effect of various hybrid fibre 
dosages on the mechanical and durability properties of geopolymer concrete is investigated.  
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2. Materials and Methodology 

This study uses the smooth, ultra-fine and spherical shape Fly Ash (FA) as a primary binder 
[41]. The fly ash is obtained from the Tuticorin thermal power station. The FA used in this 
study has a specific gravity of 2.82, a loss of ignition (LOI) of 1.79 percent, and a surface area 
of 325 m2/kg. Wood Ash is a secondary binder, a waste by-product collected from small-
scale industries and hotels [42]. The wood ash is sieved through 90μm to remove large 
agglomerate fragments and carbonaceous components. The surface area and specific gravity 
of wood ash are determined as 567 m2/kg and 2.43. The sodium-based activators such as 
sodium hydroxide and sodium silicate are used in this study as alkaline activators. Natural 
river sand having a specific gravity of 2.62, and the particles passing on a 4.75mm sieve are 
used in this study. Local quarry coarse aggregate having a specific gravity of 2.89 and the 
size of 10mm is used. The fineness modulus of fine and coarse aggregates are 2.91 and 7.6. 
The short and discontinuous polypropylene fibre having a length of 24 mm and diameter of 
0.3 mm is used in this study. The waste rubber tire is collected from the mechanical 
workshops and cut into pieces of size 20 mm in length and 0.3 mm in diameter. Table 1 
represents the chemical compounds present in the fly ash and wood ash which is found 
using SEM-EDX analyzer. 

Table 1. Chemical compositions of binders  

Constituents  SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 C Others 
Fly Ash 45.2 31.8 12.4 2.84 0.83 0.45 - - 1.01 

Wood Ash 47.56 20.32 2.22 3.61 3.02 14.49 1.01 10.22 3.98 

Table 2. Mix proportions for various hybrid dosages  

MIX ID 
FA 

(kg/
m3) 

WA 
(kg/
m3) 

NaOH 
(kg/m3) 

Na2SiO3 

(kg/m3)  
Sand 

(kg/m3) 
CA 

(kg/m3)  

PPF 
(kg/
m3) 

RF 
(kg/m3) 

GW30M10C 385 96.3 61.9 154.7 666.5 993.7 0 0 
GW30M10CP2 385 96.3 61.9 154.7 666.5 993.7 4.82 0 

GW30M10CHy1 385 96.3 61.9 154.7 666.5 993.7 3.61 1.21 
GW30M10CHy2 385 96.3 61.9 154.7 666.5 993.7 2.41 2.41 
GW30M10CHy3 385 96.3 61.9 154.7 666.5 993.7 1.21 3.61 
GW30M10CHy4 385 96.3 61.9 154.7 666.5 993.7 4.82 4.82 
GW30M10CR2 385 96.3 61.9 154.7 666.5 993.7 0 4.82 

*FA-Fly Ash, WA-Wood Ash, CA-Coarse Aggregate, PPF-Polypropylene Fibre, RF-Rubber Fibre 

The mix design is done using the modified guidelines for geopolymer concrete mix design 
as per IS 10262-2009 [43]. From the mix design, the material quantities are calculated and 
listed in Table 2. The optimization of binder ratio was already done in the author's previous 
study [44], hence the optimum binder ratio was taken as 70 percent of fly ash and 30 percent 
of wood ash. The molarity of the sodium hydroxide, NaOH to Na2SiO3 ratio, and the Alkaline 
solution to Binder ratio are taken from the author's previous study [10] as 10M, 1:2.5, and 
0.45. For the hybridization of fibres, both the fibres are varied by 0, 0.75,0.5, 0.75, and 1 of 
volume fractions. The polypropylene fibers and rubber fibers are added in various 
proportions, such as 0/1, 0.25/0.75, 0.5/0.5, 0.75/0.25, and 1/0. The mix ID and the quantity 
of materials are tabulated in Table 2. 

3. Experimental Testing Methods  

All the specimens are cured at room temperature in this study, not exceeding 28oC. The 
mechanical properties are measured at the ages of 3, 7, 28, 56, and 90 days of curing. The 
mechanical properties such as compressive strength, splitting tensile strength, flexural 
strength, and hardened properties such as ductility factor and impact strength tests are 
performed in this study. The compressive strength is determined as per IS: 516-1959 [45] 
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by testing 150mm size cube specimens. The splitting tensile strength test is executed at the 
age of 3, 7, 28, 56, and 90 days on the cylindrical specimen of size 150 mm x 300 mm, as per 
the standard procedure given in IS: 5816- 1999. A flexural strength test is performed as per 
the IS: 516-1959 [45] procedures over the prism specimen of size 500 mm x 100 mm x 100 
mm at 3, 7, 28, 56, and 90 days. The measurement of ultimate and yield deflections is done 
by fixing the dial gauges at the center point while applying flexural load on the prism 
specimen to find the ductility factor as per IS: 516- 1959. In accordance with ACI committee 
544 [46], the impact test is performed with the specimen in a cylindrical shape of size 150 
mm x 60 mm. The impact strength is calculated based on the number of blows required to 
initiate the first crack, the mass of the hammer, and the height of the fall. The durability 
properties like water absorption, sorptivity, chloride penetration, acid attack, sulphate 
attack, and marine water-resistance are investigated in this study. The water absorption and 
sorptivity tests are accomplished as per the procedure given in ASTM C642- 2005 and 
ASTM-C1585-04. As per the ASTM C1202-2012, the rapid chloride penetration test is 
performed to find the chloride penetration. In accordance with ASTM C267-1998 [47], the 
concrete resistance when exposed to 0.8 N for HCl and 1.2 N for H2SO4 solutions is 
performed. The cube specimens are soaked in acid solutions (HCL-5 percent and H2SO4-5 
percent) for 28 days and 56 days. In accordance with ASTM C1012-2015 [48], the concrete 
resistance when exposed to Na2SO4 (Sodium Sulphate) solutions is tested with a cube 
specimen. As per ASTM C1012-2015 [48] standards, the concentration of Na2SO4 was 
maintained at 50g/L, and the samples were soaked in Na2SO4 solutions for 28 days and 56 
days, respectively. The concrete resistance when exposed to marine water is tested cube 
specimen, as per ASTM D1141-1998 [49]. As per ASTM D1141-1998 [49] standards, the 
marine water was prepared in laboratory and the salinity of marine water was maintained 
at 37g/L , and the samples were soaked in the marine water container for 28 days and 56 
days, respectively.  

4. Results and Discussion 

4.1. Compressive Strength 

This impact of various hybrid dosages on the compressive strength of geopolymer concrete 
at the ages of 3, 7, 28, 56 and 90 days is assessed. The test results showed that the specimens 
GW30M10CHy1, GW30M10CHy2, and GW30M10CHy3 exhibited a 20.4, 22.0, and 16.1 
percent enhancement in 90 days compressive strength than the control specimen 
GW30M10C. Meanwhile, the specimens GW30M10CR2 and GW30M10CHy4 exhibit a 10 
percent and 0.7 percent enhancement in 28 days compressive strength compared to the 
control mix GW30M10C. However, the specimens GW30M10CR2 and GW30M10CHy4 show 
a 20.1 and 32.4 percent decrease in 28 days compressive strength compared to the specimen 
GW30M10CP2. The enhancement in compressive strength at all ages of concrete is gradual 
for all the specimens. Figure 1 exhibits that the slight enhancement of compressive strength 
is noted with various hybrid fibre dosages. The specimen with 0.5 percent PP fibre and 0.5 
percent rubber fibre (GW30M10CHy2) has shown maximum performance in all ages of 
compressive strength. Figure 1 shows that the specimen GW30M10CHy2 exhibits a 43.2, 
24.4, 26.8, 26.5, and 22.0 percent enhancement in compressive strength at 3, 7, 28, 56, and 
90 days of concrete ages compared to the specimen without fibre (GW30M10C). The 
specimen GW30M10CHy2 enhanced the 28 days and 90 days compressive strength by 2.4 
and 2.3 percent compared to the specimen with 1 percent of PP fibre (GW30M10CP2). 
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Fig. 1 Compressive strength test results of various hybrid proportions 

Meanwhile, the compressive strength of the Hybrid Fibre Reinforced Geopolymer Concrete 
(HFRGPC) specimen decreases with increasing the rubber fibre content up to 0.5 percent. 
At the same time, the rubber fibre content exceeding 0.5 percent in fibre hybridization 
results in a major reduction in the compressive strength. The specimens GW30M10CHy3, 
GW30M10CR2, and GW30M10CHy4, show a 5.1, 14.2, and 22.4 percent decrease in 90 days 
compressive strength than the mix with 1 percent PP (GW30M10CP2). The lower degree of 
compressibility of polypropylene fibre also helped to enhance the strength [50]. The excess 
quantity of rubber fibre beyond 0.5 percent reduces the strength, due to which develops an 
unstiffened fibre matrix in the concrete medium. Exceeding the addition of both fibre 
beyond 1 percent results in a reduction of compressive strength and does not induce any 
effect than the control mix. In addition, the perfect proportion of low modulus and high 
modulus fibres showed strength increment [32,51,52]. There has been a considerable 
increase in the compressive strength with the utilization of both low modulus and high 
modulus fibers in the matrix. 

4.2. Splitting Tensile Strength 

The test results show that the specimens GW30M10CHy1, GW30M10CHy2, and 
GW30M10CHy3 exhibit 26.4, 30.8, and 26.1 percent increase in 28 days splitting tensile 
strength and 22.0, 26.7, and 21.6 percent increase in 90 days splitting tensile strength than 
the mix without fibres (GW30M10C). Meanwhile, the mix GW30M10CR2 and 
GW30M10CHy4 exhibit a 21.4 percent and 14.2 percent increase in splitting tensile strength 
compared to the control mix GW30M10C. However, the specimens GW30M10CR2 and 
GW30M10CHy4 show a 1.4 and 10.7 percent decrease in 28 days splitting tensile strength 
than the specimen GW30M10CP2.   

From Figure 2, it can be observed that the hybrid percentage of rubber plays a important 
role in the enhancement of splitting tensile strength. The specimen with 0.5 percent PP fibre 
and 0.5 percent rubber fibre (GW30M10CHy2) has shown maximum performance in all ages 
of splitting tensile strength. Figure 2 shows that the specimen GW30M10CHy2 exhibits a 
12.2, 9.7, 10.8, 9.2, and 10.3 percent increase in splitting tensile strength after 3, 7, 28, 56, 
and 90 days of curing compared to the specimen with 1 percent PP fibre (GW30M10CP2). 
The specimen GW30M10CHy2 has enhanced the 28 days and 90 days splitting tensile 
strength by 30.8 and 26.7 percent compared to the specimen without fibre (GW30M10C). 
Hence, the optimum specimen GW30M10CHy2 has achieved maximum splitting tensile 
strength compared to all other proportions of hybridization. 
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Fig. 2 Splitting tensile strength test results for various hybrid fibre proportions 

Meanwhile, the splitting tensile strength of the HFRGPC specimen increases with increasing 
the rubber fibre content up to 0.5 percent. At the same time, the rubber fibre content exceeds 
0.5 percent in fibre hybridization, resulting in reducing the splitting tensile strength. The 
specimen GW30M10CHy3 showed a decrease in splitting tensile strength compared to 
specimen GW30M10CHy2. The increase in splitting tensile strength was due to the perfect 
dispersion of fibres and created a stiffened fibre matrix [32]. The decrease in splitting tensile 
strength was due to the augmentation of fibres. When the percentage of rubber exceeds 0.5 
percent, it develops an unstiffened fibre matrix in the concrete medium. Exceeding the 
addition of both fibre beyond 1 percent results in reducing splitting tensile strength and 
does not induce any effect than the control mix. In addition, the perfect proportion of low 
modulus and high modulus fibres showed strength increment [51,53,54]. It is also observed 
that there is a considerable increase in the splitting tensile strength with the utilization of 
both low modulus and high modulus fibers in the matrix. 

4.3. Flexural Strength 

The test results show that the specimens GW30M10CHy1, GW30M10CHy2, and 
GW30M10CHy3 exhibit 27.3, 31.7, and 26.9 percent increase in 28 days flexural strength 
and 22.6, 27.4, and 22.3 percent increase in 90 days flexural strength than the mix without 
fibre (GW30M10C). Meanwhile, the specimens GW30M10CR2 and GW30M10CHy4 exhibit 
a 17.5 percent and 0.7 percent increase in flexural strength compared to the control mix 
GW30M10C. However, the specimens GW30M10CR2 and GW30M10CHy4 showed a 7.4 and 
29.4 percent decrease in 28 days flexural strength compared to the specimen 
GW30M10CP2. 

From Figure 3, it is observed that the hybrid percentage of rubber plays a important part in 
the enhancement of flexural strength. The specimen with 0.5 percent PP and 0.5 percent 
rubber (GW30M10CHy2) exhibits maximum strength in all age of concrete. Figure 3 shows 
that the specimen GW30M10CHy2 exhibits a 12.8, 10.0, 11.1, 9.5, and 10.6 percent increase 
in flexural strength after the respective days of curing, compared to the specimen with 1 
percent PP fibre (GW30M10CP2). The specimen GW30M10CHy2 enhanced the 28 days and 
90 days flexural strength by 31.7 and 27.4 percent compared to the specimen without fibre 
(GW30M10C). Hence, the optimum specimen GW30M10CHy2 achieved maximum flexural 
strength compared to all other proportions of hybridization. The increase in flexural 
strength was due to the perfect dispersion of fibres and created a stiffened fibre matrix [55]. 
The strength reduction was by the augmentation of fibres. An unstiffened fibre matrix in the 
concrete medium is developed when the percentage of rubber exceeds 0.5 percent. 
Exceeding the addition of both fibre beyond 1 percent results in a reduction of flexural 
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strength and does not induce any effect than the control mix. In addition, the perfect 
proportion of low modulus and high modulus fibres showed strength increment [32,52,56]. 
It is also observed that there is a considerable increase in the flexural strength with the 
utilization of both low modulus and high modulus fibers in the matrix. 

 

Fig. 3 Flexural strength test results for various hybrid fibre proportions 

4.4. Ductility Factor 

 

Fig. 4 Ductility factor for various hybrid fibre proportions 

The results showed that the specimens GW30M10CP2, GW30M10CHy1, GW30M10CHy2, 
GW30M10CHy3, GW30M10CHy4, and GW30M10CR2 obtained the ductility factor values of 
1.37, 1.42, 1.43, 1.45, 1.51 and 1.54. The specimen with 1 percent rubber fibre 
(GW30M10CR2) showed a maximum ductility factor value compared to other specimens. 

From Figure 4, it can be observed that the utilization of rubber fiber increases the ultimate 
deflection and yield deflection. The specimen GW30M10CR2 exhibits a maximum increase 
in ductility due to the rubber fibers, which helps in improving the strength properties [35]. 
The specimens GW30M10CP2 and GW30M10CHy1 suffer from the least ductility with the 
higher percentage polypropylene fiber affecting the stability of the mix. The specimen 
GW30M10CHy2 and GW30M10CHy3 obtained a significant ductility factor than the control 
specimen GW30M10C. Hence, the ductility is improved with perfect proportion of both the 
fibers. 
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4.5. Impact Strength 

 

Fig. 5 Impact strength for various hybrid fibre proportions 

The result shows that the specimens GW30M10CHy1, GW30M10CHy2, GW30M10CHy3, 
GW30M10CHy4, and GW30M10CR2 observe the ultimate impact energy of 1212.8, 1370.12, 
1815.23, 2223.56 and 2809.12 Nm, respectively. Meanwhile, the number of blows required 
to obtain ultimate failure was observed by the specimens GW30M10CHy2, GW30M10CHy3, 
GW30M10CHy4, and GW30M10CR2 as 60, 75, 82, and 128. The specimen with 1 percent 
rubber fibre (GW30M10CR2) obtained maximum values in ultimate impact energy of 
2809.12 Nm. The specimens GW30M10CHy1 and GW30M10CHy2, GW30M10CHy3, 
GW30M10CHy4, and GW30M10CR2 exhibit 49.30, 68.67, 123.47, 173.73, and 245.82 
percent increase in energy absorption compared to the specimen GW30M10CP2. 

From Figure 5, it is inferred that the number of blows required to initiate the first crack and 
ultimate failure increases with the increase in the rubber fiber content and decrease in 
polypropylene fiber content. Specimen GW30M10CR2 yields maximum impact energy 
because the rubber fiber increases the energy absorption capacity. The energy-absorbing 
property of the rubber fibers is higher than the polypropylene fibers [38]. The test results 
evident that the number of blows for the ultimate crack is enhanced by the higher amount 
rubber fiber [57]. The maximum enhancement in impact strength is related to the presence 
of high modulus fibers in a hybrid fiber medium [58]. The specimen GW30M10CP2 yields 
the least impact energy owing to the poor structural integrity caused by the polypropylene 
fibers that affect the adhesion between the fiber and the matrix. 

4.6. Water Absorption Test 

The test results show that the specimens GW30M10CP2, GW30M10CHy1, GW30M10CHy2, 
GW30M10CHy3, GW30M10CHy4, and GW30M10CR2 have obtained a water absorption 
percentage of 3.21, 3.11, 3.02, 3.05, 3.30 and 3.32 at 90 days. While increasing the concrete 
age, the water absorption percentage will increase gradually. However, the increase in water 
absorption of all the HFRGPC specimens after 90 days is lower than the increase in water 
absorption at 28 and 56 days. The weight of specimen GW30M10CHy2 at 28 days of water 
immersion increases by 29.7 g from the initial weight. At the same time, the weight of the 
specimen GW30M10CHy2 after 56 days of water immersion is increased by 23 g from the 
weight of the specimen at 28 days. The weight of the specimen GW30M10CHy2 after 90 days 
of water immersion is increased by 21.6 g from the weight of the specimen at 56 days. Hence, 
the increase in specimen weight was decreased by increasing the immersion period. 
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Fig. 6 Water absorption of various HFRGPC specimens 

The test results showed that all the HFRGPC specimens exhibit excellent durability in terms 
of water absorption. The specimen GW30M10CHy2 grasps the minimum water absorption 
capacity. The specimen GW30M10CHy2 has obtained water absorption percentages of 1.21, 
2.17, and 3.05 after 28, 56, and 90 days of water immersion. The porosity of the concrete is 
significantly reduced, resulting in enhanced resistance to water absorption and minimum 
water absorption capacity due to the blending effect of both the fibers [59,60]. 

From Figure 6, it is observed that the water absorption value is maximum in the specimens 
GW30M10CHy4 and GW30M10CR2. The specimen with higher polypropylene fibres results 
in lower water absorption than specimens with a high percentage of rubber fibre. However, 
all HFRGPC specimens observed less water absorption capacity than the specimen without 
fibres (GW30M10C). The test results show that polypropylene fibre does not influence the 
geopolymer concrete to absorb more water. Due to its hydrophobic nature [61], 
polypropylene fibre helped limit the water absorption capacity of HFRGPC specimens. 

4.7. Sorptivity 

From the results, it can be observed that all the HFRGPC specimens obtained the minimum 
sorptivity values than the specimen without fibres.  Figure 7 represents the sorptivity values 
of each HFRGPC specimen. From Figure 7, it is inferred that the specimen with a higher 
percentage of polypropylene fibre obtained the higher sorptivity values. The sorptivity 
values decrease with increasing the rubber fibre percentage [62]. The observed readings are 
in agreement with the water absorption test values. 

The specimen GW30M10CHy2 has the lowest sorptivity values because polypropylene 
fibers are hydrophobic and absorb the least water. The specimen GW30M10CP2 exhibits 
comparatively more sorptivity value due to porosity. However, all HFRGPC specimens 
observed less sorptivity than those without fibres (GW30M10C). The test results show that 
rubber fibre does not influence the geopolymer concrete to absorb more water. Due to its 
elasto-plastic nature, rubber fibre helped limit the sorptivity of HFRGPC specimens. 

4.8. Rapid Chloride Penetration Test 

RCPT (Rapid Chloride Penetration Test) test results exhibit that the specimens 
GW30M10CHy2, GW30M10CHy3, GW30M10CHy4, and GW30M10CR2 obtained the 
minimum values of charges passed through concrete compared to other specimens. When 
the age of concrete increases, the charge passed increases gradually. The specimen 
GW30M10CR2 obtained the charge passed are 1980, 2163, 2002, and 2283 after 28, 56, and 
90 days of testing, which is the least value compared to other specimens. The charge passed 
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through the specimen GW30M10CR2 at 56 days of testing increases by 183 coulombs from 
the charge passed at 28 days. The charge passed through the specimen GW30M10CR2 after 
90 days of testing is increased by 120 coulombs from the charge passed through the 
specimen at 56 days. The porosity of the concrete is greatly reduced, resulting in enhanced 
resistance to electrical conductivity due to the blending effect of both fibers. 

 

Fig. 7 Sorptivity value of various HFRGPC specimens 

The mix with 1 percent PP (GW30M10CP2) displays the minimum resistance for chloride 
penetration, and the specimen GW30M10CR2 possesses the maximum resistance for 
chloride penetration. The results showed that the presence of rubber fibers increases the 
resistance to the flow of chloride ions into the concrete. Due to the high modulus of elasticity, 
the rubber fibre possesses resistance against the penetration of chloride ions [38]. Ranjith 
et al. [63] claimed an increase in chloride penetration with increased polypropylene fiber 
content. Chithambar [55] reported that the penetration of chloride ions in oven-cured 
samples is slightly more than the charges passed on the ambient cured samples. Hence, the 
ambient curing of all the specimens gives an excess advantage in resisting the chloride 
penetration. All the hybrid specimens were in the moderate range as per ASTM standards. 

 

Fig. 8 Electrical resistivity value of various HFRGPC specimens 
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4.9. Acid Resistance Test 

 

Fig. 9 Mass loss percentage of various HFRGPC specimens under HCL 

The test results showed that the specimens GW30M10CHy2, GW30M10CHy3, 
GW30M10CHy4, and GW30M10CR2 obtained the minimum percentages of mass loss 
compared to other specimens. The percentages of mass loss increase gradually with the 
increase in concrete age. From Figure 9 and Figure 10, it is clear that the specimens with 
various hybrid fibre dosages possesses similar and improved resistance to both the acidic 
solutions. There is no considerable change in the performance of different fibers in resisting 
the acid attack. However, it is found that specimen GW30M10CHy2 reported the highest acid 
resistance due to the blended effect of hybrid fibers matrix in contributing to the less porous 
structure than other specimens. 

From Figure 9 and Figure 10, it is observed that all the specimens have exhibited good acid 
resistance due to the perfect microstructure of optimized geopolymer concrete. The test 
results show that all the samples resist the acid attack better than the specimen without 
fibres (GW30M10C). However, the influence of various proportions of hybrid fibres on the 
sulphate resistance of the hybrid fibre reinforced geopolymer concrete has to be 
investigated. 

 

Fig. 10 Mass loss percentage of various HFRGPC specimens under H2SO4 

4.10. Sulphate Resistance Test 

Figure 11 clearly shows the variation in the mass of various HFRGPC specimens under the 
Na2SO4 acid exposures. The results show that the specimens GW30M10CHy2, 
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GW30M10CHy3, GW30M10CHy4, and GW30M10CR2 have obtained the minimum 
percentages of mass loss compared to other specimens. The percentages of mass loss 
increase gradually with the age of concrete increases [64]. 

All the mix with various hybrid fibre dosages possesses similar and improved resistance 
against sodium silicate solution. The specimen GW30M10CHy2 reported the highest 
sulphate resistance due to the blended effect of hybrid fibers matrix in contributing to the 
less porous structure than other specimens. The test results showed that all the specimens 
exhibited good sulphate resistance due to the perfect microstructure of optimized 
geopolymer concrete. The specimen GW30M10CP2 exhibits lower sulfate attack resistance 
than other HFRGPC specimens. The test results evident that resistance against the sulphate 
attack is enhanced with the higher percentage of rubber fiber content and reduced with the 
hugher percentage of the polypropylene fiber content. The presence of polypropylene fibers 
reduces the resistance to sulphate attack [39,65,66]. The test results show that all the 
samples resist the sulphate attack better than the specimen without fibres (GW30M10C). 

 

Fig. 11 Mass loss percentage of various HFRGPC specimens under Na2SO4 

4.11. Marine Water Resistance Test 

 

Fig. 12 Mass loss percentage of various HFRGPC specimens under Na2SO4 

From Figure 12, it is evident that the specimens GW30M10CHy2, GW30M10CHy3, 
GW30M10CHy4, and GW30M10CR2 have obtained the minimum mass loss percentages 
compared to other specimens. The percentages of mass loss increase gradually with the age 
of concrete increases. The entire hybrid fiber specimen possesses similar and better 
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resistance to marine water. The specimen GW30M10CHy2 reported the highest marine 
water resistance due to the blended effect of hybrid fibers in a perfect matrix contributing 
to the less porous structure than other specimens. The high resistance exhibited by the 
hybrid fiber reinforced concrete specimens GW30M10CHy2, GW30M10CHy3, 
GW30M10CHy4, and GW30M10CR2 is attributed to the good microstructure induced by the 
better adhesion between the fibers and the matrix. 

The test results showed that all the specimens exhibited good resistance against marine 
water attacks due to the perfect microstructure of optimized geopolymer concrete. The 
specimen GW30M10CP2 exhibits lower marine water attack resistance than all other 
HFRGPC specimens. The test results exhibit that the resistance offered to the marine water 
attack increases with the rubber fiber content and decreases with the increase in the 
polypropylene fiber content. The presence of polypropylene fibers reduces the resistance to 
a marine water attack. The test results show that all the samples resist the attack against 
marine water better than the specimen without fibres (GW30M10C). 

5. Conclusion 

This study examines the impact of various hybrid fibre dosages on the hardened and 
durability characteristics of geopolymer concrete. The specimen with 0.5 percent PP fibre 
and 0.5 percent rubber fibre exhibits a 26.9 percent, 30.8 percent, and 31.7 percent 
enhancement in compressive, splitting tensile and flexural strength compared to the 
specimen without fibre. The utilization of 0.5 percent of polypropylene fibre and 0.5 percent 
of rubber fibre (GW30M10CHy2) exhibits maximum performance in compressive, splitting 
tensile and flexural strength. The specimen with 1 percent rubber fibre (GW30M10CR2) 
observed maximum performance in impact strength and ductility due to the fact of high 
modulus of rubber fibre; however, the specimen doesn’t show a significant effect in 
hardened properties. The hybrid fibre dosage of 0.5 percent of PP and 0.5 percent of rubber 
attained significant performance in all hardened properties. The specimen with 0.5 percent 
polypropylene and 0.5 percent rubber showed less water absorption and sorptivity values. 
Hybrid fiber reinforced geopolymer concrete with 0.5/0.5- rubber fiber/polypropylene 
fiber resisted the acid attack, sulphate attack, and marine water attack better than the other 
hybrid reinforced geopolymer concrete specimens due to the excellent microstructure 
contributed by the blended action of both the fibers inside the matrix. Hence, it has been 
chosen as an optimum mix for developing the hybrid fibre reinforced geopolymer concrete. 
The study developed a hybrid fibre reinforced geopolymer concrete combined with 
polypropylene fibre and rubber fibre. Moreover, the geopolymer concrete made up of waste 
materials such as fly ash and wood ash could be sustainable concrete used in cast-in-situ 
applications. Meanwhile, the maximum compressive strength of the optimum hybrid fibre 
reinforced geopolymer concrete specimen is about 47.39Mpa. It is sufficient to design the 
paver block for medium traffic conditions as per IS 15658-2006. 
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 During the lockdown period due to the Covid-19 pandemic, the heaps of unusual 
wastes of packaging from panic buying, medical wastes from Covid-19 centres 
and isolation places, as well as discarded single-use safety gears like personal 
protective equipments are posing challenges not only for health hazards but also 
escalating the probability of the spread of diverse variants of Novel Corona Virus 
SARS-COV-2. Unfortunately, the containment of the spreading of the COVID-19 
pandemic and subsequent lockdown measures are impacting waste 
management adversely like anything in almost all corners of the world, 
especially, in developing nations where there exists lesser awareness with 
regard to this deadly disease and orderly disposal of these pandemic wastes. 
Also, the waste hierarchy of the “4R concept”, i.e., Reduce, Reuse, Recycle and 
recovery is negatively influencing during the prevailing epidemic circumstances 
which hinder the methodical waste disposal useful to save the environments and 
human health. The scenario of haphazard dumping of this waste is found worst 
in developing nations which are not fully prepared to face such thorny and all of 
a sudden difficulty of disposal of piles of these new risky wastes with their 
limited facilities and staff. However, the developing nations have instituted 
policies to ensure sustainable management of waste but it proved inadequate 
against the giant pandemic situations. Surprisingly, both - optimistic and 
pessimistic, types of impacts are being monitored on environments during the 
Covid-19 lockdown. Particularly, in the context of developing nations, the 
present review manuscript assesses both the optimistic and pessimistic impacts 
of the COVID-19 epidemic on the waste management sector and environment 
comprehensively along with the ways to address this gigantic Covid-19 waste 
crisis systematically. 
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1. Introduction 

Generally, global waste management deals with many types of wastes such as municipal 
solid wastes, hazardous industrial wastes, bio-medical wastes, electrical and electronic 
wastes (E-wastes), radioactive wastes, and so on. Normally, these kinds of wastes are being 
disposed of in harmony with the “waste hierarchy” through the “4R concept”, which 
includes reduce, reuse, recycle and recovery. That means it gives top priority for an 
awareness to reduce the use of non-biodegradable and harmful compounds in the first 
place which is highly essential. Similarly, the reuse of items instead of dumping them is 
also an effective measure to mitigate the piles of waste. However, recycling is the most 
modern and fully efficient route to convert the “waste to wealth” notion scientifically. 
Recovery refers to extracting commercially valuable materials and energy from wastes by 
following scientific processes. Thus, the “waste hierarchy” ranks waste management 
alternatives according to what is the best and most excellent for the environment.  
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However, in the present Covid-19 pandemic scenario, the emergence of novel kinds of 
wastes, i.e., pandemic wastes, of discarded safety gears like Personal Protective 
Equipments (PPEs), facemasks, gloves, goggles, face shields, etc. is most challenging since 
it may be infectious and hence, can be considered as “hazardous”. These novel gigantic 
healthcare wastes are generated from the medical laboratories, biomedical research 
facilities, Covid -19 treatment and isolation centres, hospitals, home-isolation sites, etc. 
Incorrect treatments of the said wastes pose grave risks of transmission of the virus to the 
waste workers, staff, and the community due to exposure to infectious agents. Also, in 
developing countries of the world, pitiable waste management emits destructive and 
deleterious pollutants into the atmosphere. The massive volume of the referred waste 
generation and its transmittable nature escorts to fear of more spreading of COVID-19 
virus creating huge insecurity in the handling and succeeding recycling of the said risky 
wastes. The unsystematic disposal of the referred wastes may invite the further spreading 
of Novel Corona Virus in diverse forms having variants, namely, alpha, beta, gamma, 
lambda, delta plus, epsilon, eta, lota, theta, zeta, and kappa so far detected. Therefore, 
methodical disposal of them is highly essential in order to keep society more safe and 
healthy. Normally, waste management includes the collection, transport, valorization and 
finally the disposal of the waste. More broadly speaking, it includes any action engaged in 
the waste management system right from waste generation to the ultimate treatment. 
Sorry to say, in developing or undeveloped nations the brand-new type of hazardous 
wastes generated during the special circumstances of the pandemic of Covid-19, is being 
dumped either on open land spaces creating landfills, or in water-bodies, etc. but not going 
for incineration or biological reprocessing or recycling or energy recovery which are the 
methodical routes of its safe disposal. For this reason, the negative impact of this incorrect 
dumping on the environment and the possibility of the spread of deadly diseases has 
increased in such countries with restricted facilities for disposal of the unexpected heavy 
load of novel infectious wastes. This is a threat not only to the environment but also to the 
lives breathing on mother earth. Regrettably, at this time, there are millions of people being 
crushed by the giant of Covid-19 with lacs of deaths across the globe. Although the COVID-
19 pandemic has contributed incredibly to mitigated air, noise and water pollution with 
enhanced bio-diversity as well as at sites for tourist attraction but the impact of staying-
at-home and preventative measures have resulted in an alarm for a correct management 
of the infectious wastes. The piles of “use and throw” gloves, gowns, masks and other PPEs, 
etc. produced on a huge scale and converted in form of perilous waste from households 
and health care and quarantine facilities like hospitals and Covid-19 centres pointing 
towards the waste emergency escalating the possibility of spreading of COVID-19 through 
secondary transmission [1]. Not only have those, the uncontrolled dumping, burning in 
open and incineration may impact air and water quality along with health issues owing to 
release of toxins [2].  This situation is more perilous in developing nations having limited 
standard technologies and strategies to deal with a waste emergency through systematic 
sustainable waste management since it obviously calls for the high cost to implement it 
fully. Quite a lot of developing nations have adopted safety measures to battle with the 
referred pollution and to manage the mentioned wastes; however, the present measures 
taken are inadequate and differ relying upon the context of the nation. What is more to 
add, the WHO has publicized the guidelines for the management of medical wastes which 
lend a hand to managing the extremely infectious waste generated during the existing 
Covid-19 pandemic. The appropriate waste management may slim down the spreading of 
the COVID-19 virus and accelerate the recycling instead of dumping it in the landfills. 
Sustainable management is being encouraged by disinfection and sorting these wastes 
which permits their consumption for precious objectives. As we know, waste management, 
similar to every environmental attempt, entails stressors and receptors. The earlier are the 
agents which should be removed, reduced, or managed, such as the waste itself or definite 
components carried along viz., microbes, organic compounds, heavy metals or energy, etc. 
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Whereas the later one, by definition, receives the damage caused by the stressors. More 
often than not, the environmental receptors are classified as human or ecological. 
Therefore, if a waste carries hazardous infectious viruses that may come in contact with 
other general healthy public or waste management workers then it is injurious to their 
health. Additionally, these kinds of wastes can make threats to ecosystems and 
atmosphere. Debatably, the methodical disposal of waste management offers pre-
eminence to human receptors and the safeguarding to public health.  

Exhaustively, the current paper reviews the positive and negative impacts of the COVID-
19 pandemic on the waste management sector and environment especially keeping an eye 
on developing countries where there are a lower rate of education, lesser awareness of the 
deadly disease, and very narrow treatment facilities available for organized waste 
management to cope up with such a novel, unpredicted, infectious, hazardous and 
monumental wastes generation along with the ways to get rid of this gigantic Covid-19 
waste crisis systematically.  

2. Environmental Corollaries During Prevailing COVID-19 Epidemic   

Unbelievably, the ongoing COVID-19 pandemic is found impacting in both ways, i.e., 
optimistic and pessimistic, on the natural environment. The former includes a drop in the 
pollution of air, water and noise, sparkling of beaches, low GHG footprints, lower down 
traffic, etc. While on the other hand, the later one is very dangerous because it causes due 
to the boosted, novel, infectious medical and plastic wastes of safety gears, medical, 
disinfectants and packaging, etc.; hindrance in the recycling of wastes, redundancy, 
monetary crises, no functioning of educational and coaching institutes, no exercises in 
gyms, no entertainment in theatres and cinemas, no ritual or religious functions, limited 
gathering for marriage and funerals, restricted domestic and international travelling, etc. 
Also, in the pre-Coid-19 period, the world was facing challenges for environments, 
contamination generated from industrialization, pollutions of noise, water, air, soil, etc.; 
extreme use of chemicals for agriculture; etc.; depletion of ozone (O3) layer owing to 
emissions of GHGs from industries and vehicles leading to a gigantic dilemma of earth-
heating, i.e., global warming [3]. Among these titanic prevalent issues, one more deadly 
disease appeared out of the blue before the lives of the world by which the whole universe 
feels down in the dumps.  

The worldwide disruption resulting due to the pandemic situation prevalent owing to 
COVID-19 is answerable to a number of impacts on the environment and climate. On 
account of the complete lockdown in almost all corners of the world, the movement has 
restricted and a momentous hold up of socio-economic activities found. Besides the air-
quality enhancement at so many places, there found a reduction in water contamination in 
different nations of the world. More to the point, the greater than before use of PPEs viz., 
facemasks, hand gloves, goggles, face shield, etc. and disinfectants like sanitizers, etc. 
generated massive quantity of sudden infectious wastes. After their use, they are being 
dumped haphazardly in nearby open spaces causing negative impacts on the environment 
and a probability of spread of viruses.  

2.1. Optimistic Environmental Impacts  

2.1.1 Mitigation of Air Pollution and GHGs Emissions 

Optimistically, the COVID-19 lockdown scenario has  lead to surprising extensive upbeat 
impacts on the atmosphere and climates on account of the reduced footprints of air 
pollution as well as GHGs emissions [4]. Among the developing nations, Indian air pollution 
is excessively influencing human health adversely and hence, causes roughly over 3.50 lacs 
new cases of childhood asthma along with about sixteen thousand premature deaths 
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annually. This huge air pollution is assigned to the presence of fossil fuel burning in open 
and largely from the exhaust of vehicles in India discharging nitrogen dioxide (NO2) and 
particulate matter ranging from 2.5-10 μm diameters [5]. There exist plenty of air-
pollutants in nature, however, the major among are nitrogen dioxide (NO2), carbon 
monoxide (CO), Sulphur dioxide (SO2), Ozone (O3), fine (PM 2.5), and coarse particulate 
matters (PM10), etc. The chief sources of the referred kinds of contaminants are 
predominantly from diverse industries and the exhaust from automobiles. The poisonous 
Carbon monoxide (CO) gas emissions are found mainly released from the burning up of 
fossil fuels and from the operations of heavy machinery. On the other hand, Sulphur 
dioxide gas (SO2) comes primarily from motor vehicles, power generation plants, domestic 
heating, etc. These emissions of the said air-pollutant gases into the atmosphere impact 
harmfully on the human respiratory system, lungs, mucus secretions, etc. The elevated 
levels of NO2 can influence negatively by causing damage to the respiratory tract of people 
and augment the susceptibility of a particular individual to and the harshness of 
respiratory infections and asthma too. Additionally, the long-standing exposure to higher 
levels of NO2 emissions can pilot to chronic lung diseases. Not only have that, when NO2 
reacts with atmospheric air it liberates ozone (O3), which is a key component of smog and 
can be responsible for worsening bronchitis and emphysema, asthma, permanent injury to 
lung tissues, etc. Exposure to O3 of the troposphere is considered answerable for an 
estimated about 10, 00,000 premature death annually. On the other hand, particulate 
matter (PM) is the main product of acid rain, which can cause deadly diseases of cancer 
since it can pierce inside the cells of the lungs with ease. There exists two types of PM, i.e., 
PM10 and PM2.5, relying on the size of the matter. Precisely speaking, the type PM10 
possesses a size smaller than 10 mm e.g., the pollens, moulds and dust, etc. While the PM 
2.5 is even much smaller than the PM10 creating pessimistic impacts on health such as 
chronic obstructive pulmonary disease and lower respiratory infection leading to the 
death of more or less 30, 00,000 persons internationally. Also, Ozone (O3) is one more 
significantly toxic contaminant generated from destructive gases discharged by vehicles 
and/or industries, which cause stern breathing predicaments, fall in functions of lungs, 
triggering asthma and lung-related crises. During the ongoing Covid-19 epidemic, 
government authorities in almost all parts of the world, especially in developing nations 
where the spread of the novel Coronavirus is intensive,  have compelled the authorities to 
shut down markets, industries, transportation, etc. during lockdown leading to an abrupt 
fall in the amount of emissions of greenhouse gases (GHGs). That means, the drastic 
reduction with regard to air pollution in developing countries is the direct result of the 
complete shutdown of most of the industries and diminish in automobile traffic reduction 
during the COVID-19 period [6,7]. So far, the data of levels of air pollution for New York are 
found in decreasing order when compared to the period prior to lockdown while Covid-19 
initiated. Approximately 50% of air pollution is reduced owing to the measures 
implemented to control the spreading of the Novel Coronavirus. In the same way, an 
estimation of nearly 50% reduced N2O and Carbon Monoxide (CO) is made for China due 
to the pack up of heavy industries [8]. Also, the NO₂ emission is one of the significant 
pointers of international monetary actions indicating mitigation in so many nations, 
namely, the U.S.A., Canada, China, India, Italy, Brazil etc. owing to the shutdown [3,9]. By 
and large, NO2 is being released from fossil fuel burning, about 80% of which comes from 
motor-vehicle exhaust [10]. It is well-known that NO2 is responsible for acid rain through 
interacting with O2 and H2O, and also for numerous respiratory issues to humans [10]. In 
accordance with the European Environmental Agency (EEA), the COVID-19 lockdown 
period is fallen down in the range from 30% to 60% in so many European cities such as 
Barcelona, Rome, Madrid, Paris and Milan [11]. While in the U.S.A., an emission of NO2 is 
found declining by 25.5% in the course of the COVID-19 lockdown time in comparison with 
preceding years. Significantly, the case of Ontario State of Canada displayed the level of 
NO2 with a decline from 4.5 to 1 ppb [parts per billion (10-9)] [12]. Analogously, the 
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reduction of up to 54.3% in NO2 emission is recorded in Sao Paulo, Brazil [13]. An 
assumption is made that vehicles and aviation are the chief contributors for GHG emissions 
figuring to about 72% and 11% correspondingly. Internationally, the measures taken in 
the context of the containment of the Coronavirus have exhibited a striking impact on the 
aviation segment. Several nations imposed restrictions on international travellers to enter, 
depart or even transit resulting in a drop in movement of air passengers. Therefore, the 
scheduled flights have been cancelled by commercial aircraft companies worldwide. For 
illustration, China decreases roughly 50% to 90% capacity for International departure and 
70% for domestic flights because of the virulent disease when the comparison is made 
from January 20, 2020, finally resulting in a cut of almost 17% of the CO2 emissions [14]. 
What's more, it is found recorded that 96% of air travel has been plunged from a 
comparable time preceding year worldwide owing to the harsh situation of COVID-19 
pandemic, that eventually has influenced the environment. Taken as a whole, the very 
much lesser use of fossil fuels has slimmed down the GHG emission lending a hand for open 
battle against universal climate alteration. In harmony with the International Energy 
Agency (IEA), the exigency for oil has declined by 435,000 barrels internationally in the 
early 3 months of 2020, when comparison made with the same spell of a period of the 
preceding year. More to the point, worldwide coal consumption is also trimmed down 
since lesser demand for energy met within the lockdown period due to the Covid-19 
pandemic.  

The coal-based Indian power generation plants slimmed down by 26% with a 19% drop of 
total power generation subsequent to the movement restrictions. While China stood first 
as the uppermost coal consumer internationally, however, with a decline of 36% when 
comparing it with the same spell of time of the earlier year from February to the middle of 
March [5]. In accordance with the climate science and policy website Carbon Brief, U.K.; 
the ongoing tragedy of COVID-19 has reduced 25% CO2 emission in the Republic of China, 
and nonetheless below the normal limit more than two months after the country entered 
lockdown [15]. Also, they estimated that the epidemic period could drop 1,600 metric tons 
of CO2, equal to beyond 4% of the total global emissions of CO2 in 2019.  

2.1.2 Reduced Water Pollution 

Sorry to say, water pollution is a most common happening in developing countries, 
especially in Bangladesh and India. This is mostly because the domestic and industrial 
wastes are dumped into rivers directly without subjecting them to any methodical 
treatment [16]. The key sources of emissions of gases and generation of chemical kind of 
pollutants from industries have been reduced tremendously or fully stopped during the 
Covid-19 lockdown era lending a hand to minimize the pollution [17,18]. Also, it is 
reported that the pH-concentration, electric conductivity (EC), Oxygen Demand (DO), 
Biological Oxygen Demand (BOD) and chemical oxygen demand [COD] have slimmed down 
greatly in dissimilar monitoring stations during the in-progress Covid-19 lockdown in 
comparison with the pre-lockdown normal era [17,18]. The chief industrial contaminating 
sources have either get reduced or entirely shut down during the covid-19 lockdown 
period helping to mitigate the pollution load as witnessed in the case of the Indian Holy 
river Ganga, Yamuna, etc. The rivers of the developing nations have touched a noteworthy 
purity level in the absence of industrial pollution due to the shutdown. In India, in the 
context of the Holy River Ganga, the observation readings of total of thirty-six real-time 
monitoring stations were recorded by a government body calthe led Uttarakhand Pollution 
Control Board of India (UPCB). Incredibly, out of these 36 stations’ readings, the river 
water from twenty-seven stations is found within the acceptable limit [19]. Amazingly, 
after a gap of 30 years, the dolphins, South Asian River Ganges, are also spotting back in 
the Holy River Ganga. In Navi Mumbai city, India, tens of thousands of flamingos are 
reported to gather around. Generally, the birds migrate each year to this area, however, 
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their presence has boosted extraordinarily during Covid-19 period as observed by local 
residents. Wonderfully, the UPCB authorities have accounted that water from “Har-ki-
Pauri ghat” on the bank of river Ganga – a place near Haridwar is found “potable for 
drinking” subsequent to chlorination because of the absence of the usual industrial wastes 
drainage into the river water during Covid-19 shut down period of industries [20]. This 
sudden and unexpected improvement in the quality of water near the cities of Haridwar 
and Rishikesh was assigned to the abrupt fall in the number of tourists [19]. In harmony 
with the real-time monitoring results for water quality, the physic-chemical parameters of 
the river Ganga are found as, pH from 7.4 to 7.8, biochemical oxygen demand (BOD) from 
0.6 to 1.2 mg/L. All of them are falling within the limit of the surface water quality norms 
set by the Indian government authority. However, in some monitoring stations, with the 
exception of the total coliform figure, the rest of the other parameters had been found even 
in agreement with the Indian national drinking water quality standard, which can be 
utilized devoid of conventional treatment subsequent to disinfection. It is noteworthy that 
the pH concentration, Oxygen demand, electric conductivity (EC), Bio-chemical Oxygen 
Demand (BOD) and chemical oxygen demand(COD) have been found to decline 
significantly in diverse monitoring stations when compared with the figures of the same 
for Covid-19 lockdown and the pre-lockdown time [21]. Furthermore, the unnecessary 
gathering of people in public places is prevented by the rules, which has decreased the 
quantity of tourists and water activities at so many places [22]. There are reports of turning 
the Canal water clear and reappearances of so many aquatic species during the lockdown. 
More to add, water pollution is found reduced in the beaches of Malaysia, Indonesia, 
Thailand, Bangladesh, Maldives, etc. [23]. The food waste quantity is decreased during the 
COVID-19 lockdown, which in turn, slimmed down the contamination of soil and water. 
The consumption of water by the industries, particularly by the textile industry, has also 
been trimmed down due to shutdown during Covid-19 [24]. By and large, the massive 
quantity of water and soil polluting trashes generated in construction and manufacturing 
processes are also found to decrease during the lockdown period of a pandemic. What’s 
more, there found a reduction in the emission of polluting gases and marine pollution 
because of the lesser movement of merchant ships and other vessels in the seas and oceans 
since the export-import business was affected very badly due to the Covid-19 epidemic.  

2.1.3. Reduction in Noise Pollution 

Normally, in the pre-Covid-19 era, the key global cities, particularly, of developing nations, 
are found extremely polluted by elevated noise pollution generated because of the human 
hustles and bustles viz., automobile traffic on roads, higher volume speakers in markets, 
and sound of a range of industrial plants and factories, etc. causing loads of uneasiness and 
health crises to humans and other lives on the earth. Psychologically, noise pollution 
influences animals and more than ever the birds since they are exceedingly thin-skinned. 
However, at the present, the chief densely populated cities of the developing nations are 
experiencing an unexpected and all of a sudden giant fall in noise level pollution as a 
straight outcome of the imposed COVID-19 lockdown by the government authorities which 
brought about the incredible decline in all kinds of transport modes and mercantile as well 
as industrial activities [22]. Generally, noise pollution is the result of the elevated levels of 
sound, generated from a range of human activities like operating machines, driving 
vehicles, working for construction, aviation, etc. It may pilot to influence human beings and 
some other living organisms adversely [22]. In fact, the pollution of noise badly affects 
bodily processes and injurious to human health creating hypertension, cardiovascular 
disorders, sleep shortness, etc. which are dangerous if long-standing. It is estimated that 
approximately 360 million populace is susceptible to hearing loss owing to long-term noise 
pollution [25]. The World Health Organization (WHO) made an estimate that worldwide 
over 100 million individuals are facing the challenge of higher noise levels beyond the 
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recommended border line single-handedly in Europe. Not merely humans, the 
anthropogenic pollution of noise has impacted pessimistically on even wildlife by altering 
the balance to detect and avoid the predator and prey. Also, it influences negatively the 
health of invertebrates that play a significant role to control the environmental course of 
actions in order to bring about the eco-system balance. During the Covid-19 lockdown 
period, the patients and their contacts were quarantined and normal people stayed in 
homes as well as a reduction in communication and economic activities in almost all parts 
of the world have altogether eventually lowered the noise level to an unbelievable level 
[22] e.g., the noise level of the capital city of developing country India, i.e., New Delhi, is 
found with a drastic reduction of about 40% to 50% in the recent Covid-19 lockdown. On 
the other hand, because of the restrictions on the movement of the vehicles of the general 
public during the Covid-19 lockdown, the noise levels of Govindpuri metro station, in Delhi 
is found to represent a reduced noise level of 50 to 60 dB only, otherwise, it was figuring 
around 100 dB in pre-lockdown time [26]. In harmony with the Central Pollution Control 
Board of India, the noise level of a residential zone, New Delhi, is incredibly found dropped 
in the daytime as 40 dB from routine 55 dB while 30 dB in the night from usual 45 dB. 
Consequently, it has become possible for citizens to enjoy the chirping of birds which they 
never think about before the Covid-19 lockdown. Moreover, the domestic and 
international travel restrictions have controlled the transport and aviation industries by 
reducing the flights and traffic on road drastically in almost all corners of the world piloting 
to a great reduction in the level of pollution of noise, e.g., Germany has cutback the air-
passengers by over 90%; car traffic by more than 50% and trains by >75% than their usual 
ones [25]. Taken as a whole, the COVID-19 pandemic lockdown together with only lesser 
financial activities have drastically reduced global noise pollution as a positive impact on 
the environment and human health. The factors during the Covid-19 pandemic like 
quarantine, lockdown, work from home, limited global commercial activities, restrictions 
on domestic and international travels, etc., have altogether trimmed down the noise level 
in most cities of the world, in particular, in developing countries [22].  

2.1.4. Restoration of Ecosystem and Assimilation of Tourist Destinations 

Remarkably, the global tourism sector is developing fast in developing countries owing to 
the progressions in transports and technology contributing notably to the Gross Domestic 
Product (GDP), i.e., the total market or financial value of all the services and the finished 
goods produced inside the national border in a definite period of time. However, Lenzen et 
al [27] has made estimated that the tourism industry is answerable for about 8% of global 
Green House Gases (GHG) emissions. More often than not, the interesting tourist sites of 
natural beauty like beaches, national parks, mountains, islands, deserts, mangroves, etc. 
catch the attention of the tourists. In order to accommodate and facilitate them, there are 
scores of motels, hotels, restaurants, bars and markets, etc. existing or being developed 
consuming natural resources and plenty of energy. Puig et al. [28] worked out the carbon 
footprint in the coastland hotel services, Spain and accounted electricity and other fuels 
burning up playing a key role for pollution with the highest contribution of the carbon 
emissions from 2-star hotels. Furthermore, a few tourists make an enormous harsh and 
dump haphazardly a range of wastes impairing natural beauty and thus, leads to imbalance 
the eco-system. On account of the local COVID-19 restrictions, the tourists are reduced in 
quantity all over the world which has impacted negatively on the tourism industry to a 
great extent [22]. For illustration, Phuket, Thailand, is the most popular destination for 
international tourists with an average of 5,452 visiting tourists per day witnessing the bad 
days due to the recent Covid-19 lockdown [29]. Likewise, Cox's Bazar sea beach - the 
longest unbroken natural sandy sea beach in the world, is also appearing lonesome 
because of the ban by local administration on public gatherings and tourist travel. 
Consequently, the colour of seawater is altering from turbid to its original pure appearance 
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in the absence of any kind of pollution from swimming, playing, riding motorized boats, 
bathing, etc. On account of the reduction in pollution, surprisingly, a return of dolphins has 
been encountered along the coast of Bay of Bengal, Bangladesh after so long time [23]. This 
simply means that nature is getting time to assimilate human annoyance which is resulting 
in optimistic impacts on ecology. 

 2.1.5. Sparkling Beaches 

Marvellously, the beaches are regarded as an imperative natural resource located in the 
coastal zones. The beaches are the source of sand, land, fishing grounds, etc. helping the 
survival of the coastal populace. They contribute to the government with a good source of 
revenue from tourism. However, normally, the majority of beaches are found densely 
contaminated on account of anthropogenic actions. In opposition, presently, so many 
beaches of the world are found sparkling since most of the nations have imposed Covid-19 
lockdown to trim down the movement and travel of tourists and public in and in the region 
of the coastal zones piloting to have cleaner beaches in comparison to the pre-lockdown 
time and also found spotless and clean waters around the neighbouring regions [22]. 

2.2. Off-Putting Impacts of COVID-19 Scenario on Environments 

2.2.1. Escalation in Wastes 

Internationally, the generation of a new-brand type of bio-medical wastes is extensively 
escalated subsequent to the flare-up of the COVID-19 pandemic which is a prime threat to 
not merely the general public’s health but also to the environment. In spite of the 
guidelines of authorities concerned and the experts with regard to the correct dumping 
and segregation of risky medical wastes and plastic-based PPEs as well as organic domestic 
wastes, the mixing up of all these wastes is knowingly or unknowingly made by some 
people especially unaware individuals in developing countries with narrow literacy rate 
are boosting the jeopardy of Covid-19 transmission, and its virus exposure to waste 
management employees [30]. Furthermore, the colossal quantities of discarded bottles of 
disinfectants which were utilized to wipe out the novel coronavirus from public places, 
industries and at residences have not only accumulated in form of piles of wastes with the 
possibility of being infectious since they may come from isolation and/or treatment 
centres as well as hospitals for Covid-19. Currently, in this period of deadly virulent disease 
of Covid-19, a large quantity of used disinfectants are found laying extensively on roads 
and in markets as well as around residences useful to eradicate novel Coronavirus. This 
widespread use of disinfectants may be dangerous to the health and lives of some other 
non-targeted innocent useful species creating an ecological imbalance [31]. These 
extensive applications of disinfectants may obliterate some other useful organisms which 
can contribute optimistically to maintaining ecological balances [32]. What is more, the 
SARS-CoV-2 virus was found present in the faeces of COVID-19 patients and also in 
municipal wastewater in so many nations like India, etc [33]. For this reason, still further 
measures for wastewater treatment are the need of the hour, which is a challenging job for 
developing nations like Bangladesh, etc. where municipal wastewater is directly drained 
into nearby water-bodies and rivers with no treatment [34]. Particularly, China has already 
made the procedures stronger for disinfection by using chlorine increasingly to put off the 
spread of the SARS-CoV-2 virus via the wastewater. However, it is also noteworthy that too 
much use of chlorine in water may generate destructive by-products at the same time [22]. 
Likewise, globally, during the present Covid-19 pandemic, the governments have issued 
guidelines by time to time to wear PPEs as safety gear like a facemask, gowns, hand gloves 
and other safety equipments in order to protect the general public from the novel 
coronavirus infection escalating to the healthcare waste quantity at the domestic level [35]. 
Especially, the generation of this new-fangled waste in form of used plastic-based PPEs has 
amplified internationally as  [32] the case with China where the daily boost in the 
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production of medical masks as 14.8 million since February 2020, which is much greater 
than before [36]. The lack of awareness for such a novel infectious waste dumping leads to 
its randomly throwing away the used face masks, hand gloves, gowns, other PPEs, etc. by 
most of the people in open spaces or mixing it with other usual household wastes. Thus, 
the incorrect dumping of these trashes results in blockage in the route of waterways and 
futhe environmental contamination [22]. The face mask and other plastic-based PPEs are 
considered as the potential source of micro-plastic fibres in the atmosphere [36]. 
Generally, Polypropylene is used to manufacture N-95 face masks, and protective Tyvek 
suits, gloves, as well as face shields, on the surface of which the novel Coronavirus can 
survive for a long-term period and discharge the dioxin and toxic elements into the 
atmosphere. Essentially, the guidelines by authorities and health experts suggest that there 
should be correct disposal and segregation of organic domestic waste as well as of the 
plastic-based PPEs which are perilous medical wastes. Moreover, the medical waste should 
not be a mix up with household wastes since it will boost the jeopardy of Covid-19 virus 
transmission [1]. During the courses of the testing of the suspects of COVID19, diagnosis, 
treatment of an enormous number of confirmed patients at centres and/or hospitals, as 
well as disinfection, there found generation of scores of new kinds of infectious and bio-
medical wastes [22]. The escalating quantity of the referred wastes is creating a dilemma 
for its systematic waste management e.g., in Wuhan, China; there is a record generation of 
over 240 metric tons in a single day for the duration of the outbreak [3], which is 
approximately 190 m tonnes greater than the pre-Covid-19 period [22]. In developing 
nations this predicament of methodical waste management is more serious due to limited 
resources e.g., in Ahmedabad, India, the quantity of generation of medical waste is boosted 
from 550 to 600kg per day to about 1000 kg per day at the time of the initial phase of Covid-
19 lockdown [37]. Therefore, this abrupt and swift ascend of infectious wastes of medical 
and safety equipment have turned out to be a key quandary for the local waste 
management authorities of developing nations. In one more capital of developing country 
Bangladesh, i.e., Dhaka city, these sort of wastes is found generated during COVID-19 as 
nearly 206 m tonnes of per day [38]. In the same fashion, some other cities, namely, Kuala 
Lumpur, Manila, Bangkok and Hanoi also experienced an enhancement in generating 154 
to 280 m tonnes more medical wastes every day than in the pre-pandemic normal time. 
Such an unwanted, unpredicted, uninvited, all of a sudden, and infectious hazardous 
medical wastes generation have alarmed the world, especially developing nations for their 
correct disposal with restricted facilities. As described earlier, the Covid-19 restrictions on 
movements and “stay at home” strategies by governmental authorities in almost the whole 
of the world has piloted to enormous boost in both organic and inorganic kind of wastes. 
Conveniently, in this present pandemic period, people are buying essential commodities 
and in some cases foods from online platforms with the home delivery facility, which has 
accelerated the wastes of packaging mostly in form of plastics and papers leading to the 
incredible rise in the quantity of household wastes. Not merely have that, the massive 
medical wastes of used gloves, face masks, disposable aprons and PPEs, syringes, etc., also 
found generating in treatment centres and hospitals for Covid-19. This unexpected, 
gigantic and pressing issue created by the present circumstances has put the waste 
management authorities in the world in a confusing state, especially, in developing 
countries where the facilities for the same are confined. In the context of developing 
nations where people are not fully educated, the unawareness of some sections of the 
society results in random dumping of the said wastes. The haphazard disposal of the 
referred wastes in landfills or the streets or water bodies, etc., may lead to severe 
predicaments of human health since these wastes may be infectious and still can carry 
traces of viral pollutants [35]. Thus, proper waste management has become a momentous 
challenge for the local waste management authorities, particularly in developing nations. 
The anxiety fuelled when it has been revealed through the freshly published literature that 
the novel Coronavirus can exist for a prolonged period on surfaces of diverse objects of day 
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to day use.  Consequently, at this moment, it is a matter of great global concern that the 
bio-medical wastes generated from the hospitals and/or Covid-19 treatment centres in 
form of infectious, discarded masks, needles, syringes, bandages, gloves, used tissue, and 
leftover medicines, etc. should be disposed of appositely with a view to mitigating further 
spreading of infection of Covid-19 virus and contamination of environments. The 
enhancement in the quantity of both organic and inorganic kinds of municipal wastes 
generation is impacting directly or indirectly on the environment through polluting the air, 
water and soil. In the referred epidemic period, the panic online shopping with home 
delivery facilities is increased tremendously on account of the quarantine and lockdown 
policies in many nations piloting to augment the shipped packaging materials waste in 
form of household wastes [22].  

2.2.2. Diminution in Waste Recycling 

Due to the curse of the Covid-19 virus spreading in almost all corners of the world, the 
recycling facilities are affected badly in particular in developing nations. At the present 
time, this has proved to be a major crisis since waste recycling can not only prevent 
contamination but also save energy and preserve limited natural resources. As stated 
earlier, the rising domestic and medical wastes from Covid-19 facility centres and 
quarantine facilities may bear traces of virus contaminants posing a threat of infection to 
the workers and staff involved at recycling sites. For this reason, the recycling waste 
management functions are closed down in so many parts of the world. However, the 
endeavours are going on to address this challenge by most of the nations for safe and 
systematic disposal of infectious COVID-19 wastes because waste management of these 
waste is turning out to be a burning issue and seems to be thorny to practice. Nevertheless, 
the recycling of waste is an efficient route to put a stop to contamination, save energy, and 
preserve the restricted natural resources [1]. However, at the moment, a number of 
nations put off waste recycling to mitigate the transmission of the Covid-19 virus e.g. the 
U.S.A. narrowed down the recycling programs to nearly 46% at different places since the 
US government is concerned about the jeopardy of COVID-19 even at recycling units [37]. 
Worldwide, taken as a whole, there has been noted down an increase in the landfilling and 
environmental contaminations owing to a disorder of routine municipal waste 
management, recovery as well as recycling. This situation must bring to an end by opening 
the recycling plants faster and the recycling must be made at its acme in order to get rid of 
this hazardous waste keeping the staff and workers safe. 

2.2.3. Long Persistence of Novel Corona Virus 

Exceptionally, the hottest research in print literature in the context of the behaviour of 
novel Coronaviruses has revealed that they are capable enough to survive on the 
cardboard all day while on plastics and stainless steel surfaces for up to 3 days [37]. For 
this reason, the wastes generated from hospitals, treatment centres, and quarantine 
facilities should be effectively handled with a view to reducing the spreading of infection 
and pollution of the environment since it is turning out to be a worldwide concern at this 
moment. 

3. Prospective Measures for Sustainable Environments 

To date, nobody can predict the end of the Covid-19 pandemic era and that’s why; the 
prospective measures to keep sustainable environments are the need of the hour in order 
to maintain the health of lives on the mother planet earth and other natural eco-balances. 
Therefore, this is a crucial time to make the correct strategies for long-term benefits to 
manage a sustainable environment scientifically. International response to fight against 
the COVID-19 pandemic has elicited making mankind united to triumph over the colour 
changing chameleon type novel coronavirus. Accordingly, with a view to safeguarding the 
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global environment and human health, joint efforts by all the nations are essential [37], 
hence, a few potential strategies are being proposed to uphold the sustainability of 
universal environments. 

3.1 Eco-benevolent Industrialization 

For any nation, industrialization is the backbone of progress which leads to financial 
development but at the same time, it should not be perilous to the lives on the earth. 
Therefore, the pandemic has compelled the world to think about eco-friendly industrial 
development. Sustainable industrialization necessitates essentially switching over to 
lesser energy-intensive industrial aspects, employing cleaner fuels and green technologies, 
and stronger energy competent policies. More to add, the industrialization should be made 
in some definite zones, keeping a conception in mind that the wastes generated from one 
industry can be employed as the raw materials for another leading to a lessening of 
landfills and the green concept of “use of waste for the best” will also be followed to “Go 
Green” [39]. With the condition not to hinder the national economical growth, industrial 
zones should be shut down at regular intervals of time as a circular route with the objective 
of reduction in emission of contaminating gases. As an effective measure towards 
sustainable industries, the giant industries with lots of workers and staff presence e.g., in 
the case of readymade garments plants, etc.; essential appropriate distancing and 
disinfected environment should be maintained in order to trim down the spreading of any 
contagious hazardous disease like Covid-19. 

3.2 Transportation with Abridged Footprints of Pollutions 

It is quite noteworthy that the global transportation industry is a great source of polluting 
the environment through vehicular exhaust mainly. In the interest to cut down these 
emissions of poisonous gases, etc., it is highly essential to promote the eco-benign 
transport system like the use of bicycles for shorter distances, public bike and taxi sharing 
locally as found in China, and people should prefer public transport rather going in their 
own private individual vehicles for a long journey. More to the point, awareness in people 
should be brought about to encourage mass usage of transport so that low footprint of 
contaminating agents will be observed which will be proved not only eco-welcoming but 
also lend a hand for the sound health of general public of the world especially of developing 
nations where the pollution on roads has reached its acme. 

3.3 Application of Renewable Energy  

Indubitably, the application of renewable energy will slim down the exigency of fossil fuels 
viz., Petroleum oil; coal; natural gas; etc. will play a significant role to trim down the 
emissions of Green House Gases (GHG) [40]. The worldwide exigency for energy is dropped 
resulting in the lowered emission and escalated ambient air quality in a number of areas 
during the COVID-19 pandemic time [22,37]. However, with a view to upholding the 
everyday requirements and international monetary growth, it is not practical to trim down 
demand for energy, therefore, the application of sources for renewable energy such as 
biomass, solar, hydropower, wind, geothermal heat, etc. can meet up the energy demand 
and mitigates the GHG-emission into the atmosphere. 

3.4 Treatment and Reuse of Wastewater 

With the purpose to control the water pollution challenges, both municipal and industrial 
wastewaters should be treated suitably prior to discharge. Moreover, reuse of treated 
waste water in a non-productive course of actions such as cleaning of roads and flushing 
of toilets can lighten the burden of surplus water removal. 
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3.5 Recycling and Reuse of Wastes 

As stated above, the circular global economy systems for implementation the production 
procedures can help to lesser the consumption of raw material and, consequently, waste 
generation for diminishing the load of wastes and contamination of environments [39]. 
Both wastes of industrial and municipal origins should be recycled and reused as well as 
unsafe and communicable medical wastes should be orderly managed as per the guidelines 
of systematic disposal.  In developing nations, many people are with little education and 
hence, lack an understanding of the Covid-19 virus behaviour and spreading routes, 
segregation of medical wastes and its final methodical disposal [38]. As a result, the 
government authorities should bring about full awareness on each and every topic related 
to the Covid-19 virus and the pandemic period by campaigning through diverse mass 
media with respect to the fitting waste segregation, its handling and ultimate disposal 
techniques. 

3.6 Restoration of Environments and Eco-tourism  

 The global tourist sites should be closed at regular intervals of time in order to restore the 
ecological system. Also, the eco-tourism practices should be made stronger with a view to 
encouraging sustainable living, cultural safeguarding, and biodiversity protection. 

3.7 Behaviour Modifications in Day-to-Day Life  

In the interest to trim down the carbon footprint into the atmosphere by means of lesser 
emissions of GHG globally, some measures have to be taken by bringing behaviour 
modifications in our day-to-day life viz., optimal consumption of resources, replacing 
processed food with locally grown food, preparation of compost from the wastes of foods, 
switching off or unplugging the electronic devices when not in use, as well as ride a bicycle 
in place of a car locally. 

3.8 Global Teamwork 

With an objective to meet with the sustainable environmental and conservation of world 
environmental resources like the universal climate and bio-diversity, joint international 
endeavours are quite essential. Therefore, at this stage, an effective role of UNEP is much 
desirable for preparing state-of-the-art policies, making plans for international get-
togethers, and harmonization of international leaders for appropriate execution. 

 As we know, the pandemic is influencing either directly or indirectly the lives on the earth, 
international economy, the environments, atmosphere, waste management, etc. very 
adversely. Nowadays, the environmental components are impacted badly resulting in 
enforced human-influenced modifications in the atmosphere and climate. More to add, it 
is a pressing need of the hour to work jointly in order to fight against the threat of COVID-
19 to mankind. Nobody knows how far the pessimistic impacts of the Covid-19 pandemic 
will prolong on the environment; hence, the cohesive and time-oriented strategies can 
make stronger the sustainability for environments by saving the earth from the impacts of 
worldwide climatic alterations. 

4. Conclusion and Discussion 

In developing nations of the world, the practices for sustainable waste management were 
already challenging in the pre-Covid-19 era, which has shockingly turned out to be more 
exigent and thorny in a prevailing pandemic scenario which is changing not only the 
national socio-economic conditions but also impacting vigorously on environments, 
human health, and different essential sectors too. The gigantic escalation of infectious 
medical, plastic of PPEs and household wastes from Covid-19 quarantine and treatment 
centres as well as packaging wastes from panic online buying and foods have altogether 
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compelled us to be cautious of them and find a way to get rid of them methodically. With a 
view to addressing this fiery dilemma, the developing nations have to look into the matter 
sincerely and concerned government authorities should take necessary actions for control 
of generation of such wastes so far it is possible; the systematic collection and segregation 
of wastes from household organic items, packaging materials, and plastic-based protective 
equipments and hazardous infectious medical wastes and their orderly disposal; increase 
in their recycling facilities in order to dispose of finally with no harm to workers and staff 
of waste management industry. Unknowingly, if there occur mixing up of Covid-19 wastes 
with the normal day-to-day wastes, it boosts the jeopardy of transmission of this deadly 
disease and exposes the waste workers and associated staff to the novel Coronavirus which 
must be avoided. This is a multi-dimensional quandary that necessitates economics, 
technology, and socio-cultures to go together to get rid of it. This review has found that 
though the prevalent Covid-19 pandemic circumstances have helped out optimistically 
through lesser pollutions of noise, water and air where lockdown is imposed or still 
continue which can be considered as its pros, however, the cons are very horrifying such 
as a huge increase in plastic pollution through haphazardly dumped single-used plastics in 
form of wastes of PPEs, medical and packaging, etc., which are more serious and badly 
impacting on environments and human health as well as waste management staff, 
especially in the developing nations of the world where the populace is more and literacy 
rate is less. More to add, the colossal wastes of used disinfectants should also be dumped 
scientifically and the users must be aware not to destroy non-targeted beneficial 
organisms helpful to address ecological imbalances in nature. The actions for waste 
management whereby certain emissions of detrimental gases are found discharging into 
the atmosphere which is impacting badly on the air-quality resulting into lots of health 
hazards to the lives on the planet. Analogously, the appropriate measures for wastewater 
treatment are also turned out to be a need to prevent further spreading of a virus of Covid-
19. Not only that, the eco-compassionate industrialization and transport system, as well as 
stronger eco-tourism practices, can help to a great extent. The utilization of sources for 
renewable energy can meet up the exigency for energy and thus, reduces the emissions of 
GHG. There is a pressing need for making aware the general public especially in developing 
nations fully on every single topic associated with Covid-19 disease through diverse mass 
media. It is also necessary to know how to deal with the novel wastes during this pandemic. 
Incredibly, during the Covid-19 lockdown period, the air-contaminants are found reduced 
dramatically, beaches are sparkling again, restoration of eco-system and assimilation of 
tourist destination are a few as the positive effect of this pandemic. Significantly, the 
advanced research works are highly necessitated with the objectives for the development 
of bio-degradable and eco-benevolent PPEs viz., face masks, gowns, face shields, gloves, 
etc. to pick up the pace for the agenda en route for attaining the sustainable production of 
safety gears while mitigating pessimistic impacts on environments. Admirably, the on-
hand modern scientific technologies are trying their level best to control the air pollutants, 
however, still not enough and necessitate more novel effective routes in this direction. 
More progress of the industries equals more release of air pollutants into the atmosphere, 
i.e., economic progress is regrettably associated with ostensibly stubborn predicaments, 
e.g. Global Green House Gases and several toxic compounds are constantly heating the 
mother earth and consequently, the global temperature is rising day-by-day, which is 
signalling to a horrible situation and risks to lives living on it in future since the threatening 
to eco-systems is persistently going-on. The emerging challenges are not readily addressed 
by the old-fashioned “command and control” approach and therefore, still more improved 
technologies together with healthier regulations and stringent rules are needed to breathe 
in fresh and cleaner air. Unquestionably, the improvements for systematic global waste 
management approaches, especially, in developing nations will certainly translate into 
enhanced air quality. In the prevailing epidemic circumstances, there is a burning global 
need for methodical waste management of domestic, quarantine households, medical 
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treatment centres, hospitals, and other toxic waste generating sources, etc. to be treated as 
crucial service to the community with a view to mitigating the spread and negative impact 
of this deadly disease on health, environment and of course, economy. For this reason, the 
recycling plants must be made fully operative with safety gears to workers and the said 
wastes must be converted to wealth by accelerating fitting recycling processes. The United 
Nations Environment Program (UNEP) has also guided the world in ensuring sustainable 
waste management during this hard period via the treatment of residual wastes like 
discarded tissues, handkerchiefs and similar organic and packaging wastes, etc. by means 
of incineration at an elevated temperature of about 1000°C to destroy the novel 
Coronavirus safely and totally. Thus, a competent role of UNEP is sought-after to a large 
extent for drafting state-of-the-art policies in this regard. That means, the guidelines are 
should be followed stringently along with full awareness and joint endeavours by all the 
nations going hand in hand with a few potential competent strategies to mitigate not only 
the spread of Covid-19 but also to maintain the environments  “ Clean and Green”. 
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 The present issues related to global warming have attracted refrigerants with 
low Global Warming Potential (GWP). Two of the most promising low-GWP 
refrigerants, R32 (difluoromethane) and R290 (propane) are flammable. The 
addition of a flame retardant to R290 or R32 can enhance their flammable 
characteristics. Trifluoroiodomethane (R13I1) is a flame retardant with an 
enormously low global warming and can be used as a component of the 
refrigerant. In addition, dispersing nanoparticles in these refrigerants improves 
thermal conductivity. Nanorefrigerants are new refrigerants possessing better 
heat dissipation performance over traditional refrigerants. An ultra-low GWP 
mixture refrigerant consisting of R32, R161 and trifluoroiodomethane with 
aluminum oxide (Al2O3) nanoparticles is used in the present study. Simulation 
Model-based theoretical results of R410a and with R410a/Al2O3, mixture 
refrigerant (R32, R161 and trifluoroiodomethane) and nanorefrigerant (R32, 
R161 and trifluoroiodomethane with aluminum oxide nanoparticles) are 
carried. The study shows the coefficient of performance (COP) of R410a/Al2O3 
and M (R32/R161/R13I1)/Al2O3 increased by 47.3% and 89.8% respectively. 
The power-saving up to 31.8% and 47.2% at a volume concentration of 0.09%. 
The comparison has been made with reference to the R410a/Al2O3 system. The 
thermophysical properties of refrigerants have been calculated using REFPROP 
(NIST properties of fluid reference). The theoretical model-based calculations 
are computed in MATLAB software. This study provides an insight in providing 
appropriate refrigerant substitutes for air conditioning systems. 
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1. Introduction 

In recent decades, R410a has been used broadly as a working refrigerant in air-
conditioning systems due to its suitable thermodynamic properties and cycle performance. 
Global warming has become a critical issue in refrigeration and air-conditioning heat 
pumps (RACHPs). This can be resolved by selecting very low Global Warming Potential 
(GWP) refrigerants [1]. In the past few years, manufacturers have also adopted 
environmentally friendly refrigerants such as R161, R32, R152a, R1270, R1150, R1234yf, 
etc. R161 (C2H5F) has a zero ozone depletion effect and tremendously low GWP100 (about 
12), and also possesses the most promising thermophysical properties and is considered 
an alternative to R22 [2]. R13I1 a flame retardant provides outstanding environmental 
performance with Low Global Warming Potential (LGWP about 1) and zero ozone 
depletion effect [3].  

Another issue is power consumption. Out of the total worldwide electricity consumption, 
it is estimated that about 17% of electricity is consumed by refrigeration frameworks [4]. 
From another report, 25 to 30% of electricity is consumed by refrigeration air-
conditioning and heat pumps (RACHPs) [5], [6]. In order to acquire the refrigerant with 
environmental friendly and excellent thermophysical cycle performance, a mixture 
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refrigerant composed of R32/R161/R13I1 (i.e., mass fraction 22/48/30) as an alternative 
for R410a [7]. The new mixture refrigerant is named as M which is shown in Fig. 1. This 
study examined the viability of using M refrigerant as a substitute for R410a was 
theoretically investigated from aspects of power-saving, greater cooling effect and 
environment indicators by dispersing of Al2O3 (Alumina) nanoparticles in M refrigerant 
which is completely ozone-friendly with low GWP (about 149) at volume concentration of 
0.09%. And the results are compared with R410a. The mixture consisting of R32, R161 and 
R13I1 can be estimated by equation 1 [3] and the thermophysical properties of 
refrigerants are shown in Table 1.  The current study of Al2O3 has been used as an account 
of superior thermal conductivity and good stability behavior. In addition, literature has 
shown that Alumina has the lowest precipitation rate and highest emulsification stability 
compared to other nanoparticles [8]. The concentration of Al2O3 in the current study is 
limited to 0.09% only. The reason for this is that higher concentrations lead to 
sedimentation, agglomeration and high pumping power. In addition, higher concentrations 
result in poor stability [9]–[11].  The benefits of the nanofluids using data from the 
literature, it has been discovered that, compared to conventional fluids, nanofluids exhibit 
a significantly greater and substantially temperature-dependent thermal conductivity 
with enhanced thermophysical and rheological properties, and low sedimentation and 
agglomeration problems [12]. 

 
𝐺𝑊𝑃𝑚𝑖𝑥 = 𝐺𝑊𝑃𝑎 ×  𝑋𝑎 +  𝐺𝑊𝑃𝑏  ×  𝑋𝑏 + 𝐺𝑊𝑃𝑐 × 𝑋𝑐                                                     (1) 

 
where Xa,  Xb and Xc denote the mass fraction of components a, b and c respectively.  

Table 1. Thermophysical properties of R410a and M refrigerants [7][13]. 

Refrigerant R410a M 

Molecular formula (mass 
%) 

R32/R125 (50/50) R13I1/R32/R161 
(30/22/48) 

Molecular weight 72.5 93.29 

Critical pressure (bar) 49 32.3 

Critical Temperature (oC) 72.5 97.7 

GWP 2088 149 

ODP 0 0 

Temperature glide at 25oC 0.1 3.23 

Safety classification A1 ̴A2L 

 

The use of nano additives in refrigeration and air-conditioning heat pumps (RACHPs) may 
increase the efficiency of the system [14]. Nanoparticles possess enhanced thermophysical 
properties and ameliorate the working fluid properties depending upon the particle 
concentration, operating temperature, and size [15]. The higher the energy efficiency 
rating, the more efficient the machine. The rating indicators may vary from country to 
country as shown in Fig. 2 [16]. 
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Fig. 1 GWP vs ODP and lifetime of HFCs, HCFCs, CFCs (circles) 

 
 

Another advantage of nano additives in lubricating oil is to improve the solubility between 
the compressor lubricant and refrigerant, which offers enhancement in the performance 
of the system by recirculating more oil back to the compressor. More oil accumulation in 
the compressor sump which prevents direct contact between the piston and cylinder 
during motion, improves the mending, rolling, and polishing effects and reduction in the 
coefficient of friction [17]–[22].  
 

 
 

Fig. 2 Efficiency ratings of available AC units by regional metric 
 

Adelekan et al. [23] experimental investigation of TiO2 nano-additives dispersed in R600a 
refrigerant at 0.1g concentration and observed the highest refrigeration effect, least 
compressor power and high COP. Marcucci et al. [24] explored the use of diamond 
nanoparticles in polyol ester (POE) refrigerant oil at two mass concentrations, 0.1 and 
0.5% in a refrigeration system. The cooling capacity increased by 4%, and 8%.  The 
discharge temperature was decreased by approximately 4 oC. Babarinde et al. [25] carried 
out an experimental investigation of R600a/MWCNT- nanolubricant used in the domestic 
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refrigerator instead of R134a with a various mass charge of Iso-Butane. The optimum 
results showed that the lower evaporator temperature was -11 oC, the highest COP and 
lower power consumption of 0.0639kW.  Farid et al. [26] performed an experimental 
investigation of WO3 and MWCNT hybrid nanofluids. The thermal conductivity of nanofluid 
and experimental equation is established to predict the thermal conductivity of nanofluid. 
According to the obtained results, the role of volume fraction concentration on the thermal 
conductivity of nanofluids is more effective compared to temperature. Ruhani et al. [27] 
developed a new model for the rheological behavior of Silica-Ethylene glycol/Water (30 
vol.%: 70% vol.) hybrid Newtonian nanofluid. The current study investigates the 
relationship between shear stress and shear rate is linear and the desired fluid is 
Newtonian. The higher dispersion of the nanoparticles in the base fluid causes the relative 
viscosity to increase as the volume fraction increases. In another study, the experimental 
investigation of Multi-walled Carbon Nanotubes (MWCNTs)-titania-Zinc oxide/water-
ethylene glycol (80:20) mono and hybrid nanofluid has been studied. The highest thermal 
conductivity of nanofluid was obtained at a volume fraction of 0.4% at 50oC, which 
increased by 17.82% and a comparison has been made with base fluid at the same 
temperature [28], [29]. Yan et al. [30] carried out an experimental investigation on the 
rheological properties of hybrid nanofluid (MWCNTs-ZnO/Water-EG (80:20 volume%)) 
(non-Newtonian). The viscosity of hybrid nanofluid was evaluated in the temperature 
range of 25-50oC with various concentrations of 0.075, 0.15, 0.3, 0.6, 0.9 and 1.2% 
respectively. At the maximum volume fraction concentration at 50, 40 and 30oC, the 
viscosity is reduced by 21%, 17% and 8% to the reference temperature (25oC).  

Tian et al. [31] performed Artificial Neural Network (ANN) to investigate the effect of 
temperature and various volume fractions of Graphene oxide-Alumina hybrid 
nanoparticles on thermal conductivity. The thermal conductivity of GO-Al2O3/Water-EG 
hybrid nanofluid is significantly affected by the volume percentage of nanoparticles. 
Hossein and Toghraie [32] explored the use of various nanofluids on the performance of 
heat pipe. The use of nanofluid instead of water (base fluid) resulted in higher thermal 
efficiency. As thermal capacity increases, fluid pressure drops and the temperature 
difference between condenser and evaporator increases. Damola et al. [33] performed 
varied mass charges of LPG (0.2, 0.4 and 70 g)  with various concentrations of TiO2 
nanoparticles in mineral oil (MO). The highest COP obtained of 2.8 with a 40 g charge of 
LPG utilizing a 0.4 g/L concentration of nano oil. Sabareesh et al. [22] experimentally 
evaluated the application of TiO2 nano-additives in modifying the lubricating Mineral oil 
(MO) at concentrations of 0.005, 0.01 and 0.015vol% respectively.  At 0.01% volume 
fraction, the maximum COP was enhanced by 17%, and compressor work was reduced by 
11%.  Ohunakin et al. [34] observed energy saving at a low concentration of SiO2/MO and 
50g of charge of LPG refrigerant using 0.4 g/L nanolubricant in a refrigeration system and 
compared it with pure R134a. The maximum reduction in discharge temperature has been 
attained with a 50g mass charge of LPG using 0.2g/L. Jiang et al. [35] has investigated the 
performance of a refrigerator (R600a) graphite nanolubricants with mass fraction of 0%, 
0.05%, 0.1%, 0.2%, and 0.5% respectively. The power-saving upto 4.55% and certain 
reductions in condenser temperature, evaporator temperature, discharge pressure and 
discharge temperature. Kumar et al. [36] used the influence of Al2O3 nanoparticles in 
compressor lubricant (MO) at 0.06% mass fraction. It is observed that the power saving 
upto 11.5% and increment in freezing capacity when POE lubricant is replaced by a blend 
of MO and Al2O3 nano additives. Gill et al. [37] studied the performance of Iso-Butane 
refrigerant selected various mass charges (40g, 60 and 80g) at various concentrations of 
TiO2-based nano lubricant of 0, 0.2, 0.4 and 0.6 g/L respectively. The results obtained lower 
compressor power consumption, reduction in discharge temperature and pull-down time 
by about 33.3%, 41.92% and 21% as compared with base refrigerant.  
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Yang et al. [38] explored the use of graphene nanosheets in lubricant at various 
concentrations of 30, 20 and 10 mg/L respectively. The refrigeration effect increased by 
5.60% and the cooling capacity of the freezer increased by 4.70% at a concentration of 30 
mg/L. The energy saving by utilizing the three concentrations of 20.3%, 19.2% and 15.4% 
in 24 hours, respectively compared with the base oil. Babarinde et al. [39] examined the 
performance of Iso-Butane environmentally friendly refrigerant in a domestic refrigerator. 
The graphene nano additives were dispersed in the pure lubricant at different 
concentrations of 0.6, 0.4 and 0.2 g/L in 50, 60 and 70g with various mass charges of R600a 
refrigerant. In terms of COP, pull-down time, power consumption and cooling capacity, the 
results showed that the nanolubricant in R600a outperformed over base lubricant.   

Santhana et al. [40] investigated the influence of different nanoparticles CNT, ZrO2, Al2O3, 
and SiO2 dispersed in Poly-ol Ester (POE) oil at a concentration of 0.1% (w/v). In addition, 
SiO2 in POE obtained the maximum increment in COP of 21.8% compared with Al2O3, ZrO2, 
CNT nanolubricants and pure POE lubricants. Omer et al. [41] examined the performance 
of heat dissipation and thermophysical properties of CuO nano additives in R134a. The 
results showed that the viscosity and density of the nanorefrigerant significantly increased 
with the increment of volume concentrations. Nevertheless, these parameters have been 
reduced accordingly with the increase in temperature. Kosmadakis and Neofytou [42] 
utilize various nanoparticles in a heat pump working on a vapour compression system to 
show the enhancement of heat transfer rate during boiling and condensation. This 
numerical model-based study used suitable refrigerants (R1234yf and R134a) and 
nanomaterials such as Cu, CuO and Al2O3 respectively. The coefficient of performance of 
the heat pump increased upto 5-6% at 5 wt.% concentration of Al2O3 and thereby 
indicating the superior performance in comparison to CuO or Cu. In addition, there is a 
total pressure drop upto 3.50%.  

From the above literature analysis, it is clear that currently there are no appropriate ultra-
low GWP and eco-friendly nanorefrigerants for power saving in the air conditioning 
system. Furthermore, earlier studies all dealt with the R410a substitute with GWP higher 
than 150 and there are no nanorefrigerants that can serve as R410a alternatives with GWP 
less than 150 with suitable thermophysical properties. The ultra-low GWP nano 
refrigerant-based studies are almost negligibly available in academic libraries. This work 
considers a Matlab-based simulation study of nanorefrigerants such as R410a/Al2O3 and 
M (R32/R161/R13I1)/Al2O3 at 0.09% volume concentration. To add more novelty, a 
detailed comparison between the refrigerants has been made to arrive at the optimal 
refrigerant for commercial purposes based on low GWP and other viable parameters. The 
major benefits of this novel method are low global warming emissions, high coefficient of 
performance, and power saving. 

2. Material and Methods 

The properties of the pure refrigerant and nanorefrigerant such as pressure, temperature 
and enthalpy are calculated through the density of pure and nanorefrigerant at points 1 
and 3 as shown in Fig. 8. The density of nanorefrigerant is calculated from the equation 2 
[Pak and Cho [43]]. Therefore, (ρNP), (ρNR), (ρPR) and (ϕ) represents the density of 
nanoparticle, nanorefrigerant, pure refrigerant and volume concentration respectively. 
The density of Al2O3 (alumina) nanoparticles is considered as 3.9 g/cm3 used in R410a and 
M (R32/R161/R13I1) refrigerants at a volume concentration of 0.09% by using Eq. 3.  

 ρNR =  mp ρNP + (1 − mp) ρPR                                                           (2) 

 
 

 ϕ =
 mp / ρp

mp/ ρp + mR/ρR
x 100                                                                                         (3) 
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where, 
ρNR = Density of nanorefrigerant in g/m3, 
ρNP = Density of nanoparticle in g/m3, 
ρPR = Density of pure refrigerant in g/m3, 
ϕ = volume concentration (%), 
mp = mass of nanoparticle in grams, 
ρp = Density of particle in g/m3, 
mR = mass of refrigerant in grams, 
ρR = Density of refrigerant in g/m3. 

2.1 Theoretical Simulation-Based Model of (R32/R161/R13I1)/Al2O3 for 
Vapour Compression Air Conditioning System 

A MATLAB/Simulink model is developed to calculate the performance of the air 
conditioner in terms of properties of pure and nanorefrigerant through the density of 
nanorefrigerant by using Eq. 2, to evaluate the net refrigeration effect (NRE), COP and 
power consumption in Simulink is depicted in Fig. 3. Theoretical comparative numerical 
analysis and the formulas used as coding (Eqs. 4-8) in MATLAB such as gauges, block 
parameters of various signals, compressor, condenser, expansion device and evaporator 
are also shown in Fig. 3.  

 

 

 
Fig. 3 Air conditioning system using M/Al2O3 nanorefrigerant in Simulink                

2.2 Theoretical formulation used as coding in MATLAB 

The results of M (R32/R161/R13I1)/Al2O3 nanorefrigerant have been investigated and 
compared with the performance of R410a/Al2O3 in the system using Eqs. (4)-(8). 
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Heat extracted (Qe) is given by 

𝑄𝑒 =  ṁ(ℎ1 −  ℎ𝑓3)       (kW)                     (4)   

Compressor work done (kW) or power input is given by 

              𝑊𝐶 =  ṁ(ℎ2 −  ℎ1)        (kW)                                                            (5) 

Heat rejected in a condenser (kW) is given by 

𝑄𝐶 =  ṁ (ℎ2 −  ℎ𝑓3)        (kW)                                 (6) 

Refrigerant mass flow rate is given by 

𝑚̇𝑟𝑒𝑓 =  
𝑅𝑒𝑓.  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

ℎ1− ℎ𝑓3
          (

kg

s
)                                   (7) 

Coefficient of performance 

C O P =  
𝑄𝑒𝑣𝑎𝑝

𝑊𝐶𝑜𝑚𝑝
                                   (8) 

where ‘m’ is the mass flow rate (kg/s), h1 is the enthalpy of saturated vapour (kJ/kg), h2 is 
the enthalpy of superheated vapour (kJ/kg) and hf3 is the enthalpy of saturated liquid 
(kJ/kg). Fig.4 represents the flowchart of the developed model. 

2.3 Assumptions  

The important assumptions for leading this kind of theoretical model-based study are. 

• Pressure losses at the compressor inlet and outlet ports are neglected. 
• Pipelines pressure losses are neglected. 
• Heat losses and heat gains from or to the system are ignored.  
• Isentropic, mechanical and electric motor compressor efficiencies are 

considered. 
• Degree of undercooling and superheating before compression are neglected. 
• No deposition of nanoparticles at the solid wall.  

3. Results and Comparison 

3.1 Effect of nanoparticle concentration 

Fig. 5 shows the graphical representation of variation in COP and power saving with 
particle concentration for the two refrigerants in the form of bar charts. The charts clearly 
illustrate that incorporating Al2O3 in M (R32/R161/R13I1) refrigerant improves the COP 
and power saving compared with pure refrigerants. The coefficient of performance of 
R410a and M (R32/R161/R13I1) nanorefrigerants at 0.09 vol.%, increased by 47.3% and 
89.8% compared to the pure refrigerants. The power consumption of both the 
nanorefrigerants is reduced by 31.8% and 47.2% respectively.  
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Fig. 4 Developed model flowchart 
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Fig 5. COP and power consumption of the system as the function of particle concentration 

Fig. 6 shows the corresponding variation of discharge pressure. The discharge pressure of 
R410a/Al2O3 and M/Al2O3 was reduced by 2.6% and 4.51% compared with pure 
refrigerants of R410a and M.  

 
 

Fig. 6 Discharge pressure versus particle concentration    

In addition, Figs. 7 and 8 illustrate the corresponding variation of discharge temperature. 
As the discharge temperature reduces the heat rejection and absorption increase through 
the condenser and evaporator. The discharge temperature of R410a/Al2O3 and M/Al2O3 

was reduced by 11.86% and 19.4% compared with pure refrigerants of R410a and M.  

3.2 Effect of Particle Concentration on Refrigeration Effect 

Fig.9 shows the refrigeration effect versus particle concentration for R410a and M 
respectively. There is a marked increment in the refrigeration effect at a volume 
concentration of 0.09% for both refrigerants. The refrigeration effect of R410a/Al2O3 and 
M/Al2O3 increased by approximately 4.7% and 7% compared with pure refrigerants.  

4. Numerical Method for Characterization of Nanorefrigerant 

4.1 Effect of Nanoparticle Concentration on Thermal Conductivity 

Fig.10 represents the thermal conductivity of Al2O3-R410a and Al2O3-R32/R161/R13I1 at 
a volume concentration of 0.09% and compared with pure refrigerants. The thermal 
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conductivity of nanoparticles (spherical shape) is measured by using Eq. 9 [44]. The 
thermal conductivity of Al2O3-R410a and Al2O3-R32/R161/R13I1 is 0.105 W/mK and 
0.124 W/mK respectively. The thermal conductivity of Al2O3-R32/R161/R13I1 
nanorefrigerant is 18.1% more than that of Al2O3-R410a nanorefrigerant. The increase in 
Brownian motion, as well as the enhanced thermal conductivity of alumina nanoparticles, 
contributes to the improvement in suspension stability [45].  

  
keff

kf
=  

kp+2kf+2ϕ(kp− kf)

kp+2kf−ϕ(kp− kf)
                                                                 (9) 

where ϕ, is the volume concentration of nanoparticles. keff is the effective thermal 
conductivity of the nanorefrigerant. kf and kp are the thermal conductivities of pure 
refrigerant and nanoparticles respectively. 

 

Fig. 7 Discharge temperature versus particle concentration 

 

 

 

Fig. 8 T-s diagram for pure and nanorefrigerant  
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Fig.9 Refrigeration effect versus particle concentration 

  

 

Fig. 10 Influence of nanoparticle (Al2O3) concentration on thermal conductivity 

4.2 Effect of Nanoparticle Concentration on Viscosity 

Fig.11 clearly shows the variation of viscosity of Al2O3-R410a and Al2O3-R32/R161/R13I1 
at a volume concentration of 0.09% and compared with pure refrigerants. The viscosity of 
Al2O3-R410a and Al2O3-R32/R161/R13I1 nanorefrigerants was increased by 22.47% and 
22.36% compared to the pure refrigerants. The pioneering model for estimating the 
viscosity of nanofluids was proposed by Einstein in Eq. 10 [46]. 

  μnf =  μbf (1 + 2.5ϕ)                                                                           (10) 
 
where µbf is the viscosity of the base fluid and µnf is the viscosity of the nanofluid. 

4.3 Effect of Nanoparticle Concentration on Density 

The density of R410a/Al2O3 and (R32/R161/R13I1)/Al2O3 nanorefrigerant was measured 
by utilizing above mentioned Eq.2. Fig.12 represents the variation of nanorefrigerant 
densities at a 0.09% volume concentration.  
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Fig.11. Influence of nanoparticle (Al2O3) concentration on dynamic viscosity 

 

 

Fig. 12 Variation of the density of R410a/Al2O3 and M/Al2O3 with particle concentration 

5. Conclusions 

In the current study, the numerical determination of thermophysical properties, 
rheological properties, power-saving and long-term ultra-low global warming potential 
(GWP) mixture of nanorefrigerants (R32/R161/R13I1)/Al2O3 were carried out 
numerically in MATLAB software. The NIST REFPROP software program is used to 
generate thermophysical properties of the mixture of refrigerants and was developed in 
MATLAB. The current investigation reinforces the concepts of power saving and 
environmentally friendly behavior by incorporating an alumina-based nanorefrigerant 
into the air-conditioning system. The system exhibits improved performance at a volume 
concentration of 0.09% aluminium oxide. The simulation involving performance has been 
performed using MATLAB software.  

 
• The COP of R410a and M (R32/R161/R13I1) nanorefrigerants has increased by 
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• The discharge temperature of R410a and M nanorefrigerants is reduced by 
11.86% and 19.4% respectively and the comparison has been made with pure 
refrigerants. 

• The discharge pressure of R410a and M nanorefrigerants was reduced by 2.6% 
and 4.51% at a volume concentration of 0.09% compared to pure refrigerants.  

• The use of nano additives in R410a and M refrigerants lowers the power 
consumption of the system by 31.8% and 47.2% respectively.  

• In addition, Al2O3 nano additives in R410a and M having a volume concentration 
of 0.09%, increased the net refrigeration effect from 76.7-82% and 79.3-87% 
respectively.  

• Heat extraction is augmented from the evaporator by adding aluminium oxide 
nanoparticles to the refrigerants.  

• The cooling effect or heat extraction of R410a/Al2O3 and M/Al2O3 
nanorefrigerants increased by approximately 4.7% and 7% at a volume 
concentration of 0.09% compared to pure refrigerants.  

• The viscosity and density are increased by adding Al2O3 nanoparticles to both 
refrigerants. 

• The viscosity of R410a and M nanorefrigerants was increased by 22.47% and 
22.36% at a volume concentration of 0.09% compared to the pure refrigerants.  

• The thermal conductivity of R410a/Al2O3 and M/Al2O3 is 0.105 W/mK and 0.124 
W/mK respectively.  

• The thermal conductivity of M/Alumina nanorefrigerant is 18.1% more than that 
of R410a/Alumina. 

Nomenclature 

Al2O3  Aluminium Oxide 
COP  Coefficient of Performance                                  
NRE  Net Refrigeration effect, (%)                                        
GWP  Global Warming Potential               
(GWP)100  Global Warming Potential over 100 years                                   
ODP  Ozone Depletion Potential                                   
M  Mixture (R32/R161/R13I3)                
Q  Heat Transfer per Unit Mass, (kW) 
Φ  Nanoparticle Volume Concentration, (%) 
T  Temperature, (oC) 
GHG  Greenhouse Gas 
NR  Nanorefrigerant 
Vol.  Volume 
mr  Mass of Refrigerant, (kg s-1) 
ρ  Density, (kg m-3) 
POE  Poly-Easter Oil 
MO  Mineral Oil 
 
 
Subscripts 
Comp           Compressor 
Disch            Discharge 
Sup               Superheated 
c                    Condenser 
Evap            Evaporator 
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1. Introduction 

The spindle assembly consists of a spindle, supports, and a driving element, that they are 
usually enclosed in a separate housing. In fact, the spindle unit is a rotary system that has 
own design features. The design of spindle unit is determined primarily by the scope or 
manufacturing areas. 

The design of the spindle is determined by the following features: a) the size of the spindle, 
the distance between the supports, and the presence of hole in it for passing materials or 
other purposes; b) driving parts (gears, pulleys) and their location on the spindle; c) design 
of supports and type of bearings; d) the method of fixture to the workpiece or tool, that 
affects the design of the front end of the spindle. Dissipative characteristics of the spindle 
assembly and frequency response (AFC) of the spindle assembly is determined by 
following parameters: spindle diameter/length, the distance between the supports, 
damping parameters and inertial and intrinsic rigidity 

Most papers [1,2,3,4,5,6] analyzed influence of the designing parameters of control system 
for the dynamic quality. The designs of spindle assemblies and their typical calculations 
are given in these papers [7,8,9,10]. Scientific works on spindle rolling bearings is done by 
following authors such as:  V.S. Balasanyan, V.B. Balmont, V.V. Bushuev. A. Jones, T. Harris, 
Z.M. Levina, A.M. Figatner, V.E. Pusha A.V. and many other scientists [11, 12, 13,14,15]  

A number of works are devoted to the study of the rigidity of bearings: Atstupinas R.V. [16], 
Baranova I.A. [17], Zhuravleva V.F. [18], Kovaleva M.P. [19] and others. The evaluation of 
bearing stiffness without technological errors are presented in works [17], in other papers 
the condition of contact of all balls with rings are carried out [13,15,16], the possibility of 
incomplete ball contact with rings is taken into account. rings. The elastic properties of ball 
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bearings, as a factor that affects on accuracy of machines, were the subject of research in 
the works of Novikov L.Z. [18], Kelzon A.S. [19].  

According to the majority of researchers, the main sources of noise and vibration of the 
control system on rolling bearings are the cyclic change in the compliance (stiffness) of the 
bearing under load and vibration that caused by geometric errors in bearing parts [36]. 
The elastic properties of bearing assemblies have a significant impact on the spectrum of 
natural vibration frequencies of mechanical systems.  

The accuracy of the spindle assembly is one of the most important indicators of machine 
accuracy, that has a direct impact on the parameters of the workpiece. Methods for 
controlling the accuracy of spindle assemblies are in accordance with GOST 22267-76, as 
well as standards of accuracy and rigidity for individual types of machine tools are 
provided for a set of checks, the obtained results make it possible to evaluate only the 
geometric parameters of the machine. Meanwhile, it is known that such checks are 
insufficient for a reasonable conclusion about the output accuracy of the machine. So, 
exaggeration of the radial runout of the spindle may not degrade the accuracy of 
processing. 

In this regard, it is advisable to develop such a calculation system that would directly relate 
the errors of the elements of the spindle assembly with the errors of the machined surfaces. 
In this case, the spindle assembly should be considered as part of the shaping system of the 
machine, and all its links and their relative movements (except for the elements of the 
spindle assembly) should be considered as absolutely accurate. 

Here, the problem is solved on the example of analyzing the influence of spindle supports 
accuracy on a set of machine output parameters such as: geometric accuracy, deviations in 
the shape, position and dimensions of the machined surface. The purpose of the analysis is 
to develop requirements for the accuracy of support bearings, as well as to establish the 
relationship between the input and output errors of the machine for typical turning 
schemes. A mathematical model of the accuracy of the spindle assembly has been 
developed, which takes into account the geometric and static errors of the support 
elements. The model is based on formulas that has input errors, but the spindle assembly 
errors are taken equal to zero. While constructing a calculation model, the spindle 
assembly supports are represented by a system of springs. Then six components of the 
spindle coordinate system position error can be obtained from six static equilibrium 
conditions, which, in accordance with [20], have a form; 

𝐶∆ = 𝑃 (1) 

where 𝐶 is a 6x6 symmetrical stiffness matrix; A is the I vector of the generalized error. ∆=
(𝛿𝑥 , 𝛿𝑦, 𝛿𝑧, 𝛼, 𝛽, 𝛾)𝜏;  P - generalized force vector; 𝑃 − (𝑃𝑥 , 𝑃𝑦 , 𝑃𝑧 , 𝑀𝑥 , 𝑀𝑦, 𝑀𝑧)

𝑟 .  

The forces on the rolling elements under the radial load of the bearing are unevenly 
distributed (Fig. 1). In the perception of the load, only rolling elements located on an arc 
not exceeding 180⁰ (loaded zone). The most loaded is a ball or roller located in the 
direction of the force on the bearing. 

The problem of distribution of forces between rolling bodies is statically indeterminate. 
Rolling bodies located symmetrically with respect to the plane of action of the force are 
equally loaded. Let us denote the force on the most loaded rolling body through 𝐹0; on a 
body located in relation to the load plane at an angle 𝛾 (equal to the angular step), - through 
𝐹1, at an angle 2𝛾 - through 𝐹2, at an angle 𝑛𝛾 - through 𝐹𝑛 , where 𝑛- half of the rolling 
elements in the loaded area. 
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Fig. 1 Scheme of forces distribution on the bearing 

 2. Calculation and Analysis  

We assume for simplicity that the rolling elements are located symmetrically with respect 
to the load plane.  

Equilibrium condition of the inner ring loaded with a radial force is Fr: 

  𝐹𝑟 = 𝐹0 + 2𝐹1 cos 𝛾 + 2𝐹2cos 2𝛾… + 2𝐹𝑛 cos 𝑛𝛾    (2) 

In addition to the static equation, we use the displacement equation. Neglecting the 
bending of the rings and assuming no radial clearance in the bearing, it can be assumed 
that the convergence of the rolling elements and the rings is equal to the corresponding 
projections of the total displacement of the ring δ0,  

  𝛿1 = 𝛿0 cos 𝛾, 𝛿2 = 𝛿0 cos 2𝛾 , 𝛿𝑖 = 𝛿0 cos 𝑖𝛾;       (3) 

where i- rolling element number. 

For ball bearings, the relationship between 𝛿 balls and the compressive load 𝐹, as follows 
from the problem of elasticity theory about the compression of elastic bodies,  

𝛿 = 𝑐𝐹
2

3 (4) 

where с – proportionality factor. 

The non-linear nature of the dependence is explained by the growth of the contact area 
with increasing force. Expressing in the equations of displacements the approach in terms 
of forces, one can write: 

𝐹1 = 𝐹0𝑐𝑜𝑠
3

2⁄ 𝛾, 𝐹2 = 𝐹0𝑐𝑜𝑠
3

2⁄ 2𝛾,… , 𝐹𝑖 = 𝐹0𝑐𝑜𝑠
3

2⁄ 𝑖𝛾   (5) 

Substituting these dependencies into the equilibrium equation, we obtain 

𝐹𝑟 = 𝐹0 (1 + 2∑ 𝑐𝑜𝑠
5

2⁄ 𝑖𝛾𝑛
1 )  (6) 
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From here we determine 𝐹0, and simultaneously multiply the numerator and denominator 
of the right-hand side by 𝑧 and introduce the notation 

𝑘 =
𝑧

1+2∑ 𝑐𝑜𝑠
5

2⁄ 𝑖𝛾𝑛
1

  (7) 

Then 

𝐹0 =
𝑘∙𝐹𝑟

𝑧
  (8) 

where z – total number of rolling elements and for bearings with number of balls 𝑧 =
10…20 𝑘 = 4.37 ± 0.01. 

The bearings operated under normal conditions with clearance, balls with an arc is less 
than 1800, and the most loaded ball is compressed with a force greater than about 10%. 
The single-row ball bearings is taken 𝑘 =  5 and 𝐹0 = 5𝐹𝑟/𝑧. 

In spherical double-row ball bearings, taking into account some uneven distribution of 
forces between the rows, the force on the most loaded ball is estimated 𝐹0 = 6𝐹𝑟/𝑧(𝑐𝑜𝑠𝛼), 
where α- angle of inclination of the contact line, 𝑧- number of balls in both rows. 

The problem is also solved for roller bearings, only the relationship between the 
convergence of rollers, rings and the compressive load assumed to be linear 𝛿 = с1𝐹 
(where с1–coefficient). 

Similar to ball bearings for roller bearings, the highest force is 𝐹0 =  𝑘𝐹𝑟/𝑧. For roller 
bearings with number of rollers 𝑧 = 10…20, 𝑘 = 4. Taking into account the influence of 
the gap for the calculation, it was taken 𝑘 = 4,6, and 𝑘 = 5,2 for double row roller bearings. 
It is considering the uneven distribution of forces between the rows [3, 4].  

In angular contact bearings under radial load, the forces on balls and rollers are greater 
than in radial bearings in relation to 1/𝑐𝑜𝑠𝛼, where 𝛼 is the contact angle of balls or rollers 
and rings. 

The load distribution between the rolling elements can be somewhat leveled by elastic 
deformations of the housings. The hole should take the form of an elliptical extended 
cylinder in the direction of the load. This is possible by designing axle boxes of railway 
rolling stock. 

Axial force with precise manufacturing and the absence of mutual misalignment of the 
rings is distributed evenly between the rolling elements. 

2.1 Calculation Without Taking Into Account the Influence of the Centrifugal 
Forces of the Rollers 

Diameter of outdoor treadmill 

𝐷Н = 𝐷в + 2𝑑  (9) 

where:  𝐷в - diameter of the inner treadmill 

𝑑- roller diameter 

Reduced curvature of internal contact 

∑𝜌в =
2

𝑑
+

2

𝐷в
  (10) 

Outdoor contact 
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∑𝜌н =
2

𝑑
+

2

𝐷н
  (11) 

Rolling speed in contacts   

(𝑈𝑎 + 𝑈𝑏) =
𝜋𝑛

60
∙ 𝐷в

𝐷в+2𝑑

𝐷в+𝑑
    (12) 

𝑈𝛼- speed of the outer part 

𝑈𝑏  is the speed of the inside 

𝑛 - speed 

Zero approximation for force in contacts per unit of roller contact length  

𝑃0
⃗⃗  ⃗ =

𝛿∑∙108

61∙[14,832−𝑙𝑔(∑𝜌в+∑𝜌н)]
  (13) 

Thicknesses of lubricating layers in contacts  

ℎв(Н)𝑖=0.796
[𝜇0∙(𝑈𝑎+𝑈𝑏)]0.75∙𝛼0.6

[𝜌в(н)𝑖
]0.15∙[∑𝜌в(н)]

0.4 =
Вв(н)𝑖

[𝜌в(н)𝑖]
0.15  (14) 

where: 𝜇0- lubrication factor 

 

 

Fig. 1 Forces in contacts without taking into account the centrifugal forces of the rollers 

𝑃0
⃗⃗  ⃗ =

(𝛿∑+ℎв𝑖−1
+ℎн𝑖−1

)∙108

61∙[15.7−𝑙𝑔((𝑃𝑖−1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗) ∑ 𝜌в+∑𝜌н)]
  (15) 

 

Here 𝛿∑ + ℎв𝑖−1
+ ℎн𝑖−1

 - total tightness on the roller, it is considered that the influence of 

the wedging action of the lubricating layer in the contacts. The forces are calculated using 
the inertia method according to (15) with simultaneous refinement of the layer 

thicknesses (14) 𝑖 = 1.2.3.4… to  
𝑃𝑖−𝑃𝑖−1

𝑃𝑖
≤ 0,00001   

2.2.  Calculation Taking Into Account the Influence of the Centrifugal Forces of 
the Rollers  

Centrifugal force of the roller per unit contact length is  
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С⃗ =
0,855

108
∙ 𝑑2 ∙ 𝑛2 𝑙

𝑙𝑝
(

𝐷в
2

𝐷в+𝑑
)   (16) 

where: 

𝑙 - roller length 

𝑙𝑝 - contact length 

First, the calculation is carried out assuming that there is no contact with the inner ring. 

Force on the outer ring:  𝑃Н
⃗⃗⃗⃗ = С⃗     

Contact deformation with outer ring: 

𝛿нс
=

61

108
∙ С⃗ ∙ [7,85 − lg(С⃗ ∙ ∑𝜌н)]   (17) 

Thickness of the lubricating layer in contact with the outer ring: 

ℎнс=0.796
[𝜇0∙(𝑈𝑎+𝑈𝑏)]0.75∙𝛼0.6

[С⃗ ]0.15∙[∑ 𝜌н]
0.4 =

Вн

[С⃗ ]0.15    (18) 

If (𝛿нс
+ ℎнс

) ≥ 𝛿∑ then there is really no contact with the inner ring and the durability of 

the outer ring, and therefore the bearing. 

Нн =
107

60∙𝑖н∙𝑛
∙ (

𝑃𝛿н̅̅ ̅̅ ̅

С̅
)
10

3                             (19) 

It is clear that the calculation of the bearing life in this case is formal, because in the absence 
of contact with the inner ring, the normal operation of the bearing is impossible. 

If  

(𝛿Нс
+ ℎнс

) ≺ 𝛿∑  (20) 

Then the roller is in contact with both rings and the calculation is carried out in the 
following sequence. 

We set the force in contact of the roller with the outer ring 

𝑃̅Н = 𝑃̅ + 0,35 ∙ 𝐶̅  (21) 

Then the zero approximation for the force in contact with the inner ring 

𝑃̅Н = 𝑃̅ + 0,35 ∙ 𝐶̅  (22) 

Contact deformation with outer ring: 

𝛿н1
=

61

108 ∙ 𝑃н1
̅̅ ̅̅ ∙ [7,85 − lg(𝑃н1

̅̅ ̅̅ ∙ ∑𝜌н)]  (23) 

Layer thicknesses in contact 

ℎн =
𝐵н

[𝑃̅нс]
0.15                      ℎв10

=
𝐵в

[𝑃̅в10]0.15  (23) 
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Fig. 3 Force approximation 

The next approximation for the force in contact with the inner ring is determined by 
iteration over 

𝑃̅в1𝑖=

𝛿∑+ℎв1𝑖−1
+ℎн1−𝛿н1

61

108∙[7,85−𝑙𝑔(𝑃в1𝑖−1
̅̅ ̅̅ ̅̅ ̅̅ ̅∙∑𝜌в)]

𝛿н1  (25) 

Here  𝑖 = 1.2.3.4…      to  
𝑃𝑖−𝑃𝑖−1

𝑃𝑖
≤ 0,00001.  The value of the centrifugal force 𝐶1, 

corresponded to the accepted force 𝑃H1, in contact of the roller with the outer ring  

С̅ = 𝑃̅н1 − 𝑃̅в1𝑖    (26) 

We set the following value of the force in contact of the roller with the outer ring 

𝑃̅н2 = 𝑃̅ + 0,45 ∙ 𝐶̅ (27) 

We repeat the calculation once again with followings:  Рв20, δн2, hн2, hн20, Рв2i, С2. The 
next value of the force in contact of the roller with the outer ring is determined by the 
formula 

Рн3
̅̅ ̅̅ = Р̅н1 + (Р̅н2 − Р̅н1) ∙

С̅−С̅1

С̅2−С̅1
  (28) 

Further, the calculation is carried out by the iteration method zero approximation for the 
force in contact with the inner ring 

Р̅в30 = Р̅н3 − С̅  (29) 

Contact deformation with outer ring: 

𝛿н3
=

61

108 ∙ 𝑃н3
̅̅ ̅̅ ∙ [7,85 − lg(𝑃н3

̅̅ ̅̅ ∙ ∑𝜌н)]  (30) 

Layer thicknesses in contact 

ℎн3 =
𝐵н

[𝑃̅н3]0.15            ℎв30
=

𝐵н

[𝑃̅в30]0.15 (31) 

The iteration of the force in contact of the roller with the inner ring is determined by the 
iteration method 
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𝑃̅в3𝑖=

𝛿∑+ℎв3𝑖−1
+ℎн3−𝛿н3

61

108∙[7,85−𝑙𝑔(𝑃в3𝑖−1
̅̅ ̅̅ ̅̅ ̅̅ ̅∙∑𝜌в)]

𝛿н1  (32) 

Here 𝑖 = 1.2.3.4…      to  
𝑃𝑖−𝑃𝑖−1

𝑃𝑖
≤ 0,00001 

The value of the centrifugal force Cv3, corresponding to the accepted force Pnv3, in contact 
of the roller with the outer ring  

С3
̅̅ ̅ = 𝑃̅н3 − 𝑃̅в3𝑖    (33) 

The iteration of the force in contact of the roller with the outer ring is determined by the 
formula  

Рн𝑖
̅̅ ̅̅ = Р̅н1 + (Р̅н𝑖−1 − Р̅н1) ∙

С̅−С̅1

С̅𝑖−1−С̅1
  (34) 

After determining the forces in the contacts, the chipping durability is determined taking 
into account centrifugal forces. 

Contact stresses 

𝜎в(н) = 610 ∙ √Р̅в(н) ∙ ∑𝜌в(н)     (35) 

Contact area half-width 

𝑏в(н) =
104

105 ∙ √
Р̅в(н)

∑𝜌в(н)
  (36) 

Calculation of contact deformations of the roller. 

Fig. 4 shows the diagram of roller bearing position relative to the outer and inner races. On 
Fig. 4 δн and δв are the total contact deformations of the roller, respectively, between the 
outer and inner races. 

 

Fig. 2 The total contact strain between the roller and the outer and inner races 

Diameter of outdoor treadmill: 

𝐷н = 𝐷в+2d  (37) 

Reduced curvature of internal contact: 

∑𝜌в =
2

𝑑
+

2

𝐷в
  (38) 

Outdoor contact: 
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∑𝜌н =
2

𝑑
+

2

𝐷н
  (39) 

Total contact strain between roller and outer and inner race. 

𝛿∑ =
𝐹0∙61[14,832−𝑙𝑔(∑𝜌в+∑𝜌н)]

108
  (40) 

3. Results of Calculation  

The calculation results of a high-precision roller bearing brand 2-697920L2 installed in 
the spindle unit of a lathe model NT-250I that is shown in table 1, with the following data 
d =14 mm, Dв=110 mm, z=20. Since the bearing is double, then z is taken equal to 40. 

Table 1. Calculation results 

Bearing load P, kg 
Force acting on the most loaded 

roller, F0 Н 
Contact deformation 

δΣ, mkm 

400 1019,2 4,3 

300 764,4 3,2 

200 509,6 2,1 

100 254,8 1 

 

 

Fig. 3 Graph of the dependence of the contact deformations of the roller depending on 
its loading 

 

Fig. 4 Graph of the distribution of contact deformations on the outer race of the 
bearing 
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We make a static calculation of a beam with one intermediate support under the action of 
concentrated forces acting on the outer race of the bearing, located in a vertical plane. 

 

Fig. 5 Geometric diagram of a beam with fixed loads 

Border conditions 

The boundary conditions at each edge can be: 

· hard termination; 

· hinge; 

· free edge. 

Relationships between Deflection, Section Rotation, and M and Q plots. Very interesting 
relationships are known from the course "Strength of Materials", namely [21,22]: 

· the angle of rotation of the section U is the derivative of the vertical displacement w 

· the bending moment in section M is the derivative of the angle of rotation U multiplied by 
EJx; 

· shear force in section Q is the derivative of the bending moment M; 

· distributed load q is the derivative of the shear force Q 

Thus, there are equalities: 

𝑈(𝑧) =  𝑤′(𝑧);   (41) 

𝑀(𝑧) =  𝐸𝐽𝑥 ·  𝑈′(𝑧);  (42) 

𝑄(𝑧) =  𝑀′(𝑧); (43) 

𝑞(𝑧) =  𝑄′(𝑧) (44) 

When constructing diagrams, we will be guided by formulas (40-43). 

The beam is statically indeterminate: the unknown reactions of the intermediate supports 
and force factors at the ends of the beam cannot be found from the equations of statics. To 
solve the problem, the method of initial parameters was applied. The differential equation 
of the bent axis of the beam in this case has the form: 

𝐸𝐽𝑥𝑤(𝑧) = 𝐸𝐽𝑥𝑤0 + 𝐸𝐽𝑥𝜃0𝑧 + 𝑀0
𝑧2

2
+ 𝑄0

𝑧3

6
+ ∑ 𝑀𝑘

(𝑧−𝑥𝑘)2

2𝑥𝑘<𝑧
+

∑ 𝐹𝑘
(𝑧−𝑥𝑘)3

6
+ ∑ 𝑞𝑘

(𝑧−𝑥𝑘
𝑛)4

24𝑥𝑘
𝑛<𝑧𝑥𝑘<𝑧

− ∑ 𝑞𝑘
(𝑧−𝑥𝑘

𝑘)4

24𝑥𝑘
𝑘<𝑧      

(45) 

where: 

EJxw0 - deflection in the left section (up to a factor EJx); 

EJxQ0 - angle of rotation of the left section (also up to a factor EJx); 
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M0 и Q0 - bending moment and shear force in the left section. 

All these parameters (they are called initial) are unknown. In each of the sums, the 
summation is carried out over all force factors located to the left of the current section. The 
second sum (concentrated forces Fk) takes into account the unknown reactions of the 
supports R1, R2, .... Thus, in equation (45) there are n+4 unknowns, where n is the number 
of intermediate supports. If all these unknowns are found, then it will be possible to 
construct a displacement diagram using formula (45) and other diagrams using derivatives 
of (45), which, by (41-43), given rotation angles: 

𝐸𝐽𝑥𝜃(𝑧) = 𝐸𝐽𝑥𝜃0 + 𝑀0𝑧 + 𝑄0
𝑧2

2
+ ∑ 𝑀𝑘(𝑧 − 𝑥𝑘)𝑥𝑘<𝑧

+ ∑ 𝐹𝑘
(𝑧−𝑥𝑘)2

2
+𝑥𝑘<𝑧

∑ 𝑞𝑘
(𝑧−𝑥𝑘

𝑛)3

6𝑥𝑘
𝑛<𝑧 − ∑ 𝑞𝑘

(𝑧−𝑥𝑘
𝑘)3

6𝑥𝑘
𝑘<𝑧    

(46) 

bending moments: 

𝑀(𝑧) = 𝑀0 + 𝑄0𝑧 + ∑ 𝑀𝑘 +𝑥𝑘<𝑧 ∑ 𝐹𝑘(𝑧 − 𝑥𝑘) +𝑥𝑘<𝑧

∑ 𝑞𝑘
(𝑧−𝑥𝑘

𝑛)2

2
−𝑥𝑘

𝑛 ∑ 𝑞𝑘
(𝑧−𝑥𝑘

𝑘)2

2𝑥𝑘
𝑘     

(47) 

cutting forces: 

𝑄(𝑧) = 𝑄0 + ∑ 𝐹𝑘 + ∑ 𝑞𝑘(𝑧 − 𝑥𝑘
𝑛) − ∑ 𝑞𝑘(𝑧 − 𝑥𝑘

𝑘)𝑥𝑘
𝑘<𝑧𝑥𝑘

𝑛<𝑧𝑥𝑘<𝑧    (48) 

To find these n + 4 unknowns, there are the same number of equations: 

• under each support, the displacement is zero - only n equations of the form (45) 
at those points where the supports are located; 

• 2 of any parameters on each edge of the beam are equal to zero - 4 equations in 
total. 

• Depending on the type of boundary conditions will be equal to zero: 
• in rigid embedment - movement and angle of rotation; 
• when hinged - displacement and bending moment; 
• at the free edge - bending moment and shear force. 

Here the equation n+4 = 3+4 = 7 are compiled with 7 unknowns. We compiled and solved 
this system of equations using the Gaussian method with the choice of the leading element 
for each column. 

After compiling and solving the system of equations described in the previous section and 
calculating all the necessary data for formulas (45-48), we plot displacements, rotation 
angles, bending moments and shear forces, while the EJx multiplier is calculated depending 
on the current element assortment. Depend on this multiplier, as can be seen from 
equations (45-48), only displacements, that is, deflections and angles of rotation. 

 

Fig. 8 Diagram of rotation angles [deg-2] 
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Fig. 9 Plot of bending moments [kgmm] 

 

Fig. 10 Diagram of shear forces [kg] 

 

Fig. 11 Obtained results in different values 

3.1 Calculation Results 

Item characteristics: 

Sort: Stripe 7х77  

Mass 1 m.p. = 4,21 kg 

Moment of inertia, Jx = 712,0000 sm4 

Moment of resistance, Wx = 102,0000 sm3 

Static half-section moment, Sx = 58,4000 sm3 

Steel brand – SHX15 GOST 801-78 
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Design steel resistance, Ry = 230 MPa 

Design shear strength of steel, Rs = 0,58·Ry = 133,40 MPa 

Relative deflection - 1/250 span 

Elastic modulus, E = 211000 MPa 

Verification of strength and stiffness conditions: 

Stresses in the beam: normal = Mmax / Wx = 0,5887 < Ry = 230 MPa 

  tangent = Qmax·Sx / (Jx·tст) = 3,1417 < Rs = 0,58·Ry = 133,4 MPa 

Maximum deflection (with safety factor) = 0.0347 mm-3 which is 1/6373316 of the 
maximum span of 221 mm. 

Thus, the total displacement of a roller bearing is the sum of the contact deformations of 
the rollers and the elastic deformations of the outer race of the bearing. The addition is 
made graphically, by superimposing on each other diagrams of contact and elastic 
deformations occurring in the bearing. At the same time, at the point of the smallest elastic 
deformation of the outer cage, the largest contact deformations of the rollers are observed.  

 

Fig. 12 Reaming the outer race of a bearing with specified loads 

 

Fig. 13 Diagram of total displacements, mm 

4. Numerical Simulation Results and Discussions  

The APM FEM system is a tool integrated into KOMPAS-3D for the preparation and 
subsequent finite element analysis of a three-dimensional solid model (parts or 
assemblies). 

Preparation of a geometric 3D model and setting the material is carried out by means of 
the KOMPAS-3D system. With APM FEM, you can apply various types of loads, specify 
boundary conditions, create a finite element mesh, and perform calculations. In this case, 
the procedure for generating finite elements is carried out automatically. 
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At the bottom of the dialog is a table of coefficients used in the calculation. Each material 
can be given a specific set of coefficients. More detailed information about the coefficients 
can be found in the documentation for the system АРМ Structure 3D. 

  

Fig. 14 Static calculation graph 

 

Table 2. Material name: Tube 77х7 Steel SHX15 GOST 800-78 

Compressive yield strength [MPa] 1670 
Young's modulus [MPa] 211000 

Poisson's ratio 0.3 
Density [kg/m3] 7812 

Thermal expansion coefficient [1/C] 0.000151 
Thermal conductivity coefficient 

[W/(mK)] 
40 

Compressive strength [MPa] 410 
Fatigue limit (n) [MPa] 209 
Fatigue limit (k) [MPa] 139 

Name Meaning 
Model weight [kg] 6.645652 

Model center of gravity [m] ( -0.002646 ; 0.000105 ; 0 ) 
Moments of inertia of the model relative 

to the center of mass [kg*m2] 
( 0.004798 ; 0.011922 ; 0.011956 ) 

Reaction moment relative to the center of 
mass [N*m] 

( 0.268123 ; -0.327184 ; -3.588786 ) 

Total reaction of supports [N] ( -0 ; 3923.000135 ; -0 ) 
Absolute reaction value [N] 3923.000135 
Absolute torque value [Nm] 3.61363 

 

Table 3. Static calculation results 

Name Type Minimum value Maximum value  
Total linear 

displacement 
USUM [mm] 0 0.0141 

Reshetov D.N. put forward the hypothesis that the hole should take the form of an elliptical 
cylinder, elongated in the direction of the load. However, no specific form was proposed. 
We calculated the shape of the hole. The geometry of which was designed taking into 
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account the deformation of the bearing. The hole must take the form of an elliptical 
cylinder, elongated in the direction of the load [7, 8].  

 

Fig. 15 Suggested hole shape 

 

Fig. 16 The main parameters of the spindle unit of the machine NT 

5. Conclusions 

In the article, on the basis of the performed research, the solution of an urgent scientific 
problem is given such as the development of requirements for the accuracy of support 
bearings, as well as the establishment of the relationship between the input and output 
errors of the machine for typical turning schemes. According to the obtained results the 
following conclusions are made. 

• The elastic system of the spindle group includes a bending system of the 
workpiece, spindle, spindle supports, devices for fixing the workpiece (chuck, 
centers, etc.) and a torsional system (more precisely, bending-torsional) of 
transmission from the engine to the workpiece; 

• The degree of load effect from transmission deformation of the spindle assembly 
depends on the location of the transmission in relation to the supports, rigidity of 
the supports, their pinching action, the size of the console on which the contact 
point of the cutter and the workpiece; 

• A large share of the influence of shaft bends due to their considerable length is 
necessary for the location and movement of gears. Significantly specific large 
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proportion of contact deformations in splined joints is overall balance, which is 
associated with the use of a large number of movable gears. Thus, the spindle in 
the process of rotation changes its orientation relative to the cutting tool; 

• Analytical functional dependences of the oscillations of the support elements on 
the force impact from the rotating spindle are obtained, taking into account the 
preload and the cutting force brought to the support, the own inertial parameters 
of the SHU support and the stiffness characteristics of the "node-frame" contacts; 

• A mathematical model of the accuracy of the spindle assembly has been 
developed, which takes into account the geometric and static errors of the support 
elements. 

• Calculation of contact and elastic deformations in roller bearings has been 
developed, as well as contact-elastic displacements of a high-precision roller 
bearing brand 2-697920L2, installed in the spindle unit of a lathe model NT-250I, 
have been calculated; 

• The shape of the hole is proposed, the geometry of which was designed taking into 
account the deformation of the bearing. As a result, it was possible to minimize 
the values of contact and elastic displacements, contact displacements by a factor 
of two, and elastic displacements by a factor of 3. Thus, for parts with a diameter 
of up to 50 mm, it becomes possible to achieve 8-9 accuracy grades. 
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 Resistance spot welding (RSW) is a solid-state joining process in which sheet 
metal parts are joined by applying pressure and heat to the faying surfaces. Spot 
weld failure can cause severe mishap of any mechanical assemblies and can lead 
to severe damage. Therefore, robust design of spot welds for proper operation is 
essential. The cyclic stresses occurring on the spot welds in most of the 
applications result in fatigue failure of welds and decrease their performance 
efficiency and fatigue strength. This leads to failure of components at very low 
loads.  Thus, it is essential to design the spot welds for fatigue loading conditions 
for all structures. This study presents the effects of critical factors affecting the 
fatigue performance of spot welds. The focus is on parameters, namely, sheet 
thickness, residual stresses, material properties and nugget size of spot welds. 
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1. Introduction 

Resistance spot welding (RSW) is a widely used joining process in automobiles, aerospace, 
trucks, furniture, nuclear industries etc. to weld sheet metal components [1,2]. 
Particularly, 90% of the automobile parts are assembled by resistance spot welding 
process [3]. Spot welding is done in the automotive industry to transfer structural loads 
during crash. Around 4000 spot welds are performed in a vehicle for higher safety during 
a crash [4]. The spot-welding process involves thermal, mechanical and electrical 
interactions along the faying surfaces. Therefore, it is a complicated process and requires 
many design parameters like weld current, weld time, weld pressure etc. to be considered 
[5]. This process is also called thermo-mechanical-electrical coupled process. The ease of 
automation and robotization is the key feature of RSW process. 

RSW is a solid-state joining process where the sheet metal parts are joined by heating at 
the faying surfaces. The resistance to current at the contact surfaces increases the heat and   
temperature rises. The metal surfaces begin to melt and localized nuggets are formed at 
the contact between two surfaces. Pressure is also applied on the copper electrodes to 
ensure proper contact between the surfaces. The current is then stopped and the pressure 
continues to be acting on the surfaces, which ensures cooling and solidification of the metal 
s. Spot weld failure can cause severe mishap of any mechanical assembly and can lead to 
severe damage. Therefore, robust design of spot welds for proper operation is essential. 

There is a need to first understand the reasons as to complexity of spot welds and its 
factors for failure. There are three different zones formed at the weld nuggets, which have 
different microstructures. The fusion zone (FZ) shows cast structure with columnar grains. 
It determines the geometry of weld nugget and hence the strength of the spot weld. The 
heat-affected zone (HAZ), does not melt but undergoes microstructural deviations during 
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heating. This zone can also affect the quality of spot welds. Base metal (BM) does not 
undergo any microstructural changes [6–8]. It is required to analyze the sensitization and 
strain hardening characteristics of all three zones for predicting the failure modes of spot 
welds. The failure analysis thus becomes more complicated. The failure also depends on 
the weld geometry and stress acting at the weld [9–12]. The difference in the strength of 
the zones causes strain concentration at the least strength zone and thus, to understand 
the mechanism of nugget failure, the strain properties of all zones should be studied [13]. 
The application of pressure on the electrode leads to the formation of an indent on the 
nuggets, which causes stress concentration at the weld. This causes reduction in the load-
bearing capacity of the spot weld. This failure mode should also be considered during the 
design process [14]. 

Vehicle parts experience several vibrations due to rough roads, different driving 
conditions and road accidents. This causes fatigue loading on the spot welded parts and 
hence can cause fatigue failure of the spot welds [15–18]. The cyclic loading occurring on 
the vehicle reduces the performance efficiency of the spot welds and the tensile strength 
decreases considerably with the formation of fatigue crack. This leads to failure of the 
vehicle part at very low loads.  Thus, it is essential to design the spot welds for fatigue 
loading conditions for all applications [19]. This critical review presents an understanding 
of the factors that affect the fatigue performance of spot welds. The focus is placed on 
parameters like sheet thickness, material properties and nugget size of spot welds. 

2. Fatigue Failure Modes for Resistance Spot Welds 

Resistance spot welds can fail due to many factors such as mechanical properties of the 
base material, welding time, welding force, sheet thickness, weld diameter. Interfacial (IF) 
mode, plug failure and pull-out failure (PF) are the three modes of spot welds failure. Crack 
propagation in IF mode is through FZ and it has a very high effect on the crashworthiness 
of the vehicle. In the PF mode, the weld nugget delaminates from one or more sheets and 
crack propagates from the base metal or heat affected zone. This depends on the sheet 
material and the geometry of the weld nuggets. Both these failure modes largely affect the 
energy absorption capacity and load-bearing capacity of spot welds. Due to higher energy 
absorption in the PF mode, spot welds are preferably designed considering the welding 
parameters for PF mode [20–23]. Fig. 1 shows the three modes of spot weld fatigue 
fracture. The PF mode in fatigue is divided into three stages: first, the initiation of fatigue 
crack, second, crack propagation through sheet thickness and third, crack propagation 
through sheet width [24]. A detail review of the effects of material properties, sheet 
thickness and nugget size on the fatigue behavior of spot welds is discussed in this paper. 

3. Fatigue Performance of Resistance Spot Welds 

3.1 Effect of Nugget Size  

A study on the effect of different nugget diameters on the fatigue life of spot welds was 
done by [26]. Spot welding was performed to join two sheets of galvanized steel and 
austenitic stainless steel. The welding current was varied to get three different nugget 
diameters of 4 mm, 5 mm and 6 mm. Fatigue tests were performed on the specimens to get 
the S-N curve. The tests revealed similar fatigue life for all nugget diameters showing a 
little higher fatigue life for 6-mm nugget diameter. 
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(a) (b) (c) 

Fig. 1 Fatigue failure modes (a) Pull out failure (b) plug failure (c) Interfacial failure 
[25] 

Banerjee et al. [27] considered two specimens P1 and P2 with different RSW current and 
weld time parameters. Nuggets formed for P1 samples showed diameter of 5.4 mm and P2 
samples predicted diameter of 4.42 mm. The samples were tested for fatigue failure at load 
range of 7.3 to 6.2 kN. The results predicted that even at larger loads, P1 samples exhibit 
higher fatigue life as compared to P2. Samples of P2 specimen showed interfacial failure 
mode and P1 samples showed pull-out failure mode.   

Kato et al. [28] performed spot welding on three different material steel sheets of varying 
tensile strength. The welding parameters were controlled to get two different weld 
diameters of 5 mm and 3.8 mm. Spot welds with lower nugget diameters showed lower 
fatigue strength. For 5-mm nugget size, the fatigue strength was almost similar for all the 
three materials. This is due to dominant fatigue crack propagation life. For nugget size of 
3.8 mm, the materials with higher tensile strength showed lower fatigue life. 

Heewon Cho et al.[25] studied the fatigue and fracture behavior of Transformation Induced 
Plasticity Steel (TRIP) steels spot welds using two different electrodes of diameters 8mm 
and 10 mm. The electrodes with larger diameters gave larger nugget size. The fatigue tests 
showed that the fatigue life is more for larger nugget size. Fatigue fracture showed pull out, 
HAZ and plug fracture modes. For both the nugget sizes, the crack initiation occurred at 
the interface of HAZ region. In pull out fracture mode, the crack propagation occurred 
around the nugget whereas in the HAZ fracture mode, the crack propagated through the 
thickness of the sheets. However, the plug fracture occurs having characteristics of both 
HAZ and pull-out fracture. Fig. 2 shows the S-N curve for fatigue fracture of spot welds of 
TRIP steels for different electrode diameter. 

 

      Fig. 2 S-N curve for fatigue fracture of spot welds of TRIP steels for different 
electrode diameter [25] 
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A recent study 29] investigated the fatigue life of two sheets of interstitial free steel and 
high strength niobium micro alloyed steel joined by resistance spot welds. Welding was 
performed with welding current of 7 kA and 9 kA and an electrode force of 2 kN. The nugget 
size formed varied due to the different welding currents. Fatigue strength for smaller 
nugget diameters was found to be high than the larger nugget diameters. This was due to 
the presence of compressive residual stress in the HAZ and higher micro hardness. The 
fatigue crack was intergranular, which initiated from interface of HAZ and interstitial free 
steel side base material. 

A study of Akbulut [30] also predicted the influence of nugget size and sheet thickness on 
the fatigue life of spot welds. Tensile shear specimens of high strength low carbon steel 
sheets were used for the analysis. Strain-based approach using Coffin Mansion and 
Morrows mean stress equation was modeled for the specimen analysis. The results show 
that fatigue life is higher for higher thicknesses because of large elastic and plastic strains. 
Also, for fatigue life was more for specimens with larger nugget diameter. 

Farrahi et al. [31] simulated a finite element model to determine the fatigue damage 
characteristics of a spotweld on a vehicle body. The results from the FEA model and 
experimental results were similar. The results showed that the spot welds with small 
diameters failed in larger number. Approximately 125 spot welds of diameter 2 mm failed 
due to fatigue. Likewise, spot welds of diameter 4 mm, 6 mm and 8 mm failed in lesser 
numbers. The comparatively lesser number of spotwelds with 8 mm in diameter failed in 
fatigue. This can be because the nugget size affects the stiffness of spot welds and thus, the 
stress concentration at the weld. Thus, the nugget size should be carefully designed to 
avoid the fatigue failure. Fig. 3 explains the overview of effect of nugget size on fatigue life. 

 

 Fig. 3 Overview of effect of nugget size on fatigue life. 

3.2 Effects of Sheet Parameters (Geometry/Material) 

Bae and Sohn[32] discusses the effect of residual stress, thickness, width and joining the 
angle of sheet on fatigue life of spot-welds. Fatigue testing was performed for the tensile 
mode at frequency of 25Hz and stress ratio 0. Variation in fatigue life for different 
thicknesses is not much significant. However, for smaller loads, the fatigue life increases 
with an increase in thickness as higher thickness will have higher bending rigidity. Fatigue 
life decreases as the joint angle increases. However, the effect of sheet width on fatigue life 
is unpredictable. To consider the effect of residual stress, goodman equation was used to 
describe a fatigue life equation. It was observed that the there is a significant decrease in 
fatigue life considering the residual stress at the weld nuggets. Thus, it is essential to 
consider the residual stress while predicting the fatigue life.  
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Vural et al. [26] performed fatigue tests on spot welds used to join two similar sheets of 
austenitic stainless steel and dissimilar sheets of galvanized steel and austenitic stainless 
steel. Fatigue test results reveal that the spot welds on similar sheets have higher 
endurance strength than that of dissimilar sheets. This is due to the different expansion 
properties of different materials. The nugget formed is not symmetrical in the case of 
dissimilar sheets and thus the fatigue life is lower. Xin Long and Khanna [33] also predicts 
the fatigue strength of different high strength steel materials. The author mentions that 
there was no significant change in the fatigue strength of different material spot welds. 
Fatigue strength depends on loading conditions on spot weld and stress concentration at 
the weld nugget. 

Research shows that with an increase in sheet thickness, the fatigue life decreases. The 
author modeled the Paris law for determining the effect of sheet thickness on fatigue life 
of spot weld [34]. In a work of Rahman [35] ,the author considered two specimens of  sheet 
thickness of 1.2 and 0.2 mm for fatigue testing of spot welds. The sheet with 1.2-mm 
thickness showed larger fatigue life than the other sheet. 

Xue, et al. [36] performed fatigue tests to find out the fatigue strength of spot welded 
dissimilar sheets. AA5754 sheet and high-strength low-alloy (HSLA) steel sheet were 
welded together with spot welds. The fatigue tests revealed that the fatigue strength of 
such dissimilar configuration was more than AA5754 welded to itself. Finite element 
simulation was conducted which enhanced that the larger notch root angle at the weld 
nugget  gives a higher fatigue life  as the maximum principal strain is reduced effectively. 
Fig. 4 explains the overview of effect of sheet material on fatigue life. 

 

Fig. 4 Overview of effect of sheet material on fatigue life 

3.3 Effects of RSW Parameters 

Kang et al. [37] studied the fatigue performance of three sheets of dual phase 600 and mild 
steel welded separately. Two shapes of electrode tip B nose and E-nose were used for 
welding. Fatigue tests at a frequency of 10 Hz and stress ratio of 0.01 were performed for 
both the specimens. Tests were also performed for different indentation levels. The results 
show that the shape of the electrode tip did not affect the fatigue life of DP600 steel spot 
welds. Also, fatigue life was not significantly affected by the different indentation levels for 
both the materials. Dual phase 600 material showed larger fatigue life than mild steel. Fig. 
5 shows number of cycles to failure for DP600 and mild steel. 

Pal [38] predicted the fatigue behavior of spotwelds used to join sheets of martensitic 
steels. The welding conditions were varied by changing the welding current, weld time and 
weld force. Thus, for every specimen, the nugget diameters obtained were different. All the 
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specimens showed similar fatigue characteristics at lower loads, but showed significant 
variation at higher loads. At the higher loads, interfacial fracture is observed, which 
propagates through the weld metal. However, the crack fails to propagate through the weld 
for lower loads. At the lower loads, plug and hole fracture mode is observed. There is 
transition in fracture mode at 50% loading of the yield stress. 

 

(a) 

 

(b) 

Fig. 5 (a) No. of cycles to failure for DP600, (b) No. of cycles to failure for mild steel [37] 

Duan et al. [39] predicted the fatigue life of spot welds used in tensile shear and cross 
tension specimens of steel. It was seen that the fatigue limit of the tensile shear specimen 
was more that than that of the cross-tension specimens. Fatigue cracks for both the 
specimens were initiated in the HAZ region at the notch tip and also at the interface 
boundaries of the two sheets. The fatigue crack propagation was through the thickness and 
then into the width of the sheet before the final fracture for tensile shear specimen. 
However, the crack propagation for cross tension specimen was completely through the 
thickness only before the final fracture. 

Duan et al. [40] compared the fatigue life of spot weld on two materials high strength steel 
and mild steel. The high strength steel sheet had a thickness of 1.8 mm and M190 steel had 
a thickness of 1.2 mm. Fatigue strength was more for high strength steel spot welds due to 
thicker sheets and proper nugget formed which follows the standard nugget size rule. The 
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crack initiated at the edges of the sheet or at the interface of two sheets and propagated 
through the HAZ region. 

Rao et al. [41] considered two dissimilar sheet stackups of wrought aluminium and 
interfacial steels and two similar sheets of wrought aluminium. These materials were spot 
welded in two configurations first, tensile shear and second coach peel. For the tensile 
shear configuration, the fatigue life of dissimilar stackup was higher than similar 
aluminium stackup and for coach peel configuration there was not much difference in the 
fatigue life of spot welds for both the combinations of materials. The dissimilar materials 
stackups showed better performance due to larger weld nuggets formed. For both 
configurations of tensile shear and coach peel, the crack growth was seen from the 
aluminium sheet. 

Ordoñez et al. [42] studied the resistance of spot welds used to join dual phase steels by 
fatigue tests. It was found that due to the stress concentration at the weld nugget at the 
fusion zone, the fatigue life of weld decreases. Fatigue failure was initiated at the sheet 
interface. Compressive residual stresses on spot weld increases its fatigue life. A work of 
Fujimoto et al. [42] also increased the compressive residual stresses in spot weld lap joints 
of high strength steel sheets by shot blasting process. The work reported that with the 
compressive residual stress, the fatigue life of spot weld is improved. 

Kang et al. [44] also considered the spot weld joining of aluminium and steel sheets. Three 
specimens were considered, Al-Al weld, Al-steel weld with positive electrode polarity and 
Al-steel weld with negative electrode polarity. The fatigue analysis was performed to 
understand the effect of nugget diameter, notch angle and polarity on the fatigue life of 
spot welds. The research predicted that the nuggets with negative polarity show the largest 
fatigue life than the nuggets with positive polarity. Also, the Al-Al sheet nuggets showed 
the least fatigue life. The results were more significant for tensile shear specimens than for 
the coach peel specimens. Al-Al sheets, had a lesser nugget size of 6.2 mm whereas the Al-
Steel sheets had nugget diameter of 8.5 mm approximately. This also shows that the sheets 
with larger nugget diameters have larger fatigue life as it would take larger energy to fail. 
Another consideration showed that, as the notch root angle decreased, the tensile stresses 
increased. This also affects the fatigue life of spot welds. The spot welds with negative 
polarity have notch root angle of 33 degrees whereas, the welds with positive polarity had 
a notch root angle of 11 degrees. Thus, owing to increase in the tensile stresses, spot welds 
with lesser notch root angle failed at had lesser fatigue life. 

4. Fatigue Failure Characteristics 

There is a lot of research where results on fatigue life of spot welds is studied. However, 
study on the fatigue crack initiation and propagation is very difficult as fatigue cracks occur 
at a very critical area of spot weld at the sheet interface. This area undergoes several 
microstructural changes and hence it is very difficult to understand the fatigue mechanism 
from the point of fracture mechanics. Also, fatigue cracks are not easily visible unless the 
specimen fails through the thickness. As direct observation was not possible, scientist used 
instruments to study the crack nucleation and propagation after fatigue loading on spot 
welds [45]. 

Hassanifard et al. [46] reported that there is higher stress concentration at the 
circumference of nugget and hence the crack initiation takes place from such areas. 
Lanciotti and Polese [45] described the fatigue crack initiation and propagation in spot 
welded stainless steel. The author mentioned that the crack initiation takes place at a 
distance of 0.93 mm from the spot weld nugget. The crack initiation took place for 10% of 
fatigue life. Another research [47] considered the use of half cut tensile shear specimens to 
study the fatigue fracture mechanism in spot weld. Steel sheets of hot rolled high strength 
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galvanized alloy were spot welded and tested. The spot welds developed crack of depth 
0.25mm at 50% of its fatigue life. The crack was measured after the crack initiated and 
until the early propagation phase. A study was also done to report the effect of fatigue crack 
on stiffness of spot welds. The experimental results showed that the stiffness is not affected 
until a large crack is formed [48]. 

Pouranvari and Marashi [4] reported that there are various different crack propagation 
modes for spot welds within low cycle and high cycle region. They mentioned that within 
the low cycle region, the crack propagates through the base material while within the high 
cycle region; the crack propagates through the HAZ region. (Xu et al.) [16] found that the 
kinked angle for the fatigue crack was 80 º. (Newman and Dowling) [49] also formulated 
an equation to calculate J integral and stress intensity factor and reported that the kinked 
angle for fatigue crack was 75º. The crack propagation can be predicted by calculating the 
stress concentration at the weld nugget area and the crack growth angle. The tensile shear 
and cross tension configurations can have plug type and interfacial fracture mode [50]. Fig. 
6 (a), (b) shows the plug type fracture mode for tensile shear and cross tension specimen. 
Fig. 6 (c) shows the interfacial fracture mode for cross tension specimen. 

   

(a) (b) (c) 

    Fig. 6 (a) Plug type fracture mode for tensile shear (b) For cross tension specimen. 
(c) Interfacial fracture mode for cross tension specimen [50] 

Ma et al. [51] reported that the fatigue fracture initiates in the HAZ region showing plastic 
deformation at higher load levels. The crack initiates at the nugget area, penetrate through 
the thickness of sheet and propagate through the base metal along the normal to the load 
at lower load levels. Also, for intermediate load levels, the fractures initiate at the nugget 
area and propagate along the circumference, and fractures takes place in the base metal. 
The natural frequency of spot welds significantly changes after the fatigue life reaches 
more than 50% of the total fatigue life.  At 95% of life, the cracks were visible on the 
surfaces of the joint [52]. First fatigue crack was seen at approximately 50% of total fatigue 
life of spot welds. 

Cooper and Smith [53] tried observing the fatigue crack length of spot welded mild steel 
sheets. The authors used tensile shear specimens for the test. The potential drop method 
was used to estimate the crack length. The principal fatigue mechanism was macro crack 
propagation in the spot welds and the cracks propagation rate was constant throughout 
the thickness. A work of Swellam et al. [54] also predicted the fatigue crack mechanism in 
high strength steel spot welds and galvanized steel spot welds. Nucleation of cracks was 
the major fatigue mechanism for galvanized steel while crack propagation through 
thickness was that for high strength steel. 

A work of Wang and Barkey [55] reported three different fatigue failure modes. In mode 
A, the crack initiates away from the spot weld nugget, propagates through the base metal 
and the crack growth was in a straight line. In the mode B, the crack initiation was at the 
HAZ region and propagated around the spot weld nugget and finally through the base sheet 
until fracture to partially break the weld at the nugget edge and partially at the base sheets. 
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Nugget is rotated before fracture. There is no nugget rotation in mode A. In the mode C, the 
crack is seen to propagate around the spot weld nugget and fracture is seen when half of 
the nugget is peeled out of the sheet. The nuggets rotated by about 90  ֯ before final fracture. 
Mode A occurs at high cycle tests and mode C occurs at low cycle tests. Mode B occurs 
between the two. Most cracks propagated in mode C and very few cracks propagated in 
mode A. For all modes, crack initiated at approximately 50% of the total fatigue life. Fig. 7 
shows failure of spot welds due to fatigue in mode A, B, C. 

 
 

(a) (b) 

 

(c) 

Fig. 7 Fatigue failure of spot welds in modes A, B, C  [55] 

The fatigue fracture mode of spot welds with positive polarity was observed to be 
interfacial mode. The weld with negative polarity failed with pull-out fracture mode. The 
specimen with a smaller notch root angle of 11 degrees exhibited a large shear stress at 
the notch tip and hence the fatigue crack growth was interfacial. Whereas, specimens with 
a larger notch root angle of 33 degrees, did not show much stress concentration at the 
notch tip and hence exhibited a pull-out fracture mode at the weld [44].  

Mukhopadhyay et al. [56] studied the fatigue failure of DP600 resistance spot welded steels 
of thickness 1.4 mm .High cycle fatigue tests were conducted for tensile shear configuration 
at 3.8kN electrode force. The fatigue crack initiated at the HAZ and propagate through the 
thickness of sheets till complete fracture. The fatigue failure occurred due to stress 
concentration at the sheets interference and due to strength of DP600 steel.   
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Table 1.  Summary of the effects of different welding factors on fatigue life of spot welds 

  Factors Effect on fatigue life of spot weld 
[27], 
[28], 
[25], 
[30] 

Nugget size Larger nugget sizes exhibited a higher fatigue life. 

[29] Nugget size 
Fatigue strength for smaller nugget diameters was found 

to be higher. 

[31] Nugget size 
The spot welds with least diameter failed due to fatigue 

in large numbers 

[26] 
Sheet material 

Nugget size 

Spot welds used for joining similar sheets have a higher 
fatigue limit than that of dissimilar sheets. 

Similar fatigue life for all nugget sizes. 

[33] Sheet material 
Different materials do not significantly affect the fatigue 

strength of spot weld 

[34] Sheet Thickness 
With an increase in sheet thickness, the fatigue life 

decreases 

[32] 

Sheet thickness 
Joint angle 

Residual Stress 
Sheet width 

Fatigue life increases with an increase in thickness. 
Fatigue life decreases as the joint angle increases. 

A significant decrease in fatigue life considering the 
residual stress at the weld nuggets. 

The effect of sheet width on fatigue life is not predictable. 
[35], 
[40] 

Sheet Thickness The increase in sheet thickness, the fatigue life increases 

[36] 
Sheet Material 

Notch root angle 

Fatigue strength of such dissimilar configuration of 
AA5754 sheet and high-strength low-alloy (HSLA) steel 

was more . 
Larger notch root angle is beneficial to achieve  longer 

fatigue life . 

[37] 
Electrode Tip 

Indentation levels 
Sheet material 

The shape of the electrode tip did not affect the fatigue 
life of spot weld 

Not significantly affected by the different indentation 
levels for both the materials 

Dual phase 600 material showed larger fatigue life than 
mild steel. 

[38] 
Weld Current 

Weld Time 

All the specimens showed similar fatigue characteristics 
at lower loads but showed a significant variation at 

higher loads 

[39] 

Tensile shear 
configuration 
Cross Tension 
configuration 

Fatigue limit for tensile shear specimen was more that 
than the cross-tension specimen. 

[42][43] 
Compressive residual 

stress 
Fatigue life improves with induced compressive residual 

stress in spot welds. 

[41] Sheet material 
Fatigue life of dissimilar stackup was higher than similar 

aluminium stackup. 

[44] 
Nugget diameter 

Notch angle 
Polarity 

Sheets with larger nugget diameters have larger fatigue 
life as it would take larger energy to fail 

As the notch root angle decrease, fatigue life decreases 
The nuggets with negative polarity showed largest 
fatigue life than the nuggets with positive polarity 
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5. Conclusion 

Resistance spot welding is a solid-state joining process wherein sheet metal parts are 
joined by heating at the faying surfaces. It is a complex thermo-mechanical-electrical 
coupled process. Mechanical structures that undergo extensive vibrations can cause 
repetitive loading on the resistance spot welds that leads to fatigue failure. Spot welds have 
different regions of different microstructures and hence, they are very critical to study for 
its fatigue failure. It is thus important to consider fatigue parameters while designing the 
resistance spot welding process. This review presents the study of critical factors affecting 
the fatigue performance of spot welds. The focus is on RSW parameters and sheet 
parameters. RSW parameters include weld current, weld time, residual stresses polarity 
while sheet parameters include sheet materials, sheet thickness and nugget size.The 
findings of the review are as follows: 

• It is observed that with an increase in sheet thickness and nugget size, the fatigue 
life of spot welds increases. This is due to a decrease in the stress concentration 
at the nugget area.  

• Spot welds used for joining sheets of dissimilar material have lesser fatigue life 
due to the different thermal expansion coefficients of materials. 

• Fatigue life improves with increase in compressive residual stresses at the spot 
nuggets. 

• There is no effective change in fatigue strength with change in weld current or 
weld time. 

• Fatigue cracks occur at the sheet interference and hence it is very difficult to study 
the fatigue crack characteristics. 

• Spot Welds with positive polarity failed in an interfacial mode while welds with 
negative polarity failed with pull-out fracture mode. 

• Crack propagation in IF mode is through the FZ. In the pull-out mode, the weld 
nugget delaminates from one or more sheets and crack propagates from the base 
metal or heat affected zone. 

• Due to higher energy absorption in the pull-out mode, spot welds are preferably 
designed for this fracture mode. 
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 Construction Sequence Analysis (CSA) is a method that follows real-time onsite 
construction practices like construction sequence, sequential loading, and 
timing. Properties of concrete, like Creep and shrinkage are time-dependent 
properties of concrete, so it is crucial to determine the period up to which critical 
responses are received during a building’s life.  This study observes the different 
responses of structural members seeing the long-term effect of concrete 
properties for up to 50 years, cohesive to the standard lifespan of RC structures 
in India. The study derives the most critical time during the entire life of the 
building using the CSA method. According to this study, 98% to 99% of the 50th-

year responses are attained within 10950 days after applying live load. The study 
recommends analysing RC structures for 10950 days using the CSA method 
instead of ending at the time of live load application or continuing analysis up to 
50 years. It is important to know the limit of total storeys above which the 
behaviour of vertical members becomes vulnerable in RC buildings. The study 
also determines the critical storey limit of RC moment frame building over which 
the CSA method must be utilised. Hence, this study uses the CSA and Linear Static 
Analysis method to analyse 12 RC building models of various beam spans and 
total storeys. The study concludes that the CSA method should be mandatory for 
buildings with more than nine stories.  
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1. Introduction 

Structural engineers use the Linear Static method to analyse and design an RC building by 
simultaneously applying all loads to the building models. An RC structure is gradually 
loaded as it is built, due to factors including the own weight of structural components, 
walls, and floor finishing. After construction is finished, occupancy is applied in terms of 
the live load. All loads are applied in accordance with the order of construction using the 
Construction Sequence Analysis (CSA) method, and the timing of application matches that 
of actual construction. Because creep and shrinkage are ongoing processes, the 
Construction Sequence Analysis (CSAcs) method will yield different results at various 
points in the analysis. Many researchers have studied CSA method. 

Chakrabarti et al. [3] and Chang-Koon Choi et al. [4] argue that the (CSA) method reports 
responses, which are different from the conventional one-step Linear Static Analysis (LSA) 
method. Kwak & Kim [10] proposed a construction sequence method that considers 
deformation in concrete due to its time-dependent properties. A computational method 
was used by Dinar et al. [6] and Correia & Lobo [5] to investigate the impact of sequencial 
self-weight on construction. Ha et al. [8] developed an algorithm for the construction stage 
to assess the outcomes with a laser survey and advised taking into account the time-
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dependent effect of the concrete during the design stage of tall buildings. An improved 
correction factor approach was proposed by Afshari et al. [1]. Both Secer & Arslan [12] and 
Zucca et al. [13] found a substantial change in vertical column displacements while using 
CSA method. One-step analysis yields an unsafe solution in some element zones and an 
uneconomic solution in others, according to Elansary et al.  [7].  

Most of these investigators omitted the role of time and primarily assessed responses at 
the time of live load application. However, Casalegno et al. [2] estimated the difference in 
vertical displacement for a long time in cable-stayed bridges subjected to creep. They did 
notice increased deflection due to creep for longer periods.  

Additional research is required to fully comprehend the impact of time period on the 
responses of RC buildings and the consequences of creep and shrinkage. The time period 
used for structural design and analysis is a crucial concern as most researchers have 
considered the response at the last stage of construction, i.e. at the application of live load. 
In order to evaluate that, this study observes two types of responses, the axial shortening 
and the bending moments for different time periods.  The results were compared with the 
reference results for the 50th year, as RC structures in India are designed for a 50-year life 
span.  The different time periods considered are 365 days, 730 days, 1000 days, 1825 days, 
3650 days, 7300 days, 10950 days, 14600 days, and 18250 days from the application of 
live load, of which the optimal timespan is derived. 

Since the CSAcs method is complicated, it is imperative to formulate a critical storey limit, 
i.e. “a limit for the total numbers of storeys of a building above which the CSA method is 
recommended”. In order to formulate that, this study calculates the percentage difference 
between the axial strains of vertical members using the CSA method for the critical time 
period as derived in this study (CSA30cs) and the LSA method at every floor level of selected 
building models. Based on the percentage difference in axial strain obtained by the CSA30CS 
method to the LSA method (Δ), columns are divided into different categories, and a critical 
storey limit for CSA method is recommended for all categories of columns. Twelve RC 
moment framed building models with RC shear walls of the same plan area but of different 
spans and total storeys were selected to evaluate the effect of various beam spans and 
total storey numbers on the critical storey limit. The building models were analysed with 
the help of Midas Gen 17 [11] software. This study's analysis and design are undertaken 
as per the Indian standard code of practice. 

2. Materials and Methods 

2.1. Building Models 

A 40-story RC framed building with a 5m X 5m beam grid and plan dimensions of 25m X 
25m was chosen to study the combined effect of creep and shrinkage on time span with 
CSAcs, as illustrated in Fig. 1(a) and Table 1.Twelve building models of symmetrical plan 
with a central shear wall with a floor height of 3.2m were selected to study the critical 
storey limit. Hence, three RC moment framed building models of the same plan area of 40m 
X 40m, but varying plan grids and total numbers of storeys, as shown in Table 1 and Fig. 
1(b)-1(d), were selected. Models were initially analysed and designed using the LSA 
method and the Indian Standard Code of Practice, with live load of 3 kN/m2, floor finishing 
load of 1 kN/m2, and brick wall load of 5 kN/m. The cross-sections of structural members 
for the A40, B40 and C40 models are shown in Table 3. Similarly, the structural elements 
are designed for other models through LSA and used for the CSAcs method. Properties of 
the grade of concrete and steel used for the modelling of buildings are mentioned in Table 
2. 
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Table 1. Description of the selected RC frame building model  

Models Plan size, 
mxm 

Type of 
plan 

Beam grid, m x m Total storey numbers 

A0 25 X 25 Plan A0 5 x 5 40 

A40 40 X 40 Plan A 8 X 8 40 
A30 40 X 40 Plan A 8 X 8 30 

A20 40 X 40 Plan A 8 X 8 20 

A10 40 X 40 Plan A 8 X 8 10 

B40 40 X 40 Plan B 5.72 X 5.72 40 
B30 40 X 40 Plan B 5.72 X 5.72 30 

B20 40 X 40 Plan B 5.72 X 5.72 20 

B10 40 X 40 Plan B 5.72 X 5.72 10 

C40 40 X 40 Plan C 4.44 X 4.44 40 
C30 40 X 40 Plan C 4.44 X 4.44 30 

C20 40 X 40 Plan C 4.44 X 4.44 20 

C10 40 X 40 Plan C 4.44 X 4.44 10 

Table 2. Properties of materials used in modelling 

Material properties Reinforcement grade -Fe 
415 

Concrete grade -M 25 

Yield Stress  415 N/mm2 - 
Compressive strength - 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 A Plan B Plan C 

1st  to 5th  1.6 x1.6 1.3x1.3 1.1x1.1 550 500 500 
6th  to 10th  1.4x1.4 1.2x1.2 1.0x1.0 550 500 500 

11th  to 15th  1.3x1.3 1.1x1.1 0.9x0.9 450 400 400 
16th  to 20th  1.2x1.2 1.0x1.0 0.8x0.8 450 400 400 
26th  to 30th  1.0x1.0 0.8x0.8 0.6x0.6 350 300 300 
31st  to 35th  0.9x0.9 0.7x0.7 0.5x0.5 250 200 200 
36th  to 40th  0.7x0.7 0.6x0.6 0.4x0.4 250 200 200 
Beam Size 0.35x0.75 0.3x0.6 0.3x0.5 - - - 

2.2. Material Properties Related to Creep & Shrinkage 

To calculate the long-term shortening due to creep and shrinkage, IRC: 112-2011 code is 
used, wherein basic equations for creep co-efficient and the drying shrinkage strain are 
given. 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 are all factors taken into account 
when calculating the co-efficient of creep. While the parameters considered for calculation 
of the shrinkage strain are mean compressive strength, type of cement, and relative 
humidity. 
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2.3. Sequential Loads on Building Models 

  

(a) Plan A0_25m x25m  (b) Plan A models_ A40,A30,A20,A10 

  

(c) Plan B models_ B40,B30,B20,B10 (d) Plan C models_ C40,C30,C20,C10 

Fig. 1 Plan of different 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. For the first slab casting, the formwork 
was undertaken and concreting of the first slab was done on the third day of construction.  
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 up to 50 years of a lifetime after occupancy to get a critical time 
period for A0 building. The analysis was undertaken for 10950 days for twelve models to 
get critical storey numbers of the RC buildings.  
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Table 4. Stage-wise sequential loading for the CSA method. 

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 
 

3.  Results and Discussion 

3.1. Critical Time Period 

CSAcs is carried out for the ‘plan A0’ building model. Total axial shortening for all columns 
were observed. Fig. 2 shows the shortening of column CA at the top floor level at the time 
of application of live load and for other time periods, which were 365 days, 730 days, 1000 
days, 1825 days, 3650 days, 7300 days, 10950 days, 14600 days, and 18250 days from 
the application of live load by CSA method. The results of axial shortenings for all time 
periods were compared with the result of the 50th year. 

Axial shortening at the top floor of column A was found to be only 14.28mm at the time 
live load was applied. In contrast, axial shortening was found to be much larger at 
57.08mm after 50 years of live load application. After applying the live load at the top floor 
of CA, the axial shortening was 24.1mm, 41.53mm, 47.1mm, and 54.31mm after 365days, 
1000days, 1825days, and 7300days, respectively. 

 

Fig. 2 Axial shortening of column A  for the various time period 

 

The findings of the percentage shortening of each column for each time period were 
compared to the percentage shortening of the 50th year as the base time period to 
determine the average percentage shortening of all columns, which was then plotted in 
Fig. 3. (a). Considering the axial shortening as 100 % in all columns after 50 years, the 
average axial shortening at the moment of live load application was observed to be 
51.57%.  The average axial shortening was reported to be 61.76%, 82.21 %, 88.55%, and 
98.7% for the 50th year, respectively, during periods of 365 days, 1000 days, 1825 days, 
and 10950 days following the application of live load. 
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Fig. 3(a) Average axial shortening of 
columns w.r.t 50 years Shortening 

(b) Average bending moment of beam'AB' 
w.r.t 50 years bending moment 

As seen in Fig. 1(a), beam "AB" of "plan A0" is chosen for observation. For every floor level 
and across all time periods, bending moments were noted at the ends "A," "B," and "AB." 
The average percentage moment of all floors for each time period, maintaining the 50th 

year as a base, was calculated at both the supports and mid-span of beam ‘AB’ and plotted 
in Fig. 4. 

 
 

(a) Bending moment at end ‘A’  (b) Bending moment at end ‘B’ 

 

(c) Bending moment at mid-span 

Fig. 4 Percentage moment at various locations of beam ‘AB’ for  different time periods 

The average moment observed at the time of live load application at end A, end B, and mid-
span was 97.02%, 68.63% and 94.15%, respectively, if the bending moment in a beam 
after 50 years is deemed to be 100%.The average moment at every floor level was 
observed to be 90.6%, 94.3%, 96.3%, and 99.7% of the axial shortening of the 50thyear; 
after 365, 730, 1000 and 10950days time period respectively, as in Fig. 3(b). 
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3.2. Derivation of Critical Storey Limit  

As per the time period study, 98.7% of axial shortening and 99.43% of bending moments 
of the 50th year were observed after 10950 days. Hence, all twelve models were analysed 
for 10950 days using the CSA method considering the long-term effects of concrete 
(CSA30CS).  

3.2.1 Categorization of Columns  

An axial shortening, at every floor level ( i ), for all twelve building models by CSA30CS 
method was compared with the LSA method., The ‘Δ’ parameter was introduced to 
compare the sensitivity of columns in terms of percentage strain difference induced due 
to the axial shortening in both methods. The following equation specified the percentage 
difference (Δ) induced in the axial strain at any floor level-‘i'. 

‘Δ’ at any floor level 

i=⌊
𝑆𝑡𝑟𝑎𝑖𝑛 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑎𝑡  𝑖𝑡ℎ

 
𝑓𝑙𝑜𝑜𝑟

    
𝑏𝑦 𝐶𝑆𝐴30𝐶𝑆−𝑆𝑡𝑟𝑎𝑖𝑛 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑎𝑡 𝑖𝑡ℎ 𝑓𝑙𝑜𝑜𝑟𝑏𝑦 𝐿𝑆𝐴

𝑆𝑡𝑟𝑎𝑖𝑛 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑎𝑡 𝑖𝑡ℎ 𝑓𝑙𝑜𝑜𝑟 𝑏𝑦 𝐿𝑆𝐴
⌋ 100 

(1) 

Where strain induces at each floor level, ( ith  level) = 

⌊
[𝑇𝑜𝑡𝑎𝑙 𝐴𝑥𝑖𝑎𝑙 𝑠ℎ𝑜𝑟𝑡𝑒𝑛𝑖𝑛𝑔 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑎𝑡 𝑢𝑝𝑝𝑒𝑟 𝑓𝑙𝑜𝑜𝑟−𝑇𝑜𝑡𝑎𝑙 𝐴𝑥𝑖𝑎𝑙 𝑆ℎ𝑜𝑟𝑡𝑒𝑛𝑖𝑛𝑔 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑎𝑡 𝑙𝑜𝑤𝑒𝑟 𝑓𝑙𝑜𝑜𝑟 𝑙𝑒𝑣𝑒𝑙]

𝐹𝑙𝑜𝑜𝑟 ℎ𝑒𝑖𝑔ℎ𝑡 (𝐻𝑖)
⌋ 

(2) 

A graph representing the ‘percentage strain difference ( Δ ) V/S floor number’, for all 
vertical members of the A30 building model was plotted as shown in Fig. 5. Following 
observations were made from Fig.5. 

 

Fig. 5 Δ- percentage strain difference  V/S floor number, for model A30 

• Percentage strain v/s floor graph of columns CB and CC were similar. 
Percentage strain v/s floor graph of columns CH and CI were similar to Δ. 

• Percentage strain v/s floor graph of columns CA and CO were independent of all 
columns. 

Based on these observations, columns of the A30 were divided under four different 
categories, CAT-I, CAT-II, CAT-III and CAT-IV, as shown in Fig. 6(a). 
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Similar pattern of graphs was observed with the A40, A20 and A10 models, as shown in 

Fig. 7(a). Hence the columns were divided into four similar categories, as shown in Fig. 
6(a) 

• It was observed that the sensitivity of the axial strain increases as the building 
floors increase, as shown in Fig. 7(a) for models A40, A30, A20 and A10. 

• Δ for the same column CA was higher in model A40 than in model A10 as shown 
in Fig. 7(a).  As the building’s total storey (n) increases, Δ of the column in all 
categories also increases. 

• Maximum variation of Δ was observed within upper 15% to 18% storeys, as 
shown in Fig. 5 and Fig. 7. 

The analysis and observations remain similar for plan B and plan C building models. Hence, 
all the columns were divided into four similar categories, CAT-I, CAT-II, CAT-III and CAT-
IV, as shown in Fig. 6. 

 

(a)  Plan A model 

 

(b)  Plan B model (c) Plan C model 

Fig.6 Different categories of columns of plan A ,plan B and plan C models 
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(a) plan A models (b) plan B models 

Fig. 7 ‘Δ -percentage strain difference V/S floor number’_ for plan A and plan B models 

3.2.2. Critical Storey Limit of RC Buildings with CSA30CS  

It was observed from Fig. 5, Fig. 7, and Table 4 that maximum Δ occurs at the top-most 
floor level of the building models for all plans and categories of columns. Δ for CAT-I 
columns for all plan models are as in Table 5. 

Table 5. Maximum percentage strain difference (Δ) for CAT-I columns 

Building 
models 

Maximum Δ, for columns of CAT-I 

Plan A Plan B Plan C 

maximum Δ location maximum Δ location maximum Δ location 

40 storeyed -818.062 
at 40th 
floor 

-906.137 
at 40th 
floor 

-806.744 
at 40th 
floor 

30 storeyed -672.761 
at 30th 
floor 

-510.508 
at 30th 
floor 

-525.674 
at 30th 
floor 

20 storeyed -162.564 
at 20th 
floor 

-182.434 
at 20th 
floor 

-114.077 
at 20th 
floor 

10 storeyed 410.376 
at 10th 
floor 

583.192 
at 10th 
floor 

574.01 
at 10th 
floor 

The CAT-I columns for models C40, C30, C20 and C10 were also studied. The results were 
plotted in the ‘Δ V/S floor number’ graph, as shown in Fig. 8. An equation for floor 
sensitivity limit was extracted by drawing the best-fitted curve using a polynomial model 
passing through maximum Δ for CAT-I columns of plan C. The extracted equation of storey 
sensitivity for CAT-I columns of the plan C building model is:  

‘n =1E-05*Δ2- 0.019*Δ + 17.421.’ 

As seen in the equation and Fig. 8, when the best-fitted curve crosses the vertical axis, the 
value of Δ becomes zero, and the corresponding total storey number (n) approaches 17.24. 
Hence this shows that when the CSA30CS method is used, the columns of CAT-I become 
sensitive when plan C type buildings cross 17 storeys (n).   Similarly, plan C’s columns of 
CAT-II, CAT-III & CAT-IV were also analysed. Critical storey limit equations were derived 
based on the graphical representation of the analysis as plotted in Fig. 9(a)-9(c). The 
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extracted equations for storey sensitivity of CAT-II, CAT-III, and CAT-IV columns of plan C 
models are tabulated in Table 6. 

 

Fig. 8 Critical storey limit for CAT-I columns of plan C 

  

(a) CAT-II of plan C (b) CAT-III of plan C 

 

(c) CAT-IV of plan C 

Fig. 9 Critical storey limit for columns of plan C. 

Similarly, equations for all categories of columns were extracted for plan A and plan B type 
building models as shown in Fig. 10(a)-10(d), and Fig. 10(e)-10(h),as tabulated in Table 6.  

The average critical limit is the storey above which it is advisable to use CSA30CS method 
for the design of RC buildings. Average critical limits for all categories and models are 
tabulated in Table 7.  

The observation for the above analysis is summarized as follows,  
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• In a building with storeys more than 16.82, CAT-I columns will be critical. 
• In a building with storeys more than 12.13, CAT-II columns will be critical. 
• In a building with storeys more than 9.27, CAT-III columns will be critical. 
• In a building with storeys more than 27.51, CAT-IV (shear wall) will be critical. 

Table 6. Equations of critical storey limit for all categories and columns  

Column category Equation  Sensitivity, in terms of ‘n’ 

For plan A 

CAT-I n =1E-05*Δ2 - 0.0177*Δ + 15.595 15.595 

CAT-II n = 1E-05*Δ2 - 0.014*Δ + 11.263 11.263 

CAT-III n = 1E-05*Δ2 - 0.0132*Δ + 8.8111 8.811 

CAT-IV n = 2E-06*Δ2 - 0.017*Δ + 27.108 27.108 

For plan B 

CAT-I n = 8E-06*Δ2 - 0.0179*Δ + 17.46 17.46 

CAT-II n = 9E-06*Δ2 - 0.0164*Δ+ 12.348 12.348 

CAT-III n =7E-06*Δ2 - 0.0178*Δ+ 8.6237 8.624 

CAT-IV n = 5E-06*Δ2 - 0.0198*Δ + 28.612 28.612 

For  Plan C 

CAT-I n = 1E-05*Δ2 - 0.019*Δ + 17.421 17.421 

CAT-II n = 2E-05*Δ2- 0.0163x + 12.781 12.781 

CAT-III n = 2E-05*Δ2 - 0.012*Δ + 10.146 10.146 

CAT-IV n = 6E-06*Δ2 - 0.0203*Δ + 26.809 26.809 

Table 7. Average critical storey limit for columns of all categories and all plans 

Column category Critical storey limit in terms of total storey numbers (n) 

Plan A  Plan B Plan C  Average ‘n’ 

CAT-I 15.595 17.46 17.421 16.82 

CAT-II 11.263 12.348 12.781 12.13 

CAT-III 8.811 8.624 10.146 9.27 

CAT-IV 27.108 28.612 26.809 27.51 

 

  

(a) CAT-I of plan A (b) CAT-II of plan A 
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(c) CAT-III of plan A (d) CAT-IV of plan A 

  

(e) CAT-I of plan B (f) CAT-II of plan B 

 
 

(g) CAT-III of plan B (h) CAT-IV of plan B 

Fig. 10 Critical storey limit for columns of plan A and plan B 

4. Conclusions 

This study determines the critical time period up to which the CSA method should be used 
to analyse and design the RC framed buildings. Furthermore, it determines the critical 
storey limit for the RC framed building, over which the CSA method must be used. It is 
concluded that:  

• The rate of axial shortening increase for the first 7300days is significant compared 
to the days between 7300, i.e., 30 years to 18250 days i.e., 50years, when the 
analysis is done through the CSA method.  

• Only 51.57% of the 50th year axial shortening is achieved at the time of live load 
application, which is only half of the critical shortening observed at the 50th year. 
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Whereas 86.6% of the 50th year beam moment is achieved at the time of live load 
application, which is less than the critical moment observed at the 50th year.  

• 98% to 99% of the total 50th year axial shortening and beam moments are 
observed on completion of 7300days (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.  

• Behavioural patterns of columns for all building models of various spans and total 
storeys are divided into four categories. Each category has its own critical storey 
limit. Hence, if the column crosses this limit, the CSA30CS method must be adopted 
for the analysis and design of the column instead of the conventional –Linear Static 
Analysis method for a safe design. 

• It is observed that maximum percentage strain difference (Δ) occurs at the top most 
floor level of a building for all plans and categories of the column. Maximum 
variation of percentage strain difference (Δ) is observed in the upper 15% to 18% 
of total storeys. 

• As the total storey (n) of a building increase, the percentage difference in strain (Δ) 
in a column also increases for all categories of columns in building models.  

• If the total number of stories is more than or equal to 16, columns of category -I 
become critical. Similarly, category – II, III & IV columns become critical if the total 
number of stories is equal to or more than 12, 9, and 27, respectively.  Thus, for a 
building with a total storey number of more than nine storeys, the CSA30cs method 
should be mandatory to analyse and design RC framed buildings. 

• The reduction in the span of beams results in an increase in critical storey limit for 
all categories of columns. 

• The critical storey limit of the shear wall is higher than that of columns. 

Acronym 

CSACS : Construction Sequence Analysis considering creep and shrinkage 

CSA30CS : Construction Sequence Analysis considering creep and shrinkage (CSACS), 
up to 10950 days (30 years) from the time of live load application 

LSA : Linear Static Analysis Method 

Δ : A percentage difference in axial strain, obtained by the CSA30CS method 
with    respect to LSA method 

CA, CB : Column A, Column B, etc 

RC : Reinforced Concrete 

n : Total storeys in building 

i : ith floor level 

wrt : with respect to 

CAT : Category 
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 The use of recycled aggregates (RAs) for concrete promotes circular 
construction while the introduction of lateritic soil (LS) seeks cost reduction in 
concrete production. This study reports the results of experiments on partial 
replacement of (i) Akure-pit sand (APS) with recycled fine aggregate (RFA); (ii) 
RFA with LS; (iii) APS with LS; and (iv) crushed granite (CG) with recycled 
coarse aggregate (RCA). Replacement levels were from 0% to 70% in steps of 
10%. Major tests were compressive strength and sorptivity. The performance 
index approach was employed to obtain the best performance indices for 
various material combinations. The results revealed that at 28 days of curing, 
concretes attained optimum compressive strengths of 15 N/mm2, 15.1 N/mm2, 
13.1 N/mm2, and 16.8 N/mm2, respectively for mixtures produced by partially 
substituting APS with 70%RFA; RFA with 40%LS; APS with 50%LS; and CG 
with 50%RCA. The sorptivity was optimal at 2.69x10-4 mm/min0.5; 3.58x10-4 
mm/min0.5; 3.16x10-4 mm/min0.5; and 2.86x10-4 mm/min0.5, respectively for 
mixtures with partial replacement of APS with 30%RFA; RFA with 40%LS; APS 
with 40%LS; and CG with 10%RCA. This research will find practical application 
in construction works utilizing LS and RAs when optimal replacement levels of 
the conventional aggregates are required, in order to achieve predetermined 
performance criteria.  

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

The environmental impact of mining fine and coarse aggregates used in making concrete 
and the sustainability of the same for concrete production have been called into question 
in recent times [1]. Therefore, many researchers have begun to investigate the use of 
construction and industrial waste and by-product materials for concrete production [2-
6]. Studies by Ke et al. [7] have shown that certain high-quality wastes reduce the cost of 
producing concrete, improve its durability, as well as mitigate alkali-silica interaction, 
cracking in mass concrete, and shrinkage-induced cracking. Some of these wastes may 
chemically react with calcium hydroxide when finely ground and in the presence of water 
to create compounds that have cementing capabilities comparable to those created 
during the cement hydration process. Some others are used as alternatives (in full or 
partial substitution) to the conventional aggregates used in concrete [8]. Some of the 
wastes used as alternative aggregates include recycled concrete aggregate (RCA) and 
lateritic soil (LS) [9-12].  

Laterite has been identified as a viable supplementary material or alternative to 
conventional sand [13-14]. This material is readily available in sub-Saharan Africa as a 
product of weathering. The most popular and widely accepted application of laterite is as 
bedding material in road pavement construction and brick production. These days, 
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researchers are beginning to investigate more productive and effective ways of making 
durable concrete with laterite. According to Gowda et al. [15], a concrete mix where 
laterite has been used to partially or fully replace river sand is known as laterized 
concrete. Udoeyo et al. [16] assert that substituting sand with laterite can increase the 
concrete's workability. However, the workability of concrete made from unprocessed 
laterite is considerably lower than that made from processed laterite [15]. Ettuet al. [17], 
after conducting compressive strength tests on a total of 120 standard 150 mm concrete 
cubes, concluded that laterite could be used as the sole fine aggregate in structural 
concrete, entirely replacing sand in each concrete mix. This conflicts with the results of 
many other researchers who, after their independent experimental-based research, 
concluded that laterite only has a positive influence on concrete compressive strength up 
to a certain level [16, 18]. According to Mathew et al. [18], laterite can replace 20-40% of 
sand without affecting the concrete's strength. Balogun and Adepegba [19] as cited by 
Awoyera et al. [20] postulated that the ideal mix (batching by weight) for laterized 
concrete was 1:1.5:3, provided that the laterite is kept below 50% of the total aggregate 
content. Laterite is composed mostly of sand, clay, and silt, and its redness in colour is 
caused by the presence of iron oxide [21-22]. The presence of clay and silt in the laterite 
particles may make it fall short in the production of high-quality concrete requirements 
as laid out in BS 882 (1992). Consequently, the clay and silt particles are usually washed 
off during processing [17]. Onakunle et al. [23] corroborated this inference by stating that 
the strength and stability of lateritic soil cannot be guaranteed under high load and 
moisture when it has a lot of clay constituents. The suitability or otherwise of laterite as 
the sole fine aggregate in concrete would depend on the amount of fine particles present 
in the laterite [17]. According to Osunade [13], as cited by Joshua et al. [24], the fineness 
of the grain size positively correlates with the compressive strength of concrete samples 
made from laterite. They also opined that the compressive strength of lateritic soil might 
be hugely related to where the material was collected from. This is based on the premise 
that different formation processes must have occurred at various source sites [24]. 
Osadebe & Nwakonobi [25], as cited by Tijani and Mustapha [26], stated that the 
consistency achieved during mixing might also have a huge influence on the laterite's 
compressive strength. Batha et al. [26] studied the influence of replacing natural sand 
with polyethylene terephthalate waste up to 50%. It was observed that replacing natural 
sand generally reduces the strength properties of the concrete beam. 

Furthermore, according to Silva et al. [27], construction and demolition waste (C&DW) 
are viable alternative aggregates to conventional materials for low-cost green concrete 
production. One such C&DW is the recycled concrete aggregate (RCA) being explored for 
concrete production [28-33]. RCA collected from construction and demolition sites is a 
viable solution to depleting natural aggregates in various parts of the world [34]. Only 
aggregates collected from demolition sites and processed into coarse (>5mm) aggregates 
are known as recycled coarse aggregate (RCA) [35-36]. If processed into fine (<5mm) 
material, it is known as recycled fine aggregate (RFA) [37]. Dhir OBE et al. [38] provide a 
detailed overview of the properties and composition of recycled aggregates. The 
demolition quality, and how the aggregate was sorted may determine RCA properties [29, 
39]. The properties of the RCA would also depend on that of the parent concrete. Proper 
design parameters must be adopted to make the properties of RCA comparable with what 
is obtainable using natural aggregates. Still, the replacement percentage should not be 
more than 30% to avoid adverse effects on the concrete properties [40]. 

Many studies have explored using different techniques to obtain RCA properties 
equivalent to their natural aggregate counterparts [41-43]. It has been reported that 
concrete containing 30% RCA could perform as well as concrete made from natural 
aggregates and even better [44-45]. 
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Some researchers Mirjana et al. [46] as cited by Khalid et al. [47] obtained their recycled 
concrete aggregates from crushed precast concrete columns and laboratory test cubes. 
According to Mirjana et al. [46], high-quality aggregate does not affect the strength 
properties of concrete regardless of the replacement levels adopted. In the same vein, the 
curing condition does not have a considerable effect on the compressive strength of 
concrete (Fonseca et al. [48] as cited by Abdel-Hay [49]). For RCA to be considered 
acceptable, it must meet a list of criteria. These include an optimum water absorption  
not greater than 3%, an aggregate relative density of 2.3% or more, and optimum mortar 
content of not greater than 50% (Butler et al. [50] as cited by Zheng et al. [51]). On 
recycled aggregate concrete (RAC), numerous investigations have been conducted [9, 52-
61]. Batha et al. [62] performed a thorough analysis of the physical and mechanical 
characteristics of concrete using a 0.1% constant dose of glass fiber and partial 
replacements of the cement with fly ash up to 40% and sand with pond ash up to 20%. It 
was determined that the addition of fly ash and pond ash to concrete could generate 
strong concrete that was also reusable and durable while using less sand, cement, and 
energy. In another study, Batha et al. [63] proposed a mix design method that uses the 
dense particle packing arrangement principle to create sustainable concrete by partially 
substituting fly ash and pond ash for cement and sand. It was concluded that using a 
method of packing density to replace natural sand with pond ash lowers material 
consumption and building costs while maintaining a clean, green environment without 
sacrificing strength and durability. 

Although studies have been conducted on the utilization of laterite, RFA, RCA, and APS 
separately as sand and coarse substitutes in concrete, there had yet to be any published 
research on the combined influence of these constituents on either freshly poured or 
hardened concrete. On the use of materials as a partial sand replacement in concrete 
mixtures, there were no specifications. These replacement levels have usually been 
chosen to enhance concrete performance based majorly on personnel knowledge and 
experience with the material. It is therefore imperative to design a technique that could 
enable professionals to make an informed decision on the appropriate levels of 
replacement for desired performance. Additionally, the study sought to determine the 
quality of conventional concrete using a performance index (PI) approach to choose the 
appropriate substitution rate and maximize each mixture's unique properties. Therefore, 
the overall aim of this research is to obtain the optimal combinations of LS, RFA and RCA 
that could substitute appropriate fractions of Akure pit sand (APS) and coarse granite 
(CG) to obtain low-cost and durable green concrete while offering essentially the same 
strength as when only conventional aggregates are used. Utilizing LS, RFA, and RCA 
wastes would not only encourage the sustainability of building materials but also 
contribute to the reduction of landfill sites and environmental degradation. 

2.Experimental Strategy 

2.1. Materials Adopted 

The coarse granite (CG), recycled coarse aggregate (RCA), recycled fine aggregate (RFA), 
lateritic soil (LS), Akure pit sand (APS), cement and water were the materials used. In 
order to produce concrete, locally purchased grade CEM 1 42.5R ordinary Portland 
cement (OPC) conforming to BS 12 [64] was utilized. The oxide content of the cement is 
displayed in Table 1. In order to assess the actual level of fineness, OPC was allowed to 
pass through a filter with a 90 µm opening. The CG and APS were obtained in the Akure 
metropolis and processed in accordance with BS EN 933-11 [65]. In order to comply with 
BS 882 criteria, the APS underwent a comprehensive sieving process to reduce its 
impurity and organic material levels [66]. The aggregates were guaranteed to meet the 
requirements for the medium grading zone [67]. The maximum size of the fine aggregate 
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was 4.75 mm, while the maximum size of the coarse aggregate was 12.5 mm. The laterite 
was obtained from a borrow pit in Akure, Southwest Nigeria. The RCA and RFA were 
obtained from the demolitions of an existing building at Jibowu Crescent, Iyaganku GRA, 
Ibadan also in the Southwest region of Nigeria. The RCA was manually crushed to the 
desired particle size of the maximum aggregate size of 12.5 mm with the aid of a rubber 
hammer. The RFA was also carefully processed to conform with the recommendations of 
BS EN 933-11 [64]. The impact value and particle size distribution of laterite, RFA, and 
RCA are all in agreement with BS EN 933-11 [65] and BS EN 933-1 [67]. The various 
aggregates as well as the OPC used in the investigation are shown in Fig. 1.  

     Table 1. Chemical composition of the cement 

Oxide composition CaO SiO2 Fe2O3 Al2O3 SO3 Na2O MgO 

Cement (%) 61.52 21.02 3.28 5.78 2.04 0.78 2.08 
 

   

(a) (b) (c) 

   

(d) (e) (f) 

Fig. 1. (a) Cement (b) APS (c) LS (d) RFA (e) CG) (f) RCA 

Aggregates' specific gravity should be between 2.30 and 2.90, according to ACI [68]. 
Therefore, laterite, RCA, and RFA all have specific gravity values that are within the 
acceptable range, making them acceptable for use in concrete. Table 2 presents some 
calculated properties of aggregates used while the gradation of the aggregates curves and 
BS EN 933-1 [67] classification are shown in Fig. 2. The aggregates used were found 
to satisfy the BS requirements. Furthermore, RCA and CG showed similar particle grading 
in much the same way as the particle gradings of RFA, LS and APS were similar. Both 
mixing and curing water adhere to BS 3148 [69]. It was determined that there were no 
sulfate, ferric, alkaline soils, vegetation, or salt present that would have an impact on the 
qualities of fresh or solidified concrete. 

2.2. Proportioning of Concrete Mixtures 

The performance of concrete was investigated using four distinct mixtures. The first mix 
was created by partially replacing APS with RFA at proportion rates of 0% to 70% in 
steps of 10%; the second combination was made by completely replacing APS with RFA 
and then partially replacing RFA with LS from 0% to 70% in steps of 10%; the third 
concrete specimens were formed by partially replacing APS from 0% to 70% in steps of 
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10%, with lateritic soil; and the final concrete mixture was created by partially replacing 
coarse granite with RCA at proportion levels of 0% to 70% in steps of 10%. Table 3 lists 
the precise material proportioning for the concrete mixture utilized in this study. Thirty 
(30) mixtures in total were prepared, as depicted in Table 3, and their workability, 
compressive strength and sorptivity were evaluated. 

Table 2. Physical properties of aggregates and binders 

Physical properties Binder Fine aggregate Coarse aggregate 

OPC APS RFA LS CG RCA 
Cu - 2.18 2.45 2.95 2.50 4.36 
Cc - 1.88 1.67 2.25 1.60 1.91 

Specific gravity 3.09 2.70 2.62 2.65 2.70 2.63 
Shape - - - - Angular Angular 

ACV (%) - - - - 21.02 20.3 
AIV (%) - - - - 19.85 19.85 

Moisture content (%) - 7.20 5.16 12.5 2.12 3.16 
Maximum aggregate 

size(mm) 
- 4.75 4.75 4.75 12.75 19.00 

Bulk density (kg/m3) - 2682 2138 1630 - - 
Liquid limit (%) - - - 28.20 - - 
Plastic limit (%) - - - 12.10 - - 

Shrinkage limit (mm) - - - 3.00 - - 

 

 

Fig. 2. The grain size distribution of aggregates 

2.3. Testing of Concrete Samples 

With a water-to-cement ratio (w/c) of 0.53, cement, fine aggregate, and coarse aggregate 
were all mixed by weight. In order to achieve the desired strength class C15/20, concrete 
with cement grade 42.5 was employed. The fine and coarse aggregates were first mixed 
for about five minutes. For roughly 3 to 6 minutes, the cement was vigorously dry-mixed 
after being added gradually. For about 8 minutes, the mixture was slowly stirred after the 
addition of the mixing water, until a homogeneous composition became apparent. Before 
being placed in the necessary moulds in accordance with BS EN, 12350-2 [70], the fresh 
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property of the concrete, such as slump, was tested in accordance with 1881: Part 102 
[71]. The fresh concrete was poured into the 150 mm standard concrete cubic moulds, 
which had been lubricated with used engine oil to ensure easy demoulding and smooth 
surface before pouring. The compaction was done manually in about three equal layers 
for the cube specimens at an average depth of 50 mm and at each layer 25 blows was 
given using standard rod. The casting was carried out as per the requirements of BS EN, 
12390-2 [70]. After 24 hours, the concrete was removed from the moulds and cured in 
the curing tank, following BS 12390 [72]. At each hydration time at 7 days, 14 days, 28 
days, and 56 days, three specimens of concrete cubes produced from each of the concrete 
mixes were removed from the curing tank, weighed, tested, and recorded for 
compressive strength. The ELE 2000 compressive strength machine with a loading rate of 
6800 N/s was employed. To measure concrete resistance to exposure to aggressive 
environments, the sorptivity test is adopted. The recommendation of ASTM C1585-13 
[73] standard was followed to conduct the sorptivity test. After 7, 14, 28, and 56 days of 
curing, standard test samples of 100 mm diameter disc with a height of 50 mm were 
prepared. The samples were immersed in water with a water level not more than 3 mm 
above the base of the specimen. By appropriately sealing the peripheral surface with a 
non-absorbent coating, the flow from the peripheral surface is stopped. The amount of 
water absorbed over 30 minutes was determined by weighing the specimen on a top pan 
balance. Each weighted operation was finished in 30 seconds after surface water on the 
specimen was wiped away using a dampened cloth. 

2.4. Performance Assessment of Concrete Mix Properties 

It is frequently important to show data from different experimental schedules at the same 
time, as well as a statistical assessment of how concrete performance evolves. That is 
exactly what the performance index strategy accomplishes. It is a management tool that 
enables the compilation of multiple pieces of data into a single overall metric. This 
section explains how to use this technique to create a concrete mixture performance 
index. The performance indexes work on a simple principle: it condenses a large amount 
of data into a single number. When working with a small number of indicators, it is 
known that performance indicator (PI) relates data in an easy-to-comprehend format 
[74-75].  

Therefore, the performance index technique is adopted as the improved model for the 
current study to assess the behaviour of concrete with a portion of Akure-pit sand (APS) 
and crushed granite (CG) replaced with lateritic soil (LS) and recycled aggregates (RAs) 
respectively. The details of concrete mixture proportions are given in section 2.2.  
Moreover, the suitable replacement level is selected using the performance index 
method. In this study, three performance indicators were selected which are compressive 
strength and sorptivity. The first step of this approach is to determine the weight rating 
for each performance indicator (θi) using Eq. (1). The highest individual performance 
indicator (e.g., compressive strength) has a 1.00 weight rating and other compressive 
strengths are rated relative to the highest compressive strength [74]. 

o

i

h

p

p
 =  (1) 

where po and ph are respectively, the observed performance (i.e., performance indicator 
such as compressive strength, and sorptivity) for each concrete mixture and the highest 
observed performance. 

The numeric index (ψi) is then determined using Eq. (2), such that the highest numeric 
index is set to be 5. Therefore, each weight rating of the individual performance indicator 
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is multiplied by the highest numeric rating [75].  

5
i i

 =  (2) 

Table 3. Concrete mixture proportions per cubic metre (kg/m3) 

Percentage 
replacement 

Fine aggregate Coarse 
aggregate 

Cement Water 

RFA 
(%) 

LS 
(%) 

RCA 
(%) 

APS RFA LS CG RCA 

0 - - 498.80 - - 1220 - 425 225 
10 - - 448.92 49.88 - 1220 - 425 225 
20 - - 399.04 99.76 - 1220 - 425 225 
30 - - 349.16 149.64 - 1220 - 425 225 
40 - - 299.28 199.52 - 1220 - 425 225 
50 - - 249.40 249.40 - 1220 - 425 225 
60  - 199.52 299.28  1220 - 425 225 
70  - 149.64 349.16  1220 - 425 225 

 0 - - 498.80 - 1220 - 425 225 
- 10 - - 448.92 49.88 1220 - 425 225 
- 20 - - 399.04 99.76 1220 - 425 225 
- 30 - - 349.16 149.64 1220 - 425 225 
- 40 - - 299.28 199.52 1220 - 425 225 
- 50 - - 249.40 249.40 1220 - 425 225 
- 60 - - 199.52 299.28 1220 - 425 225 
 70 - - 149.64 349.16 1220 - 425 225 
- 10 - 448.92 - 49.88 1220 - 425 225 
- 20 - 399.04 - 99.76 1220 - 425 225 
- 30 - 349.16 - 149.64 1220 - 425 225 
- 40 - 299.28 - 199.52 1220 - 425 225 
- 50 - 249.40 - 249.40 1220 - 425 225 
- 60 - 199.52 - 299.28 1220 - 425 225 
- 70 - 149.64 - 349.16 1220 - 425 225 
- - 10 - - - 1098 122 425 225 
- - 20 - - - 976 244 425 225 
- - 30 - - - 854 366 425 225 
- - 40 - - - 732 488 425 225 
- - 50 - - - 610 610 425 225 
- - 60 - - - 488 732 425 225 
- - 70 - - - 366 854 425 225 

Based on the essential performance indicators (j indicators), the associated ψi are 
multiplied to obtain a mixture score, (PI)ij as specified in Eq. (3). 

( ) 1 2i i ijij
PI   =    (3) 

The inference from Eq. (3) is that the strength of weighted combinations can help in 
deciding how to distribute scarce resources. In terms of the relevant necessary numerous 
indicators, the combination receiving the highest score is the best acceptable mixture. 
The technique for selecting the right replacement amount to optimize the mixture’s 
unique features to obtain the target performance indicator is briefly represented in the 
flowchart in Figure 3. 
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Fig. 3 Optimum concrete mixture based on specific performance criteria 

3. Results and Discussion 

3.1. Workability of the Concrete 

In order to assess how easily and uniformly newly prepared concrete can be poured, 
compacted, and finished, the concrete's workability was determined. The slump test was 
used to evaluate flowability. The slump results for each blend are shown in Fig. 4. It was 
noted that for all the mixtures, the relative value of the slump often increases as the 
proportion of replacement increases. The moisture content in the aggregate may be the 
reason for this. Additionally, it was shown that concrete samples made when APS was 
partially replaced with LS had slump values that were higher than the control mix. This 
suggests that adding LS alters the cohesiveness of the mixtures, which in turn influences 
how well they flow. This finding agrees with research findings by Gowda et al. [15] and 
Udoeyo et al. [16]. 

From Fig. 4, the slump values for concrete with LS replacing APS and RFA are generally 
lower compared to other mixtures. This could be due to the dry surface of RFA and the 
fact that the presence of kaolinites and illites in LS requires more water to increase the 
plasticity [22] and workability. The slump value of the concrete mixture when APS is 
partially substituted with RFA, ranges from 75 mm to 75.5 mm. The slump value of the 
concrete mixture when APS is partially replaced with LS ranges from 75 mm to 90 mm. 
The slump value of the concrete mixture when RFA is partially replaced with LS ranges 
from 74 mm to 75 mm. A relatively lower value was observed in this particular concrete 
mixture due to the potential of RFA to soak up more water. The slump value of the 
concrete mixture when CG is partially replaced with RCA ranges from 75 mm to 76 mm. 
This suggests that all of the mixtures have a medium slump, which was designated by 
British standards as the most practical and often prescribed consistency. The findings of 



Arum et al. / Research on Engineering Structures & Materials 9(1) (2023) 209-227 

 

217 

this research indicate that the optimum percentage replacement of APS with RFA; APS 
with LS; RFA with LS; and CG with RCA were 20%, 40%, 40%, and 50% respectively. 

 

Fig. 4. Slump values of different fresh concrete mixes with varying replacement levels. 

3.2. Compressive Strength 

Figs. 5 to 8 for the various concrete mixtures illustrate the impact of LS, RFA, and RCA as 
partial substitutes of APS and CG, on the progression of compressive strength at 7, 14, 28, 
and 56 curing days. The impact of curing period on concrete compressive strength is 
typically shown by a steady rise in compressive strength as the curing period increases. 
From Fig. 5, at maturity ages of 7, 14, 28, and 56 days, the compressive strength of 
concrete mixtures with RFA replacing APS up to 70% was lower than the control. The 
reduction ranged from 5.05% with 70%RFA at 14 days to 40.43% with 10%RFA at 7 days 
when compared with the control mixture (i.e., without RFA). The optimum mix 
proportion of 70%RFA, which is greater than control mixture by 7.12% at 28 days, can be 
recommended. According to Fig. 6, the compressive strength of concrete mixtures with 
LS replacing RFA up to 70% was lower than the control (i.e., the reduction ranges from 
3.94% with 40%LS at 14 days to 46.20% with 50%LS at 28 days) at 7, 14, 28, 56 days. 
When contrasted to the control mixture, at 28 days maturity, the optimum mix 
proportion of 40%LS is greater by 4.43% and therefore, can be recommended. According 
to Fig. 7, the compressive strength of concrete mixtures with LS substituting APS up to 
70% was lower than that of the control mixture (i.e., without LS) at 7, 14, 28, 56 days (i.e., 
the loss ranged from 3.45% with 10% LS at 56 days to 39.72% with 70% LS at 7 days). 
With a difference of 18.89% as contrasted to the control mixture, the optimum mixture 
percentage of 50%LS can be proposed at 28 days. The high silt/clay proportion observed 
in Laterite and APS (Fanijo et al. [22] and Olanitori and Afolayan [76]), as seen in Fig. 7, 
may be the cause of the weakening of all concrete compositions. The maximum silt/clay 
content recommended by ASTM C33 is given to be 10%; meanwhile, for the fine 
aggregates used, the silt/clay content ranges between 20.20% to 28.48%. This type of 
fine aggregate is commonly used in most building constructions within the metropolis. 
This could result in poor adhesion between the concrete composites. However, in a 
concrete mixture where LS partially replaced RFA; a reduction in compressive strength 
was observed as laterite content increases up to 10% in the composite matrix, and 
thereafter a sudden increase in strength was observed, followed by a gradual reduction. A 

Control 10 20 30 40 50 60 70
0

20

40

60

80

100

120

S
lu

m
p

 v
al

u
e 

(m
m

)

% Replacement

 APS-RFA

 APS-LS

 RFA-LS

 CG-RCA



Arum et al. / Research on Engineering Structures & Materials 9(1) (2023) 209-227 

 

218 

similar trend was noticed in the concrete mixture in which LS partially replaced APS; the 
reduction in compressive strength was observed as laterite content increased up to 40% 
in the composite matrix, after which a sudden rise in strength was observed, before a 
gradual reduction in strength. This behaviour could be attributed to the poor workability 
of concrete produced with laterite and RFA. Poor workability makes compaction more 
difficult, which could have resulted in larger voids and a drop in compressive strength. 
This result is also consistent with the studies by Ettu et al. [17] and Muthusamy and 
Kamaruzaman [77]. Furthermore, the larger replacement levels of sand with laterite 
result in lower density than natural sand, resulting in reduced strength. Also, from Fig. 8, 
at 7, 14, 28, and 56 days of age, the compressive strength of concrete mixtures with RCA 
replacing CG up to 70% was significantly high only at the replacement level of 50%RCA 
for all curing ages. However, a relative reduction in strength (i.e., a reduction ranging 
from 6.96% to 34.03%) when compared with the control mixture (i.e., without RCA) was 
noticeable in other concrete mixtures. The variation in the water absorption capacity of 
the aggregates used could potentially be a factor in the loss of compressive strength. A 
drop in strength could be because of the amount of the adhered mortar on the RCA and 
poor compaction. The optimum mix proportion of 50%RCA can be recommended at 28 
days with an increase in strength of 6.39% when contrasted with the control mixture. 

  

Fig. 5. Compressive strength development of 
concrete for partial substitution of APS with 

RFA. 

Fig. 6. Compressive strength development of 
concrete for partial substitution of RFA with 

LS. 

 
 

Fig. 7. Compressive strength development of 
concrete for partial substitution of APS with 

LS. 

Fig. 8. Compressive strength development of 
concrete for partial substitution of CG with 

RCA. 

 

3.4. Outcome of Sorptivity Test 
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Workability, compressive strengths, durability, and other qualities of fresh and hardened 
concrete are all influenced by the water content in the matrix and cracking propensity. In 
other words, to a considerable degree, the penetrability of the pore system determines 
the performance of concrete in a variety of harsh situations. Figs. 9 to 12 show the 
variation in the sorptivity with curing age and different concrete mixture proportions. 
Generally, all the concrete mixtures performed well at prolonged curing age. From Fig. 9, 
the sorptivity was found to be decreasing at early curing ages for up to 30%RFA 
replacement. This could be a result of the unsaturated poor formation of the concrete 
pattern. However, an increase was observed at a substitution level of 30%RFA, after 
which, the trend continued up to 70%RFA replacement. Considering the long-term 
application of this type of concrete mixture, a 40%RFA was found to be capable of 
performing well in an aggressive environment. As seen in Fig. 10, the rate of absorption 
increases as the curing age increases. This could imply that the pore structure has 
achieved a fully saturated state. The optimum mix proportion of 30%LS for partial 
replacement of RFA can be recommended to withstand harsh conditions. From Fig 11, it 
can be seen that the lower sorptivity ability of these concrete samples may be due to the 
high silt/clay content preventing the absorption of the water as the laterite requires high 
water content to be worked upon. This is also evident in the sorptivity value of the 
mixture in the early curing days. The optimum mix proportion of 70%LS for partial 
replacement of APS can be recommended to withstand harsh conditions. From Fig. 12, it 
was observed that the sorptivity increases in the concrete samples as both curing age and 
percentage replacement increase. This implies that the dry saturation condition of the 
RCA may be responsible for the high sorptivity behavior when CG was replaced beyond 
10%RCA. The optimum mix proportion of 10%RCA for partial replacement of CG can be 
recommended to withstand harsh conditions. 

3.5. Performance Evaluation of Concrete Mixture 

The outcomes of the application of the performance index technique are presented in 
Tables 4 to 11. This method was used to further assist in the selection or identification of 
optimum concrete mixtures with different performance indicators in the hardened state. 
The selected properties of the concrete used in this section are critical for particular 
application to meet construction and design criteria, hence the different best combination 
with compressive strength, and sorptivity could be chosen. For applications that require 
compressive strength and sorptivity, PI(1), (see Table 12), the use of 60%RFA to replace 
APS in the concrete mixture will best meet this performance condition. From Table 7, it 
can be seen that, for the best performance criteria, in the case where the application 
requires compressive strength and sorptivity, PI(1), the incorporation of 20%LS 
replacing RFA in the concrete will be suitable. In a case where the LS is replaced with APS 
and the compressive strength and sorptivity are required as the performance criteria as 
presented in Table 9, the use of 50%LS can be recommended. From Table 11, it can be 
seen that the use of 50%RCA to replace CG in the concrete mixture will meet 
performance condition PI(1) when compressive strength and sorptivity are required. 
According to the performance index technique, LS and RAs (i.e., RFA and RCA) can be 
used as a partial substitution for fine and coarse aggregates in concrete mixtures that 
satisfy prescribed performance requirements. The amount of the LS and RAs will vary 
depending on the needed performance characteristics of the blend, which will be 
application specific. From the foregoing discussion, the performance index approach has 
been suitably used as a powerful tool to combine multiple data values into a single 
measure while simplifying the selection procedure. 
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Fig. 9. Sorptivity value of concrete for 
partial replacement of APS with RFA 

Fig. 10. Sorptivity value of concrete for 
partial replacement of RFA with LS 

  

Fig. 11. Sorptivity value of concrete for 
partial replacement of APS with LS 

Fig. 12. Sorptivity value of concrete for 
partial replacement of CG with RCA 

4. Concluding Remarks 

This study reports the strength and durability behaviours of laterized concrete produced 
with recycled aggregates, RAs as a substitution for Akure-pit sand, and crushed granite 
using the performance index strategy. A comprehensive series of experimental tests were 
executed to assess its mechanical and durability performance. The results of this study 
led to the following conclusions: 

• The flowability of the concrete made with the optimum percentage replacement 
of APS with RFA; APS with LS; RFA with LS; and CG with RCA at 20%, 40%, 40%, 
and 50% respectively were found to be satisfactory. 

• The concretes made using 70%RFA to partially replace APS; 40%LS to partially 
substitute RFA; 50%LS to partially replace APS and 50%RCA to partially 
substitute CG have optimum compressive strengths of 15 N/mm2; 15.1 N/mm2; 
13.1 N/mm2; and 16.8 N/mm2 at 28 days curing age, respectively. All the values 
satisfy the strength requirement for concrete of 15N/mm2 characteristic 
strength, except for the concrete in which LS is used to partially replace APS. 

• The concretes made by employing 40%RFA to partially replace APS; 30%LS to 
partially substitute RFA; 70%LS to partially replace APS and 10%RCA to 
partially substitute CG have optimum sorptivity of 2.69 x 10-4 mm/min0.5; 3.58 x 
10-4 mm/min0.5; 3.16 x 10-4 mm/min0.5; and 2.86 x 10-4 mm/min0.5 at 28 days 
curing age, respectively.  
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• The performance index strategy, which was used to evaluate multiple 
performance requirements for site-specific application of concrete mixtures, is a 
helpful way to enable the concrete technologist to select the appropriate laterite 
and recycled aggregate replacement levels that can maximize the required 
performance. The findings of this investigation reveal that laterite and recycled 
aggregate contents may vary and that such variations are mostly determined by 
the performance requirements of the site-specific concrete mixtures. 

• The incorporation of construction and demolition wastes with laterite in the 
concrete mixtures significantly reduces the amounts of fresh aggregates used for 
concrete and in addition, leads to cost reduction in Nigeria’s cost conditions. The 
laterized concrete with recycled aggregates is also eco-friendly and will 
contribute positively to the conservation of natural resources and the overall 
sustainability of construction materials, a central objective of circular 
construction. 
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Appendix 

Table 4. Performance index for individual indicator 

Performance 
indicator 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

Compressive 
strength 
(N/mm2) 

θi 1.0 0.64 0.67 0.73 0.76 0.80 0.84 0.93 

ψi 5.00 3.20 3.35 3.65 3.80 4.00 4.20 4.65 

Sorptivity 
(mm/min0.5) 

x 10-4 

θi 0.69 0.85 1.00 0.54 0.63 0.99 0.95 0.84 

ψi 3.45 4.25 5.00 2.70 3.15 4.95 4.75 4.20 

Table 5. Performance index for multiple performance indicators 

Multiple 
performance 

indicators 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

PI (1) 17.25 13.60 16.75 9.86 11.97 19.80 19.95 19.53 

Table 6. Performance index for individual indicator 

Performance 
indicator 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

Compressive 
strength 
(N/mm2) 

θi 1.00 0.84 0.94 0.87 0.96 0.54 0.72 0.59 

ψi 5.00 4.20 4.70 4.35 4.80 2.70 3.60 2.95 

Sorptivity 
(mm/min0.5) 

x 10-4 

θi 0.46 0.76 1.00 0.60 0.47 0.71 0.59 0.75 

ψi 2.30 3.80 5.00 3.00 2.35 3.55 2.95 3.75 
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Table 7. Performance index for multiple performance indicators 

Multiple 
performance 

indicators 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

PI (1) 11.50 15.96 23.50 13.05 11.28 9.59 10.62 11.06 

Table 8. Performance index for individual indicator 

Performance 
indicator 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

Compressive 
strength 
(N/mm2) 

θi 1.00 0.80 0.73 0.64 0.74 0.81 0.69 0.58 

ψi 5.00 4.00 3.65 3.20 3.70 4.05 3.45 2.90 

Sorptivity 
(mm/min0.5) 

x 10-4 

θi 0.63 0.71 0.78 0.78 0.67 1.00 0.95 0.67 

ψi 3.15 3.55 3.90 3.90 3.35 5.00 4.75 3.35 

Table 9. Performance index for multiple performance indicators 

Multiple 
performance 

indicators 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

PI (1) 15.75 14.50 14.24 12.48 12.40 20.25 16.39 9.72 

Table 10. Performance index for individual indicator 

Performance 
indicator 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

Compressive 
strength 
(N/mm2) 

θi 0.96 0.88 0.77 0.66 0.58 1.00 0.68 0.64 

ψi 4.80 4.40 3.85 3.30 2.90 5.00 3.40 3.20 

Sorptivity 
(mm/min0.5) 

x 10-4 

θi 0.48 0.47 0.52 0.79 0.77 0.64 0.72 1.00 

ψi 2.40 2.25 2.60 3.95 3.85 3.20 3.60 5.00 

Table 11. Performance index for multiple performance indicators 

Multiple 
performance 

indicators 

Concrete mixture 

APS RFA10 RFA20 RFA30 RFA40 RFA50 RFA60 RFA70 

PI (1) 11.52 9.90 10.01 13.04 11.17 16.00 12.24 16.00 

Note: In the various concrete mixture notations, the figures following the letters denote 
the percentage content levels of the respective aggregates. 

Table 12. Required performance indicators 

Performance indicator  
PI (1) Compressive strength + sorptivity 
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 Interlocking paving stones have been produced in most developing countries 
with no specific method for testing the strength before use. This study presented 
the mix ratio design assessment of interlocking paving stone strength properties 
using both destructive and non-destructive methods. Six mix ratios were used to 
produce the interlocks and tests such as skid resistance, flexural strength, 
compressive strength and rebound hammer were conducted on 7, 14, 28, 56 and 
90 days. All the skid resistance tests had British Pendulum Number (BPN) values 
greater than 75 specified in Table NA.2 of BS 1338:2003, the interlocking paving 
stone potential for skid is extremely low. The flexural strength was conducted 
following IS 15658:2006 and the result ranges from 1.34 – 5.38 N/mm2. The 
compressive strength result for the mix ratios ranges from 6.20 – 21.78 N/mm2 
and mix ratio 1:3 had the highest compressive strength of 19.34, 21.78 N/mm2 
at 56 and 90 days respectively. Table 1 of IS 15658:2006 is used to classify the 
paving stone for use in non-traffic areas based on the compressive strength 
results. A correlation model was developed combining all the mix ratio average 
rebound values and compressive strength, the regression equation was 
produced and an accuracy test was performed to check the regression formula 
estimates. This study validates the use of a rebound hammer as a non-
destructive method on interlocks to predict the compressive strength with 79 % 
accuracy. Mix ratio 1:3, 1:2 is recommended for use in producing interlocks 
based on higher compressive and flexural strength.  
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1. Introduction 

Cutting edge interlocking paving stones (IPS) are assuming an imperative role in our 
transportation industry and construction world as a whole. Paving stones are answers for 
outdoor application considering their quality, aesthetics and toughness, it is generally 
favoured in any environmental condition and areas like pedestrian walkways, road surfaces, 
yards and intersections among other types of pavement design (1–4). IPS requires high 
compressive strength and efforts have been taken to increase the compressive strength of the 
paving blocks. The IPS compressive strength can be investigated either by destructive means 
using the compression testing machine or the non-destructive test means using several 
methods like the rebound hammer, ultrasonic pulse velocity etc. (3). Paving stones have 
numerous advantages over asphaltic and concrete pavement such as the engineering 
durability properties, aesthetically pleasing surfaces, cost-effective maintenance and 
economical characteristics (5). Like other types of pavements, the design of the IPS will 
depend on the ecological, traffic movement, subgrade support and the IPS materials (6,7). 
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Despite the good engineering properties that IPS possess, it can still fail in cracking, deflection 
etc. when not properly produced following standard requirements and specification which 
would need a lot of financial resources from the maintenance budget to replace the failed 
interlocks. In Nigeria, IPS are used a great deal most especially in areas with high water tables 
such as the Island areas of Lagos state. IPS are observed to be in their worst conditions after a 
short period of usage due to factors like the poor condition of the manufacturing process, 
inadequate sub-base, use of substandard materials, the wide profit margin on the part of the 
manufacturers causing low quality, low water-cement ratio etc (3). Most of these factors exist 
because there is no specific standard for the mix designs for IPS and also no specific method 
to check the strength of IPS produced. Manufacturers in Nigeria resolve to batch by a range to 
be produced from a bag of Cement. Quality/strength check of concrete is done with the use of 
destructive tests and the advancement of non-destructive tests. The latter are the tests which 
are carried out without impairing the present state of the structural element while the formal 
causes total damage to the tested element. Some examples of non-destructive tests equipment 
are the rebound hammer (8), Ultrasonic Pulse Velocity (9,10), Infrared thermography (11) etc 

Being quick, cheap and non-destructive, the Schmidt rebound hammer test is a method used 
for the assessment of concrete compressive strength in terms of surface rebound hardness in 
buildings, rocks etc (12,13). The relationship between the rebound index and the compressive 
strength of structural elements has relied in the past on empirical relationships using 
regression analysis (14–19). Past researchers had reason to evaluate the concrete itself to 
understand the uncertainties surrounding the rebound hammer testing method (15,18–20). 
The standard process for testing and the association between concrete cube crushing and 
strength rebound number was established by Indian standards (21). Several factors influence 
the rebound values, such as the type of cement and aggregate used, the surface condition and 
moisture content of the concrete, the age of the concrete, and the level of carbonation. The 
compressive strength of 150mm standard cubes and the rebound number were developed 
into a correlation, which was included with the device. However, as additional researchers 
began to explore connections between strength and rebound number, it became clear that 
strength and rebound number did not have a unique relationship (22).  The current 
recommended approach [18] depicts the strength connection using the same concrete and 
shaping materials that will be utilized in the construction process. The rebound hammer is 
only useful for identifying large changes in concrete quality throughout a structure if there is 
no such association. Numerous researchers have worked on the comparison of compressive 
strength and rebound hammer values for concrete (14,16-19,23-29). Only a few past works 
on the comparison of compressive strength and rebound values have been done on IPS (30), 
which only considered one mix ratio. This research work looked at the relationship between 
the strengths and rebound values with different mix ratios in the production of IPS, creating a 
strength template for the quality assessment of IPS with the use of a rebound hammer.  

2. Materials and Methods 

2.1. Materials 

The materials for concrete mix used in the production of IPS for this research work are 
Dangote 3X Grade 42.5R Portland cement, Quarry dust, Granite chippings, Potable water and 
engine oil. In the manufacture of the IPS, cement is utilized as a binder. The Dangote 3X cement 
was gotten in Omu-Aran, Kwara state Nigeria and manufactured by the Dangote group of 
companies, Nigeria. The 3X depicts extra strength, extra life and extra yield.  Dangote cement 
contains a wide range of qualities that are equivalent to all varieties of cement. It had the 
lowest proportion of CaO in its composition and the highest amount of Fe2O3 in its 
composition. The SiO2 percentage value corresponded to the Ordinary Cement of (31). The 
Al2O3 composition of around 1% corresponded to type IV (32). The MgO and SiO2 values are 
of type I and its CaO and SO3 percentage composition are of type IV of (32). It has the highest 
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proportion of uncombined lime, resulting in a low CaO. Its C3S and C3A belonged to type I of 
(32) while its C2S and C4AF were type IV and type V, respectively, based on their mineralogical 
composition (Table 1). C4AF was found to be low as a result of the substitution of ferric oxide 
for alumina, resulting in a rise in C3A and a decrease in C4AF (33).  

Table 1. Mineral percentage composition of dangote 3X portland cement 

C3S (%) C2S (%) C3A (%) C4AF (%) Total Sum (Σ) (%) 
33.33 26.47 14.33 4.77 78.9 

Quarry dust with fractions of 90 microns as fine aggregate in different mix ratios. The quarry 
dust was gotten in Omu-Aran Kwara State, Nigeria. The chemical compositions of quarry dust 
for this research are illustrated in table 2. 

Table 2. Chemical composition of quarry dust 

SiO2 
(%) 

Al2O3 
(%) 

Fe2O3 
(%) 

CaO 
(%) 

MgO 
(%) 

Na2O 
(%) 

K2O 
(%) 

TiO2 

(%) 
LOI 
(%) 

86.03 17.81 6.44 4.71 2.65 1.47 3.15 0.27 1.09 

Granite chippings: Granite chippings with fractions 4-6mm, served as the coarse aggregate in 
different mix ratios. Portable water for concrete mixing. Engine oil was used as a lubricant on 
the internal surfaces of the interlock moulds for easy de-moulding of the stones. The interlock 
moulds (double Tee design interlocking moulds) (figure 1). The depth of the double Tee design 
interlocking moulds is 60mm which produces a paving stone of 221mm×137mm×60mm 

  

Fig. 1 Double Tee design interlocking moulds 

2.2. Experimental Design 

Six (6) different mix proportions were considered based on the different sampling of 
construction sites across the country, IPS manufacturers use different mix designs based on 
personal gains and material availability. The mix proportions used in this research are borne 
out of the objective to develop a defined mix proportion for IPS (Table 3). Quarry dust and 
Granite chippings were varied and used as aggregates, the water-cement ratio of 0.8 was used 
for the production. The material quantities measured by weight are presented in Table 3. 

After mould lubrication, a mixture of cement, quarry dust, granite chippings and water were 
placed in the moulds following the mix proportions. The cast interlocks were covered with 
polythene and left for 24 hours at room temperature 20±5℃ before being demoulded. The 
interlocks were cured in water for 7, 14, 28, 56, and 90 days at a temperature of 20±5℃ and 
relative air humidity of (95 ± 5) % to achieve acceptable strength before the physical and 
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mechanical tests were performed on the interlocks. A total number of 180 interlocking blocks 
were produced and cured. 

Table 3. Mix ratios and material proportions 

Mix Ratios Cement (kg) Quarry dust (kg) Granite chippings (kg) Water (kg) 

1:4 13.91 64.93 - 11.13 

1:3 17.39 60.87 - 13.91 

1:2 23.19 54.11 - 18.55 

1:1:2 17.39 40.58 32.61 13.91 

1:2:4 9.94 46.38 37.27 7.95 

1:1.5:3 12.65 44.27 35.58 10.12 

2.3. Experimental Test Procedures 

The specimens at the specific curing days were subjected to different tests namely 
compressive strength test, flexural strength test, skid resistance and Schmidt rebound 
hammer test. Experimental investigations of IPS on compression and flexure were conducted 
on an ELE Compression machine with model no 36-3090/01 machine. 

2.3.1. Compressive Strength Test  

This is the ability of a material to withstand stress without failing determines its strength (34). 
Failure due to cracking and disintegration is common to interlocks during compression (3). 
The area (24400mm2) and rate (25Kpa/sec) are set (Figure 2) when the machine is turned 
on, and the machine's condition is examined. The paving stones are fed into the machine, 
which subsequently crushes them. 

 

Fig. 2 Compressive strength setup 

2.3.2. Flexural Strength Test 

The behaviour of materials subjected to basic bending loads is measured using this mechanical 
testing method. To assess the link between bending stress and deflection, flexural testing 
involves bending a material rather than pushing or pulling it (35,36). The paving stones and 
steel rods representing the point loads are inserted into the machine using a predefined value 
and condition for the machine. 
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2.3.3. Schmidt Rebound Hammer 

The Schmidt rebound hammer test was carried out on the IPS to determine the rebound 
hammer values used to develop a correlation with the compressive strength to predict the 
compressive strength of the interlocks. IPS were held in position by the compressive testing 
machine under a fixed load of 7N/mm2 and measurements of the rebound hammer values 
were done following BS 1881 (37). The hammer was held horizontally to test opposite sides 
of the cube after which the values were recorded. An average of 10 readings was taken on each 
test sample on points 25mm apart.  

2.3.4. Skid Resistance Test 

The skid-resistance test is used to verify the properties of concrete paving blocks and whether 
a specific surface finish is suitable for use in anti-skid applications. Skid resistance can be 
measured in two ways: static and dynamic. The British Pendulum Skid Resistance Tester is a 
standard device for static measurements. Paving blocks of size 221mm×137mm×60mm were 
tested (Figure 3). To perform the test, both dry and wet surface measurement is taken, The 
shoe is rubbed against the surface as the pendulum is drawn back. The British Pendulum 
Number (BPN) is a read scale reading on the machine depicting friction resistance. 

 

Fig. 3 Skid resistance test setup 

3. Result and Discussion 

For the destructive tests, the Strength values of the IPS samples were recorded at the failure 
point. The failure pattern for all samples is almost the same (Figure 4). 

3.1. Skid Resistance Test 

The skid Resistance test was carried out on the IPS following (38) to determine the British 
Pendulum numbers. The results obtained on days 7, 14, 28, 56 and 90 are presented in table 
4. 

Table 4 shows the summary of the average British Pendulum numbers recorded after carrying 
the skid resistance test in the laboratory on each curing day. Referring to the standard value 
given in BS 1338, 2006 (38), the specimen potential for slip is extremely low with all the BPN 
values greater than 75 specified in the code. On average, IPS samples with no granite chippings 
gave better skid resistance results compared to the samples with granite chippings. 
Comparing the skid resistance values in Table NA.2 of (39) with the results in Table 4, it can 
be concluded that the interlock potential for slip is extremely low. 
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Fig. 4 Strength tests failure mode 

Table 4. Average British pendulum numbers 

Mix 
Ratios 

7 days 
Dry    Wet 

14 days 
Dry    Wet 

28 days 
Dry    Wet 

56 days 
Dry     Wet 

90 days 
Dry  Wet 

1:4 122.2   114 100      95.83 119.8   110.8 118.7   110.2 105     99.8 

1:3 
134.5   
120.2 

122.7   111.2 135.5   126.8 120.3   108.3 122.7  111.2 

1:2 
127.5   
121.7 

116.7   108.8 130.5   122.7 122.7   114.6 116.7  108.8 

1:1:2 
129.5   
125.3 

112.2   106.3 129      123.7 133.5   126.7 112.2  106.3 

1:2:4 124.3   117 111.2   106 128.5   118.3 122.7   117 111.2  106 

1:1.5:3 104.7   101 113.8   109.3 119.7   112.8 115      107.7 113.8  109.3 

3.2. Rebound Hammer Test 

A rebound hammer test was carried out on the IPS to determine the rebound hammer values. 
The result obtained from the test at 7, 14, 28, 56 and 90 days are presented in table 5. 

Table 5. Average rebound hammer values 

Mix ratios 7 days 14 days 28 days 56 days 90 days 

1:4 - 10.56 13.08 13.92 14.4 

1:3 - 17.45 20.2 22.23 22.57 

1:2 - 16.27 17.27 18.77 19.55 

1:1:2 - 13.68 14.87 16.05 16.67 

1:2:4 - 13.8 13.52 13.02 13.25 

1:1.5:3 - 13.75 15.65 14.95 15.55 

No rebound hammer value was recorded on the 7th day for all the samples because the 
rebound hammer values could not be read from the equipment as the values were below the 
scale reading of 10 on the equipment, this is due to the low strength which is attained after 7 
days of curing. The control mix ratio 1:4 and 1:2:4 have the least rebound hammer values on 
each curing day compared to other mix ratios. Mix ratios 1:3 and 1:2 have the highest average 
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rebound values. The average rebound hammer values for the mix ratios with granite chippings 
used as coarse aggregate is greater than the control mix on each curing day except for ratio 
1:2:4 rebound hammer values that are lesser on the 56th and 90th day. The average rebound 
hammer values increased on each curing day. 

3.3. Flexural Strength Test 

To determine the flexural strength of the IPS, a flexural strength test was performed. The 
outcome at 7, 14, 28, 56 and 90 days are shown in table 6 and figure 5. 

Table 6. Average flexural strength 

Mix ratios 
7 days 

(N/mm2) 
14 days 

(N/mm2) 
28 days 

(N/mm2) 
56 days 

(N/mm2) 
90 days 

(N/mm2) 
1:4 1.79 2.02 2.02 2.69 2.69 
1:3 3.58 4.03 4.71 5.38 5.38 
1:2 2.24 3.14 3.36 4.03 4.49 

1:1:2 
1:2:4                   

1:1.5:3 

2.02 
1.34 
2.47 

2.69 
2.02 
2.69 

2.91 
2.02 
2.69 

3.36 
2.47 
2.91 

3.36 
2.69 
3.63 

The flexural strength test was performed according to (40) and the average flexural strength 
values are shown in Table 6, ranging from 1.34 – 5.38 N/mm2. All of the interlocks' flexural 
strength increased with age, and the maximum flexural strengths were reached after 90 days. 
In comparison to the control mix ratio and others, the mix ratios 1:3 and 1:2 had the maximum 
flexural strength, indicating that they would be ideal for the construction of interlocks. 

 

Fig. 5 Average flexural strength with age 

The mix ratio with quarry dust had a flexural strength of 5.38 N/(mm)2 (1:3), 4.49 N/(mm)2 
(1:2) greater than the control mix flexural strength of 1:4 (2.69 N/(mm)2) on the 90th day 
(Figure 6). All the mix ratios with granite chippings had a flexural strength of 3.36 N/(mm)2 
(1:1:2), 3.63 N/(mm)2 (1:1.5:3) greater than the flexural strength of the control mix 1:4 (2.69 
N/(mm)2) except mix ratio 1:2:4 (2.69 N/(mm)2) that had the same value on the 90th day. 

3.4. Compressive Strength Test 

The compressive strength result obtained at 7 days, 14 days, 28 days, 56 days and 90 days are 
shown below in table 7 and figure 7. 
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Fig. 6 Average flexural strength with mix ratio 

Table 7. Compressive strength result for the different mix ratios 

Mix Ratios 
7 days 

(N/mm2) 
14 days 

(N/mm2) 
28 days 

(N/mm2) 
56 days 

(N/mm2) 
90 days 

(N/mm2) 
1:4 6.20 8.29 9.02 11.23 11.38 
1:3 10.37 17.7 16.59 19.34 21.78 
1:2 10.92 12.72 15.63 17.71 18.25 

1:1:2 
1:2:4 

1:1.5:3 

10.44 
7.85 

12.25 

13.75 
11.67 
12.77 

16.2 
11.55 
15.62 

16.44 
12.57 
17.02 

17.40 
13.02 
17.30 

 

 

Fig. 7 Average compressive strength with age 

The compressive strength test was carried out according to (38), and the average compressive 
strength values are shown in Table 7, ranging from 6.20 to 21.78 N//(mm)2. As seen in figure 
8, the compressive strength of all interlocks increased with age, with maximum compressive 
strengths reached on the 90th day. They are would be suitable for the construction of 
interlocks for use in non-traffic areas based on the classification in Table 1 of (40). Mix ratio 
1:3 had the highest compressive strength of 21.78 N//(mm)2 and followed closely by (1:2) 
with a compressive strength of 18.25 N//(mm)2 compared to the control mix (1:4) with a 
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compressive strength of 11.38 N//(mm)2 on the 90th day. All the mix ratios with granite 
chippings had compressive strength of 17.4 N//(mm)2 (1:1:2), 13.02 N//(mm)2 (1:2:4) and 
17.3 N//(mm)2 (1:1.5:3) greater than the control mix strength of 11.38 N//(mm)2 (1:4) on the 
90th day, 

 

Fig. 8 Average compressive strength with mix ratio 

3.5. Correlation Between Compressive Strength and Rebound Hammer Values  

One of the objectives of this research work is to develop a correlation model to be used in the 
fabrication yard and by Engineers on-site to predict the compressive strength of the interlocks 
using the rebound hammer values gotten after carrying out a non-destructive test using the 
Schmidt rebound hammer. The average rebound hammer values and the compressive 
strength values recorded on the 14th, 28th, 56th and 90th day respectively shown in Table 8 
were used to develop the correlation in Figure 9.  

 

Fig. 9 Correlation graph between compressive strength and average rebound hammer 
values 
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Table 8. Compressive strength and average rebound hammer values 

S/N 
Average Rebound 
Hammer Values 

Average Compressive 
Strength 

Regression Formula 
Estimates 

1 10.56 8.77 9.58 
2 10.00 8.03 9.06 
3 10.23 8.07 9.28 
4 17.80 16.84 16.27 
5 15.30 15.57 13.96 
6 22.00 20.70 20.14 
7 14.90 13.81 13.59 
8 15.90 12.05 14.51 
9 16.00 12.30 14.60 

10 14.10 14.39 12.85 
11 15.60 14.10 14.23 
12 13.70 12.75 12.48 
13 14.10 12.99 12.85 
14 12.50 10.70 11.37 
15 13.30 11.31 12.11 
16 13.40 12.25 12.20 
17 13.80 12.79 12.57 
18 13.90 13.28 12.66 
19 12.20 9.22 11.09 
20 12.70 8.16 11.56 
21 13.00 9.67 11.83 
22 20.70 17.05 18.94 
23 18.70 15.82 17.10 
24 18.90 16.89 17.28 
25 16.60 14.88 15.16 
26 17.20 15.53 15.71 
27 18.10 16.48 16.54 
28 15.60 16.39 14.23 
29 15.20 16.39 13.86 
30 15.10 15.82 13.77 
31 12.30 11.48 11.19 
32 13.30 12.01 12.11 
33 13.40 11.15 12.20 
34 16.20 18.32 14.79 
35 15.20 12.01 13.86 
36 16.20 16.52 14.79 
37 12.80 10.66 11.65 
38 13.70 11.93 12.48 
39 13.90 11.11 12.66 
40 22.00 18.81 20.14 
41 23.80 19.75 21.81 
42 22.30 19.47 20.42 
43 18.80 17.71 17.19 
44 20.40 18.24 18.67 
45 19.30 17.17 17.65 
46 16.60 16.08 15.16 
47 17.10 16.97 15.62 
48 16.30 16.27 14.88 
49 13.60 12.71 12.39 
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Table 8 (Con). Compressive strength and average rebound hammer values 

50 13.30 12.62 12.11 
51 12.90 12.38 11.74 
52 15.20 16.76 13.86 
53 15.30 17.00 13.96 
54 16.10 17.30 14.70 
55 14.50 11.15 13.22 
56 15.00 11.52 13.68 
57 14.90 11.48 13.59 
58 23.20 22.83 21.25 
59 22.90 21.60 20.98 
60 22.00 20.90 20.14 
61 20.40 19.06 18.67 
62 20.10 18.53 18.39 
63 19.50 17.17 17.84 
64 17.20 17.95 15.71 
65 17.10 17.54 15.62 
66 16.60 16.72 15.16 
67 13.60 13.20 12.39 
68 13.40 13.15 12.20 
69 12.80 12.71 11.65 
70 15.40 17.20 14.05 
71 16.40 17.40 14.97 
72 15.60 17.30 14.23 

4. Conclusion  

The study aims at evaluating the mix ratio design assessment of IPS using both destructive 
and non-destructive methods. The following conclusions are based on the analyses and 
discussions. 

• For improved compressive and flexural strength, less material usage and reduced 
cost of production, the use of mix ratios 1:3 and 1:2 are recommended for use in the 
production of IPS with ratio 1:3 giving the best strength. However, in places where 
granite chippings are readily available and the cost of production would not affect 
profit, mix ratios 1:1:2 and 1:1.5:3 can be utilized for interlock production. 

• The correlation model developed from this research should be utilized both on-site 
and in the production yard for quality control of the interlocks after the production 
stage to investigate the compressive strength by the quality control unit before 
supply and usage of the interlocks. 

• The following design strength for IPS is recommended; 

Table 9. Recommended design strength for interlocks 

Mix ratios Design strength (N/mm2) 

1:4 10 
1:2 17.5 

1:3 20 
1:1:2 16 
1:2:4 12.5 

1:1.5:3 17 
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The paper presents an experimental investigation on the fracture behavior of 
hybrid-fiber reinforced normal strength concrete (HFRC) and hybrid-fiber 
reinforced high strength concrete (HFRHSC).  The hybrid fiber used in the study 
constitutes of 0.75% steel fiber and 0.25% polypropylene fiber, by volume of the 
concrete. A three-point bend test on a notched beam has been performed based 
on the recommendations of RILEM as well as literature. Fracture parameters like 
the fracture energy, stress intensity factor, energy release rate and characteristic 
length has been evaluated from the load-deflection and load-CMOD curves. 
These were compared with values for the plain and steel fiber reinforced 
concrete reported in literature for similar type of mixes. Result suggests that 
hybrid fiber improved the fracture performance in comparison to the steel fiber 
reinforcement in case of normal strength concrete. For higher strength concrete, 
replacing steel fiber by hybrid fibers caused marginal reduction in the fracture 
parameters. Compared to plain unreinforced concrete, the fracture behaviour 
irrespective of the strength improved by addition of the hybrid fibers. 
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1. Introduction 

Innovations in the concrete mix design process and a better understanding of the materials 
have made it possible to design high strength concrete mixes with improved mechanical 
properties [1], [2]. However, one of the biggest limitations of high strength concrete is its 
post-peak brittleness. With increase in strength, concrete tends to suddenly fail without 
warning. The addition of steel fibres in high strength concrete leads to increase in the 
ultimate strain value and strain value at peak stress to sustain more deformation during 
loading, thereby avoiding sudden and brittle failure [3]. For enhancing the post-peak 
behavior [4], [5] and enabling the ductile failure of concrete, researchers have used 
different kinds of fiber reinforcement like Kevlar [6] and glass chopped fibers  [7] but steel 
fibers are the most popular and are widely used [8]–[11]. The steel fiber used in the 
concrete helps in arresting the cracks [12]. It also solves the issue of the explosion of 
concrete at failure. A significant improvement in fracture parameters has been observed 
in past [12], [13] after the addition of a certain amount of steel fiber in the concrete mix. 
Some researchers tried to optimize the amount of steel fiber to be added to the concrete 
mix and reported it to be approximately 1% of the volume of concrete mix [14].  

Apart from the post-peak brittleness, poor fire performance is also a serious concern for 
higher-strength concrete [15]. For improving the fire performance of the concrete, some 
special kind of fiber can be introduced in the concrete. Researchers [3], [16] have 
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suggested hybrid fibers [17]–[19] for improved safety in fire and an enhanced ductile 
failure simultaneously. At elevated temperatures, as encountered during a fire accident, 
high-strength concrete tends to explode. The reason for the explosion has been credited to 
the reduction in permeability [20] of the concrete due to denser packing. Due to dense 
packing of high-strength concrete blocks, the exit of pressurized water vapor gets created 
due to the rise in the temperature. To counter this phenomena, literature suggests [20] 
addition of materials in concrete that stay rigid at a lower temperature, but melt with the 
temperature rise, in an event of a fire accident. It is suggested that the melting point of the 
material should be much higher than the normal temperature of the environment, but 
should be sufficiently low to melt before the creation of pressurized steam at extreme 
temperatures. When the temperature of the concrete increases, the fiber is expected to 
melt, improving the permeability of the concrete and allowing steam to eject. 
Polypropylene is a suitable material for this purpose. It is a thermoplastic polymer which 
is a polymer of propylene. Its melting point varies between 130 degrees to 170 degrees 
Celsius. The solutions proposed above to tackle the issues give rise to two special classes 
of concrete – (i) Steel fiber reinforced concrete (SFRC) and (ii) Hybrid fiber reinforced 
concrete (HFRC). Similarly, two classes can be defined for high strength concrete 
(compressive strength more than 50 MPa) i.e., (i) Steel fiber reinforced high strength 
concrete and (SFRHSC) (ii) Hybrid fiber reinforced high strength concrete (HFRHSC).  

The addition of steel fiber and polypropylene fiber alters the mechanical and fracture 
properties of the concrete. Mechanical properties like compressive strength and split 
tensile strength are evaluated using Indian Standard codes. RILEM recommendation (50-
FMC [21]) specifies a method for determining the fracture energy (GF) of mortar and 
concrete by using stable three-point bend tests on notched beams. As per RILEM, the 
fracture energy is defined as the amount of energy required to create one-unit area of a 
crack. The area of a crack is defined as the projected area on a plane parallel to the main 
crack direction [21]. The fracture energy defined by RILEM is shape dependent, as it 
significantly increases with increase in the notch depth ratio of the specimen. It can be 
noted that the size dependence of the fracture energy estimated by RILEM is quite strong.  

Past studies on hybrid fiber reinforced concrete have compared the fracture parameters 
of varying proportion of fibers in concrete mix. Xiangjun et al.,[22] have found maximum 
fracture performance with approximately 0.9% steel fiber and 0.1% Polypropylene fiber. 
Alwesabi et al. [14], also reported similar proportion of the fibers for the maximum 
fracture energy. Smarzewski, and Barnat-Hunek [23] in their investigation reported 
maximum compressive and split tensile strength for the mix with 0.75% of steel fiber and 
0.25% of polypropylene fiber.  Based on the findings an optimum choice of 0.25% PPF and 
0.75% SF has been adopted in present study to compare it with 1% of steel fiber and the 
plane concrete mix without fiber. Some of the recent studies on the fracture behavior and 
crack propagation utilizes techniques like acoustic emission and digital image correlation. 
The fracture behavior of synthetic fiber reinforced concrete, steel fiber reinforced concrete 
and hybrid fiber reinforced concrete under flexural loading using Acoustic Emission (AE) 
technique was conducted by Bhosale, Rasheed, Prakash and Raju [24]. Study by Bhosale et 
al. highlights that steel fibers gave superior performance followed by hybrid and macro-
synthetic fibers. Steel fibers also gives higher toughness than hybrid and macro-synthetic 
fibers for the fixed fiber dosage. Study also revealed that length of fracture process zone in 
longitudinal direction is longest in steel fibre reinforced concrete followed by hybrid and 
macro-synthetic fibers, where fracture process zone is less distributed in case of concrete 
with macro-synthetic fibers as compared to the concrete with steel or hybrid fibre. Bhosale 
and Prakash in another study analyzed the crack propagation in synthetic, steel and hybrid 
fiber reinforced concrete using digital image correlation techniques. The study concluded 
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that hybrid fiber reinforced concrete had longer cracks than steel fiber reinforced concrete 
at particular load [25]. 

The present study attempts to evaluate the effect of adding 1% hybrid fiber [i.e. 0.25% Poly 
Propylene Fibre (PPF) + 0.75% Steel Fibre (SF)] by volume in the concrete mixes of three 
different strength ranges. The obtained results have been compared with the findings of 
Ojha et al. [12]. Ojha et al. [12] studied fracture behaviour of plain and fiber reinforced 
concrete with a strength range between 30 MPa and 90 MPa. The study presented an 
elaborate comparison between fracture behavior of concrete with and without fiber. 
However, the effect of using hybrid fiber in place of steel fiber was not discussed. The 
concrete mixes reported by Ojha et al. [12], were used for preparation of concrete 
specimens with hybrid fiber for evaluating the fracture energy. Study was conducted on 
twelve notched beams to determine fracture parameters such as fracture energy, stress 
intensity factor, energy release rate, and characteristic length. The three concrete mixes 
adopted in the study has a compressive strength of 40 MPa, 60 MPa and 90 MPa. The 
results from the current study has been clubbed with the data presented by Ojha et al. [12], 
and a comparative analysis has been performed to evaluate the effect of hybrid fiber on the 
fracture parameters. 

1.1 Research Significance 

There has been extensive study on the fracture behaviour of hybrid fiber reinforced 
concrete [14,22,23,26-28], but the novelty of the present study is the use of high strength 
steel fiber along with polypropylene fibers and consideration of mix in three strength 
range. The strength of the fibers governs the fracture mechanism in the concrete. For lower 
strength fibers, the failure may take place by yielding and rupture of the steel fibers in 
tension, however for higher strength steel fibers the failure takes place through pull up 
mechanism. Using hooked-end fibers further improves the pull up resistance.  The present 
study considered a hooked-end high strength steel fiber with polypropylene fiber. The 
literature on fracture performance of high strength hooked-end steel fiber reinforced 
concrete with polypropylene fiber is sparingly available. Also most of the available studies 
has been based on single strength range concrete mix. The shape dependent fracture 
parameters depend on the notch depth ratio and size of the specimen. Different authors 
have separately studied different strength concrete mix but comparing the fracture 
parameters becomes difficult due to variations in specimen size, notch depth ratio, 
aggregate type and loading rate. The present study gives a better comparison of fracture 
parameters at different strength range of the mix, and different fiber composition in the 
mix (without fiber, with steel fiber, and with hybrid fiber) through experimental 
investigation considering consistent notch depth ratio, specimen size and aggregate type. 
The comparison of present study with existing literature has been shown in table 1. 

2. Concrete Ingredients 

In present study, granite type coarse aggregate having 20 mm nominal size has been used. 
Fine aggregate (crushed sand) mostly quartz conforming to specifications of zone II sand 
as per IS: 383-2016 have been used. Figure 1(a) and 1(b) shows the coarse and fine 
aggregates used in study. A series of physical and chemical tests were performed on the 
aggregates and results have been presented in table 2. Ordinary Portland Cement (OPC)-
53 grade along with fly ash and silica fume have been used as cementitious binders for 
preparation of concrete mixes. The physical and chemical properties of cementitious 
materials have been given in table 3. Polycarboxylic group-based superplasticizer 
conforming to requirements of IS 9103, has been used in present study to develop mixes 
of adequate workability. 
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Table 1. The novelty of present study 

Literature Fiber reinforcement details Base Concrete mix 

Present Study Hooked-end Steel fiber having 
1467 MPa tensile strength and 
polypropylene fiber. 

Three base concrete mix with 
different strength range. 
Alteration in mix as per fiber 
content. 

Bencardino et al., Hooked-end, 1050 MPa tensile 
strength steel fiber with 
polypropylene fiber. 

One base concrete mix. 
Alteration in mix as per fiber 
content. 

Xiangjun et al., Hooked-end, 1200 MPa tensile 
strength steel fiber with 
polypropylene fiber. 

One base concrete mix. 
Alteration in mix as per fiber 
content. 

Smarzewski, and 
Barnat-Hunek  

Hooked-end, 1100 Mpa tensile 
strength steel fiber with 
polypropylene fiber 

One base concrete mix. 
Alteration in mix as per fiber 
content. 

Kazemi et al.,  Hooked-end, 2100 Mpa tensile 
strength steel fiber, study does 
not include hybrid fiber effect 

One base concrete mix. 
Alteration in mix as per fiber 
content. 

Ghasemi et al., Hooked-end, 1200 MPa tensile 
strength steel fiber 

Discuss self-compacting 
concrete, One base concrete 
mix. Alteration in mix as per 
fiber content. 

Alwesabi et al., Non-hooked end steel fiber, 
2800 Mpa tensile strength   

One base concrete mix. 
Alteration in mix as per fiber 
content. 

 

 

Fig. 1 (a) Coarse aggregate and (b) crushed Fine aggregate 
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Table 2. Properties of aggregates 

Property 

Granite  
Fine 

Aggregate 20  
mm 

10 
mm 

Specific gravity 2.83 2.83 2.65 

Water absorption (%) 0.3 0.3 0.59 

Sieve Analysis Cumulative Percentage 
Passing (%) 

 

20mm 98 100 100 

10 mm 1 68 100 

4.75 
mm 

0 2 99 

2.36 
mm 

0 0 89 

1.18 
mm 

0 0 64 

600 µ 0 0 43 

300 µ 0 0 26 

150 µ 0 0 14 

Pan 0 0 0 

Abrasion, Crushing & Impact Value 19,19,13 - - 

Flakiness % & Elongation % 29, 25 - - 

Table 3. Physical and chemical properties of cementitious materials 

Characteristics OPC -53 Grade Silica Fume Fly Ash 
Physical Tests: 

Fineness Blaine’s (m2/kg) 320.00 22000 403 
Soundness Autoclave (%) 00.05 - - 

Soundness Le Chatelier (mm) 1.00 - - 
Setting Time Initial (min.) & (max.) 170.00 & 220.00 - - 

Specific gravity 3.16 2.24 2.2 
Chemical Tests: 

Loss of Ignition (LOI) (%) 1.50 1.16 0.4 
Silica (SiO2) (%) 20.38 95.02 60.95 

Iron Oxide (Fe2O3) (%) 3.96 0.80 5.70 
Aluminum Oxide (Al2O3) 4.95 - 26.67 
Calcium Oxide (CaO) (%) 60.73 - 2.08 

Magnesium Oxide (MgO) (%) 4.78 - 0.69 
Sulphate (SO3) (%) 2.07 - 0.29 
Chloride (Cl) (%) 0.04 - 0.009 

IR (%) 1.20 - - 
Moisture (%) - 

0.43 - 

Ojha et Al. [12] incorporated 1% of steel fibers by volume of concrete. Trough and hooked-
shaped steel fiber were used in the study. In the present study, 0.75% of steel fiber (SF) 
and 0.25% of polypropylene fiber (PPF) have been added. The amount of polypropylene 
fiber has been added to keep a note on the fiber requirement to impart the fire resistance 
to the concrete as per literature [20], [29]. Also, studies [14] have reported an increase in 
fracture performance of the concrete by the inclusion of certain amount of polypropylene 
fiber in the concrete mix along with steel fiber. The steel fiber used in the study has a 
diameter of 0.55 mm and a length of 35 mm. According to the manufacturer, the tensile 
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strength of steel fiber is 1468.99 N/mm2. For PPF, a Polypropylene triangular fiber of 6mm 
length has been used. The density of SF is 7860 kg/m3 and the density of PPF is 910 kg/m3. 
Detailed properties of the used polypropylene fiber have been given in table 4 and Fig 2 
shows the steel and Polypropylene fiber used in the study. 

Table 4. Properties of polypropylene fiber  

S. no. Properties Value 

1 Shape Triangular 

2 Cut length (mm) 6 

3 Effective Diameter (microns) 20-40 

4 Specific Gravity 0.90-0.91 

5 Melting Point( degree C) 160-165 

6 breaking tenacity (Gpd) 4-6 

7 Tensile Strength (estimated in Mpa) 320-490 

8 Elongation (%) 60-90 

9 Young's Modulus (Mpa) >4000 

 

 

Fig. 2 (a) Polypropylene fiber and (b) steel fiber used in the study 

3. Mix Design Details 

In present study, concrete mixes (with and without fibers) of different strength ranges 
were developed and mix design details of concrete mixes have been adopted from previous 
studies conducted by Ojha et al., [12]. The w/c (water/cementitious content) ratios for the 
concrete mixes adopted in the study were 0.47, 0.36 and 0.20. For obtaining an optimized 
mix of 90 MPa, silica fume has been added in the mix. Mix design detail used in the study 
by the Ojha et al., [12] and the present study has been given in table 5. As given in the table, 
the concrete mixes studied previously by Ojha et al.,[12] consist of plain concrete and 
concrete with 1% of steel fiber. In mixes of present study, a combination of 0.75% SF and 
0.25% PPF has been used. Such mixes has been referred as Hybrid Fiber-reinforced (1% 
HF) concrete in the subsequent sections. The mixes were prepared in small batches in a 
pan type mixer. The terminologies, HF and SF used in for mixes identification represent 
Steel Fiber and Hybrid Fiber.  
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The coarse and fine aggregates were first mixed together and combined with half the 
amount of water in the pan mixture for the preparation of the mix. Thereafter, 
polypropylene fiber was mixed with the remaining half of the water to be added in the mix 
in a separate container. The cement, flyash, silica fume, and the water with the 
polypropylene fiber was then added to the homogenized aggregate mix. After that the 
superplasticizer was added. Once the constituents were thoroughly mixed, steel fiber was 
sprinkled uniformly in the pan mixture.  The concrete batch was then poured into moulds 
covered with an anti-adhesive material and then compacted on a vibrating table. To reduce 
moisture loss after compacting, the samples were covered with foil. All of the samples were 
kept in a controlled environment at a constant temperature of 27 °C until they were taken 
out of the moulds after 24 hours and allowed to cure for 28 days in a water tank at 27 °C.  

Table 5. Mix Design Details 

Mix 
Id 

Fiber  
(% by 

volume of 
concrete) 

Total 
Cementitious 

kg/m3 

Cement 
kg/m3 

Fly 
Ash 

kg/m3 

Silica 
Fume 
kg/m3 

Water 
kg/m3 

Water/ 
Total 

cementitious 

A - 362 290 72 0 170 0.47 
A-SF 1% SF 362 290 72 0 170 0.47 
A-HF 0.75% SF 

+0.25PPF 
362 290 72 0 170 0.47 

B - 417 334 83 0 150 0.36 
B-SF 1% SF 417 334 83 0 150 0.36 
B-HF 0.75% SF 

+0.25PPF 
417 334 83 0 150 0.36 

C - 750 548 112 90 150 0.20 
C-SF 1% SF 750 548 112 90 150 0.20 
C-HF 0.75% SF 

+0.25PPF 
750 548 112 90 150 0.20 

4. Experimental Plan 

The present section discusses the test procedures adopted for the studies conducted on 
the concrete specimens of different mixes. 

4.1.   Compressive strength test 

Compressive strength of concrete has been performed on cubical specimen of size 150 mm 
x 150 mm x 150 mm. The test is performed according to the specification given in IS 516. 
For the test, 3 sets of cubical specimens were cast using the mix design presented in the 
table above. The test is performed in a compression testing machine of capacity 3000 KN. 

4.2.   Split Tensile Strength Test  

The split tensile strength of concrete has been estimated using Indian standard IS 516: Part 
I section I. A specimen with sizes of 300 mm height and 150mm diameter was used for 
determining split tensile test. The test has been performed on three samples and the 
average value has been reported. 

4.3.   Three-point bend test on notched beams 

A 3-point bending test based on the method described by RILEM [21], [30] was used to 
calculate the fracture characteristics. The experiments yielded several fracture 
parameters, which has been addressed in the following sections. Figures 3(a) and 3(b) 
illustrate a schematic diagram for the three-point bend test and the laboratory setup for 
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the actual test. A beam with dimensions of 100mm × 100mm × 500mm and a notch of 35 
mm at the mid-span was used as test specimen. Displacement control machine of 300 KN 
capacity was used for flexural testing of beam specimen. Deflection at mid-span of the 
beam was recorded using Linear Variable Displacement Transducer (LVDT) and Crack 
Mouth Opening Displacement (CMOD) at the bottom of the beam was recorded using clip 
gauge placed between steel knife edges. A total of twelve beams were examined in this 
investigation as per mix design details listed in Table 5. 

  

Fig. 3 (a) Experimental setup for three-point bend test (b) Clip gauge and initial notch on 
the Beam 

5. Results and discussions  

5.1.   Compressive strength and Split tensile strength 

Compressive strength and split tensile strength of the hybrid fiber reinforced concrete 
have been evaluated and compared with the values for the plain and steel fiber reinforced 
concrete presented by Ojha et al.,[12] for the similar mix. The results have been tabulated 
in table 6. The change in the compressive strength of normal strength concrete mix with 
w/c ratio of 0.47 is not significant after the addition of steel or hybrid fiber. This has been 
established in past study [12] also. But for the concrete mix with w/c ratio of 0.36 and 0.20 
about 10% decrease has been observed in the compressive strength after addition of 
hybrid fibers. However, the compressive strength of the steel fiber reinforced concrete 
with similar w/c ratio has not changed significantly. The findings suggest that the 
polypropylene fiber present in the hybrid mix affects the microstructure and interfacial 
transition zone (ITZ) in optimized and dense mix of higher strength concrete due to its 
diameter being comparable to the pore size present in the concrete. These fibers has been 
flexible and can properly fill the voids and improves the compressive strength of the mix 
when added in extremely small quantity (less than 0.1%) [14]. Also, high-strength concrete 
consists of silica fume whose functionality in the matrix is most likely to get affected by 
these hybrid fibers leading to reduction in the compressive strength. 

The values of the split tensile strength show a direct correlation with the compressive 
strength as established in the literature [1]. Similar to compressive strength, addition of 
steel or hybrid fiber does not affect the split tensile strength of normal strength concrete 
mix with w/c ration of 0.47. For the concrete mix with w/c ratio of 0.20, addition of steel 
fiber shows enhancement in the split tensile strength of the mix. For same mix, the addition 
of the hybrid fiber also shows enhancement in the split tensile strength, but the 
enhancement is lower than the addition of steel fiber alone. In the concrete mix with w/c 
ratio of 0.20, the compressive strength reduced significantly after addition of hybrid fiber. 
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Such significant reduction in the split tensile strength has been not observed in the mix 
with hybrid fiber and it can be concluded that the fiber action helped in compensating for 
the matrix strength reduction in higher strength concrete. 

 

Table 6. Compressive strength and split tensile strength 

Water/Cementitious 
             (W/C) 

Mix Id Compressive 
Strength (MPa) 

Split Tensile Strength 
(MPa) 

 
               0.47 

A 36.90 3.37 
A-SF 37.40 3.95 
A-HF 34.90 3.34 

                
               0.36 

B 51.60 4.04 
B-SF 53.20 4.73 
B-HF 45.40 3.82 

 
               0.20 

C 92.20 5.35 
C-SF 91.70 7.19 
C-HF 79.00 6.28 

5.2.   Load-Deflection and Load-CMOD behavior 

The three-point bend test conducted on the notched beams yielded load versus CMOD and 
load versus midpoint beam deflection curves, which have been presented in figure 4. Each 
plot in figure 4 consists of three sets of values, the line in green color (Plain) shows the 
curves for the control beams, i.e. beams without any fiber reinforcement. The curves in the 
brown (1% SF) represent the curves for beams with 1% of steel fiber reinforcement. These 
two curves have been incorporated from the study conducted by Ojha et al.,[12]. The lines 
in purple shows the curves obtained for 1% of hybrid fiber (1% HF) which consists of 
0.75% of steel fiber and 0.25 percent of Polypropylene fiber by volume of the concrete. 
Ojha et al.,[12] gave three sets of curves for each mix design of plain and steel fiber 
reinforced concrete. In this study, four curves were obtained and reported for the 
respective four beams tested having 1% of hybrid fiber. 

Figure 4(a) and Figure 4(b) shows the load-CMOD and load-deflection curves respectively, 
for the mix made at w/c ratio of 0.47. It can be observed that curves for 1% of hybrid fiber 
reinforcement show similar curves as obtained in 1% of steel fiber reinforcement. Peak 
values of these curves exceed the peak values for steel fiber reinforced beams in some 
cases. Figure 4(c) and 4(d) show load-CMOD and load-deflection curves for mixes made at 
w/c ratio of 0.36. Similar to the w/c ratio of 0.47, curves resemble the behaviour of 
concrete having 1% steel fiber. Also, the peak load in some of the cases exceeded the peaks 
of the curves for mixes prepared at w/c ratio of 0.36. Figures 4(e) and 4(f) represent the 
curves corresponding to the mixes prepared at w/c ratio of 0.20. Contrary to the behaviour 
of mixes prepared at 0.47 and 0.36 w/c ratios, here the curves for hybrid fibers lie in 
between the curves for the plain concrete and curves for the steel fiber reinforced concrete. 
These curves have direct implications on fracture parameters as discussed in further 
sections of this manuscript. Comparing the curves of mixes prepared at different w/c 
ratios, a gradual increase in the peak load from the mixes made at w/c ratio of 0.47 to 0.36 
has been observed. This gradual increase remained approximately unchanged for mixes at 
w/c of 0.20, which is contrary to the behavior of concrete without fiber and with steel fiber 
only. Ojha et al., [12] suggested that with an increase in the compressive strength of the 
concrete, the peak load in the three-point bend test increases for plain and steel fiber 
reinforced concrete (1% SF). This generalization doesn’t hold good for hybrid fiber 
reinforced concrete tested in the present study. The steel and hybrid fibers used have 
different tensile strength, therefore have different failure mechanism. Most of the high 
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strength steel fiber fail by pull out mechanism and not by rupture of the fibers. Higher 
strength concrete enhances the pull out resistance of the steel fiber thereby improving the 
peak load taken by the beam in three-point bend test. On contrary the polypropylene fiber 
may fail by rupture due to its relatively lower tensile strength. Therefore, the strength of 
concrete and fiber-concrete bond are not only the factors affecting the peak load of a hybrid 
fiber reinforced concrete beams. The tensile strength of fibers also becomes a crucial factor 
in case of hybrid fiber reinforced concrete.   

 

 

 

Fig. 4 (a-f) Load-deflection and Load-CMOD behavior of notched beams 

5.3.   Calculation of initial compliance and modulus of elasticity 

The initial part of the load-CMOD curve has a linear portion where elastic deformation in 
the beam takes place. Initial compliance is the inverse of the slope of this initial straight 



Ojha et al./ Research on Engineering Structures & Materials 9(1) (2023) 243-262 

 

253 

part. Based on the value of initial compliance, the modulus of elasticity of the beam can be 
calculated. RILEM [30] presented equation (1) to derive the value of modulus of elasticity 
of the material from the value of initial compliance obtained from the load-CMOD curve. 

𝐸 (𝑀𝑃𝑎) = 6𝑆 
𝛼𝑉1(𝛼)

𝐶𝑖𝑑𝑏2
                                                                                                        (1) 

Here Ci is the initial compliance and V1(α) can be calculated using the equation by Tada et 
al. [31] as follow: 

𝑉1(𝛼) = 0.76 − 2.28𝑎 + 3.87𝑎2 − 2.04𝑎3 +
0.66

(1−𝑎)2
                

(2) 

Table 7. Initial Compliance (Ci) and Modulus of Elasticity (M.O.E.) 

Water/ Cementitious 
(w/c) 

Mix Id Initial 
Compliance 
(10-9 m/N) 

M.O.E. (GPa) 
Calculated 
from load-
CMOD 

M.O.E. (GPa) 
[Arora et 
al.][27] 

 
               0.47 

A 5.26 31.08 29.52 
A-SF 4.54 35.17 29.64 
A-HF 5.35 29.96 29.03 

                
               0.36 

B 5.00 32.27 32.64 
B-SF 4.00 40.55 32.94 
B-HF 3.67 43.71 31.41 

 
               0.20 

C 2.63 60.61 38.85 
C-SF 2.22 72.63 38.79 
C-HF 2.02 79.53 37.09 

Table 7 presents the values of the calculated initial compliance and modulus of elasticity 
of the mix in table 5. Modulus of elasticity has been calculated using two methods. The first 
method involves calculation from the initial compliance of load-CMOD curve using 
equation (1). The second method is based on the method given by Arora et al. [32] , which 
relates compressive strength with modulus of elasticity. Comparing values of modulus of 
elasticity of different mixes, it can be observed that the value of initial compliance 
decreases drastically for higher strength concrete which gives an unrealistic value of 
modulus of elasticity. Similar findings have been reported in past [12], and therefore for 
the subsequent sections, values of M.O.E. obtained using method of Arora et al. has been 
used. 

5.4.   Fracture Energy 

Fracture energy is one of the attributes which can quantify and indicate the material’s 
toughness and resistance against cracks. It is defined as the average energy required to 
create a unit crack in the material. It is directly related to the area under the load-deflection 
curve obtained in the three-point bend test of notched beams. Higher fracture energy 
represents that the material is having a higher resistance to the cracks. In the present 
study, the fracture is determined using equation (3) as given by RILEM [21]. 

𝐺𝑓(𝑁/𝑚) = (𝑊𝑜 + 𝑚𝑔𝛿𝑜)/𝐴𝑙𝑖𝑔      (3) 

Gf denotes the fracture energy, Wo denotes the area under the load-deformation curve for 
the beam, and m denotes the total weight of the beam including the support and the weight 
of the part of the loading arrangement that is not attached to the machine but follows the 
beam until failure. The acceleration due to gravity is g, which equals 9.81 m/s2. Alig. is the 
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area of the ligament, which is the area of the projection of the fracture zone on the plane 
perpendicular to the beam axis.  δo is the deformation of the beam, at the stage where entire 
beam height is cracked.  

 

Fig. 5 Calculated fracture energy of beams and comparison with literature 

Figure 5 shows the comparison of the calculated fracture energy for the three categories 
of the concrete mixes studied. In the figure, Plain and SF denotes the average fracture 
energy obtained by Ojha et al.[12] for the plain and steel fiber reinforced concrete. HF 1 to 
HF 4 represents the values of the obtained fracture energy for the four beams studied 
which contains 1% of hybrid fiber (0.25% PPF + 0.75% SF). On comparing the results, it 
can be seen that there is an increase in the fracture energy of the hybrid fiber reinforced 
concrete for w/c ratio of 0.47 and w/c ratio of 0.36. These two w/c ratios represent normal 
to high strength concrete limited up to strength of 50MPa. However, for high strength 
concrete, hybrid fiber reinforcement gave a lower improvement in fracture performance 
than the steel fiber reinforcement. The literature [14] also suggested a similar trend for 
Polypropylene fiber added concrete. The possible explanation to this can be attributed to 
(a) lower tensile strength of the polypropylene fibers than the steel fibers (b) less available 
voids and higher packing density in the high strength mix and (c) smaller diameter of the 
hybrid fibers. With increase in the strength of concrete, the concrete-fiber bond strength 
increased. This changes the mode of failure of the fibers. In normal strength concrete the 
failure is mostly from the slippage and pulling out of fibers whereas in higher strength 
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concrete, the low strength fibers may rupture before pulling out. Since the polypropylene 
fiber have lower tensile strength than the steel fibers, in higher strength concrete the 
polypropylene fibers gets ruptured giving a lower fracture energy. Most probably the 
addition of fibers affects the packing density of the mix reducing its strength and ultimately 
other mechanical properties. Due to smaller diameter of the hybrid fibers, it may also be 
interfering with the ITZ of the mix reducing its fracture performance. Additionally, the mix 
with w/c ratio 0.20 consists of silica fume whose action may be affected by these 
polypropylene fibers leading to a lower fracture energy.  

5.5.   Crack Propagation and Crack Pattern 

The crack patterns were captured while testing the beams. Figure 6 shows major events 
during the testing of the beams.  

 

 

Fig. 6 Crack propagation and crack pattern in hybrid fiber reinforced concrete 

In figure 6 (a), no crack on the beam was observed. This picture represents beam before 
loading. After loading, the visible cracks first initiated near the notch as shown in figure 6 
(b) and figure 6(c) after initiation of the first crack it spread rapidly and covers the 
approximately entire height of the beam. The attached clip gauge has capacity to capture 
mouth opening up to 2 to 3 mm only and once the CMOD value reaches this value, the clip 
gauges gets detached. Although it can be seen that in figure 6(e), at the moment of the 
detachment of the clip gauge, the crack has reached the top portion of the beam, and the 
beam can be considered to be cracked at the full height. If the loading was continued, a fully 
damaged beam as shown in figure 6(f) has been obtained. In Figures 6(a) to 6(e), a single 
hairline crack in the beam which originated from the notch and spread in a single straight 
line was noticed. But in figure 6 (f), two crack paths originating from the notch and merging 
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at some beam height was seen. It creates a portion of hanging concrete in the beam, which 
again affirmed the idea, that although fiber reinforced concrete may get cracked but it will 
give sufficient time for evacuation as well as it prevents sudden falling off of the cracked 
concrete to some extent.  

5.6.    Stress Intensity Factor 

The stress intensity factor (KIC) can be used to compare the capacity of material to sustain 
the stress caused by the residual stresses near the notch’s or crack’s tip. It can be defined 
as a measurement for stresses in the crack’s immediate vicinity. A material with higher KIC 
has been considered to have a better fracture and crack initiation and propagation 
resistance. The stress intensity factor is determined as follows using RILEM [30] as given 
in equation (4): 

𝐾𝐼𝐶 (𝑀𝑃𝑎 √𝑚) =  3(𝑃𝑁𝑚𝑎𝑥  +  0.5𝑚𝑔)
 𝑆√𝜋𝑎

2𝑑2 𝑏
𝑓(𝛼) 

       
(4) 

In equation (4) S, a, d and m are Span, height, notch depth, and mass of the beam 
respectively. PNmax is the peak load on the beam in the three-point bend test. Alpha is the 
ratio of a and d i.e., α = a/d = 0.35 for the present study. F(α) is the geometry correction 
given by equation (5).  

𝑓(𝛼) =
1.99 −  𝛼(1 − 𝛼)(2.15 − 3.9𝛼 + 2.7𝛼2)

√𝜋(1 + 2𝛼)(1 − 𝛼)3/2
  

       
(5) 

Figure 7 shows the values of the calculated characteristic strength as well as the values 
from the literature. The symbols has their usual meanings as explained for the figure 6. 
Similar to the fracture energy, the hybrid fiber improved the values of stress intensity 
factor for normal strength concrete. However, the stress intensity factor gets reduced in 
case of high strength hybrid fibre reinforced concrete in comparison to the high strength 
mix with steel fiber alone. The reasoning for this behavior were similar as in case of 
fracture energy. As explained earlier, in case of high strength concrete, when the dosage of 
PP fibre exceeds a certain amount (compared to the available voids in high strength 
concrete), instead of improving, it further deteriorates the fracture properties. 
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Fig. 7 Calculated Stress Intensity Factor of beams and comparison with literature 

5.7.   Critical Energy Release Rate 

The cracking of the material releases a certain amount of energy and thereby reduces the 
overall stored potential energy. The decrease in total potential energy with respect to 
increase in fracture surface area may be calculated quantitatively. The critical energy 
release rate, or GIC, is the rate at which energy changes, when a material fractures and a 
new surface is created. The energy release rate is a critical component in evaluating 
material properties related to fracture and fatigue. GIC is calculated using the equation 
presented by Taha et al. [33], which is stated in equation (6) as follows: 

𝐺𝐼𝐶(𝑁/𝑚) =  
𝐾𝐼𝐶

2

𝐸
 

       
(6) 

 

Fig. 8A Calculated energy release rate of beams and comparison with literature 

Experimentally obtained values of the energy release rate for the beams and its 
comparison with plain and steel fiber reinforced concrete is given in figure 8. As the 
previous trends for the fracture energy, energy release rate also shows a marginal 
improvement in two beams of w/c ratio 0.47 and all the beams of w/c ratio 0.36. 
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Fig. 8B Calculated energy release rate of beams and comparison with literature 

These two w/c ratios represent concrete with available voids for the PPF present in the 
hybrid fiber. Whereas the dense mix of high strength concrete with w/c ratio of 0.20 got a 
marginal reduction in the values of energy release rate by addition of hybrid fiber when 
compared to the steel fiber reinforced concrete. The fiber in the concrete with dense 
packing disturbed the optimized particle matrix and reduced the amount of potential 
energy release when new cracked surface gets created.   

5.8.   Characteristic Length 

In non-local continuum formulations, characteristic length is a material parameter that 
indicates the smallest possible breadth of a zone of strain-softening damage. In discrete 
fracture models, it may be thought of as the smallest feasible fracture spacing. Finding the 
characteristic length can help in judging the comparative brittleness of two materials 
following the beginning of early fractures. Smaller characteristic length materials are more 
brittle; therefore, fracture propagation is easier in these materials. The equation (7) 
presented by [34] gives a method to estimate the characteristic length based on Modulus 
of elasticity (E), Fracture energy (Gf) and split tensile strength (fst). 

𝐿𝑐ℎ(𝑚𝑚) =  
𝐸𝐺𝑓

𝑓𝑠𝑡
2  

          
(7) 

Calculated values of the characteristic length and the values from the literature has been 
shown in figure 9.  
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Fig. 9 Calculated characteristic length of beams and comparison with literature 

The trend for the characteristic length upon addition of hybrid fiber is similar to other 
fracture parameters discussed above. The values for the characteristic length after 
addition of hybrid fiber improved for w/c ratios of 0.47 and 0.36 and it reduced for 
optimized mix with w/c ratio of 0.20 when compared with steel fiber reinforced concrete. 
This suggests that crack propagation got easier in the mix with w/c ratio of 0.20 when 
hybrid fibers were added. The PPF in the hybrid fiber when doesn’t find enough voids helps 
in crack propagation in the concrete. Compared to plain un-reinforced beam, the 
characteristic length was significantly higher for all the mixes with hybrid reinforcement. 
This can be credited to the interlocking provided by SF in the hybrid fiber for all the mixes 
and interlocking provided by PPF in the hybrid fiber for mixes with w/c of 0.47 and 0.36. 

Table 8 gives the mean and the standard deviation of the evaluated fracture parameters 
for the hybrid fiber reinforced concrete beams considered in the study. The standard 
deviation of concrete with w/c ratio 0.47 has been the highest for the studied fracture 
parameters suggesting the highest variation in the normal strength concrete. It appears 
that due to lower strength among all the mixes, the concrete with w/c ratio 0.47 is not able 
to provide enough and uniform grip to the fibers resulting in more variation among 
different mix. On contrary the higher strength mix is providing strong and uniform bonding 
to the fibers giving a lower standard deviation at higher strength.  

Table 8. Mean and Standard deviation of the evaluated fracture parameters for hybrid fiber 
reinforced concrete beams 

    Fracture 
Energy (N/m) 

Stress Intensity 
Factor 

(MPa.m^0.5) 

Energy 
Release Rate 

(J/m^2) 

Characteristi
c length 

(mm) 

0.47 Mean 1887.64 1.38 66.47 4912.16 

Standard 
Deviation 

246.44 0.18 16.92 740.53 

0.36 Mean 2794.97 1.94 119.81 6016.15 

Standard 
Deviation 

188.00 0.13 15.17 467.28 

0.2 Mean 1201.54 1.87 94.03 1130.00 

Standard 
Deviation 

167.16 0.07 6.72 181.53 
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6. Conclusions 

In this paper, the fracture performance of hybrid fiber reinforced concrete with strength 
in three different ranges – Normal, Normal to High and High strength is studied. The 
obtained fracture parameters has been compared with the findings for a similar mix of 
plain and steel fiber reinforced concrete. In total 12 beams were tested, which includes 4 
beams from each strength category. Based on the experimental finding and comparative 
analysis with the literature following can be concluded as given below: 

• Addition of hybrid fibers (0.25% Polypropylene + 0.75% steel by volume of concrete) 
in the concrete does not have a significant impact on the compressive and tensile 
strength of the normal strength mix with w/c ratio of 0.47. But at higher strength, the 
hybrid fiber reinforced concrete shows a 10% lower compressive strength than the 
plain or steel fiber reinforced concrete. 

• For normal strength and normal to high strength concrete, the load-deflection and 
load CMOD curves for the hybrid fiber reinforced concrete shows a better fracture 
performance as compared to steel fiber reinforced concrete with a significant 
improvement in the peak load and maximum deflection compared to the plain 
concrete. Whereas for the high strength concrete, the steel fiber reinforcement shows 
a better fracture performance than the hybrid fiber reinforcement. 

• The fracture parameters – Fracture energy, Stress intensity factor, Energy release rate, 
and Characteristic length shows similar trends. For high and normal to high strength 
concrete, addition of hybrid fibers gave slightly better results than steel fiber 
reinforced concrete but for high strength concrete the steel fiber reinforcement 
resulted better fracture behaviour than hybrid fiber. 

• The issue of brittle failure has been mostly discussed for high strength concrete due 
to smaller post peak stain capacity in the high strength concrete. Based on the study it 
was found that, addition of hybrid fibers improved the fracture performance of normal 
strength concrete and prevented the sudden failure of concrete. But such risk can be 
mitigated for normal strength concrete by already existing methodologies like by 
designing under reinforced beam and providing proper detailing of the reinforcement. 
The normal strength concrete structures are more economically sensitive and 
therefore it is not necessary to use hybrid fibers in normal strength concrete mixes 
unless fracture is a critical issue.  But in certain special cases where the fracture 
performance and crack prevention are critical parameters, the proposed hybrid fiber 
reinforcement can be suitably employed in the normal strength concrete also. 

The study concludes that the choice of fiber reinforcement for improving the fracture 
behaviour of concrete depends upon the strength of the concrete as well as the properties 
of fibers. For normal and normal to high strength concrete, hybrid fiber reinforcement is 
more suitable choice than the steel fiber alone. Whereas for higher strength concrete, the 
high strength steel fiber reinforcement alone performed better than the hybrid fiber 
reinforcement considered in the study.  
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 Earthquakes are the most vulnerable natural hazard which causes damage to 
both structure and human life. Even though advanced technologies have 
invented some degree of predictability in terms of probabilistic measures the 
main challenge for the structural engineers is to design earthquake-resistant 
structures. The use of base isolation solutions allows a building to withstand 
potentially devastating seismic impacts by allowing for flexibility in between 
building and the foundation. The concept of base isolation system had been 
suggested in last few decades and getting well established in countries like US, 
Japan and Turkey. Properly designed and detailed building with base isolation 
has shown very good performance in past earthquakes and the demand of base 
isolation has increased. The main focus of this study is to understand the 
performance and efficacy of base isolation in regular multi-storey RC framed 
structures with varying heights using lead rubber bearing by response spectrum 
analysis and pushover analysis. The software used was ETABS 2018 followed by 
IS 1893(Part 1):2016 and ASCE 7-16 under most credible earthquake. 
Performance of lead rubber bearing in G+5, G+15 and G+25 storey building 
models was examined and compared with the fixed base buildings. All the 
models showed better performance with isolators than the fixed base models. 
However, the effectiveness of base isolators is more prominent in medium and 
high-rise buildings. 
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1. Introduction 

The major challenge faced by all Structural Engineers is to provide sufficient strength and 
stiffness to buildings for resisting lateral loads such as seismic loads and wind loads. 
Looking at the Indian code particularly, design philosophy evolves around earthquake 
intensity, with design- based earthquakes having a 10% chance in a 250-year return time 
and most credible earthquakes having a 2% chance in a 250-year return period. The 
seismic philosophy in the Indian code requires that the structure have a minimum strength 
to withstand structural and non-structural contents during earthquakes with intensities 
less than design- based earthquakes. It is always preferred to design under most credible 
earthquake if the location is highly prone to earthquake. To make the structure safe base 
isolation systems are used which reflects the energy from the earthquake before it is 
transferred to the structure. There are different types of base isolators used in the past few 
decades. Base isolators are generally categorized into two groups, namely, Sliding system 
and Elastomeric bearing system. Sliding system uses sliding elements between base and 
foundation of the building. It is again subdivided into Resilient friction system and Friction 
pendulum system (Jiying et al. 2021; Yongbo et al. 2021). Whereas Elastomeric bearing 
system is formed of thin layers of synthetic rubber sandwiched together between steel 
plates. It is classified into natural rubber bearing, low damping rubber bearing, lead plug 
bearing and high damping rubber bearing.  
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The analysis and design of various base isolation systems were performed to investigate 
the dynamic characteristics of buildings under ground motions in terms of long period 
ground motions, epicentral distance effect, beyond design base earthquakes, etc (Sunita et 
al. 2016; Shoma et al. 2018; Ahmad et al. 2019; Antonello et al. 2019; Mahdi et al. 2020; 
Feiyan et al. 2021; Jara et al 2021). Some of the studies on natural rubber bearing and lead 
rubber bearing (Keri et al. 2005; Gordon et al. 2007; Sharbatdar et al. 2011; Young et al. 
2016; Parham et al. 2018; Seunghyun et al. 2018) revealed that the inter-storey drift, base 
shear and top acceleration of base isolated structures are reduced satisfactorily. A few 
studies were carried out on base isolated irregular buildings and observed effective in 
resisting the effects of earthquakes (Donato et al. 2016; Fayaz et al. 2018). Base isolation 
technique could be implemented for retrofitting soft-storey buildings (Fabio et al. 2018). 
New base isolation systems were developed for low and high-rise buildings and 
investigated for their seismic performance under different earthquake loadings. From 
various studies on base isolation systems for buildings’ safety against ground movement, 
in this study, lead rubber bearing is used which is cost effective and commonly used 
compared to other type of isolators. This study mainly focuses on the behaviour of lead 
rubber bearing as base isolation system in low, medium and high- rise RC building which 
is located in high seismic zone V. 

2. Methodology 

For finding the performance and efficacy analysis of base isolation technology in RC 
buildings, G+5, G+15 and G+25 storey buildings are analyzed and compared the 
performance of buildings with increase in stories. The flowchart below shows the different 
stages of the work. Figure 1 below shows the flow chart representing the methodology of 
this entire study. 

 

Fig.1 Methodology 

3. Specifications 

Table 1 shows the specifications of the building models considered in the study. The 
materials and member sizes were taken to suit the requirements of a G+5, G+15 and G+25 
storey RC buildings. The parameters for the seismic analysis were obtained from IS 1893 
(2016).  
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Table 1.  Specifications 

Sl.No. Description Values 

1 Materials M30, Fe500 
2 No. of storeys G+5, G+15, G+25 

3 Plan size 81m x 28.5 m 

4 Size of beam Primary beam: 450 mm x 650 mm 

Secondary beam: 250 mm x 450 mm 
5 Size of column 750 mm x 750 mm 

6 Floor height 3.5 m 

7 Slab thickness 150 mm 

8 Seismic zone V 

9  Types of analysis Response spectrum analysis, Pushover analysis 

10 Zone factor(Z) 0.36 
11 Reduction factor (R) Fixed =3, base isolator =1 
12 
13 

Importance factor (I) 
Type of Soil                  

Fixed =1.5, base isolator =1 
Type II- Medium Soil 

 

Table 2. shows the live load specification of the building obtained from IS 875:2015 (Part 
2) which is applied to the building model. 

Table 2. Live load specifications 

Sl. No. Live load Values 

1 LL1(> 3 kN/m2) 
Corridor =4 kN/m2 
Staircase =4 kN/m2 

2 LL2(≤ 3 kN/m2) 

Office Room=3 kN/m2 

Laboratories =3 kN/m2 
Bathroom/Toilet =2 kN/ m2 

X-Ray room/Operating room =3 kN/ m2 
Wards/bedrooms =2 kN/ m2 

3 LL3(Terrace floor) 1.5 kN/ m2 

4. Modeling and Analysis 

Modeling and analysis were done in ETABS 2018 as per IS 1893(Part 1):2016 and ASCE 7-
16 under most credible earthquake. The analysis used were Response spectrum analysis 
and push over analysis.  

Response spectrum analysis is widely recommended for the analysis and design of 
buildings against lateral loads due to earthquakes. This method of analysis gives the 
quantity of lateral loads acting at each floor level of the buildings when they are subjected 
to earthquakes. This method includes higher modes of vibrations in the analysis and 
therefore powerful method to understand the seismic behaviour of buildings.  

In the present study response spectrum as specified in IS 1893:2016 was used to analyse 
(Figure 2) the behaviour of three different types of buildings i.e. low-rise, mid-rise and 
high-rise structures with lead rubber base isolation.  
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Fig. 2 Response Spectrum (IS 1893:2016) 

The parameters considered in this study are displacement, base shear and time period. 

• Displacement: It is the distance from which the structural element such as beams, 
columns and frame moves from its original position. While comparing the 
displacement with fixed base and base isolator, it gives a clear image how the 
isolator performs. 

• Base Shear: Base shear is the maximum lateral load acting at the base of the 
building under ground motion due to earthquakes.  The percentage reduction in 
base shear helps to study the performance of base isolation in structure. 

• Time Period: When a building is subjected to ground shaking in the case of an 
earthquake, its time period is its natural period of oscillation.  

• Drift: The sideways deflection of the upper floor in relation to the sideways 
deflection of the lower floor for a particular story is known as building story drift. 
It's also known as the lateral or sideways displacement of two neighboring stories. 

Push over analysis is a simple technique for estimating the strength capacity and global 
and local damage level of a building in the post-elastic range of behaviour. The procedure 
to carry out the pushover analysis is explained in the seismic guidelines ATC-40, 1996, 
FEMA-356, 2000, etc. Modal pattern was used for pushover analysis which combines 
response from pushover analysis in multiple modes. It can estimate the magnitude and 
distribution of force demands in the first and higher modes including inelastic response. 
Automatic hinges were used in this study for assigning hinges to structural elements. P-
M2-M3 hinges were assigned to columns and flexural M3 hinges to beams.  

From the pushover analysis the different performance levels of buildings can be obtained. 
Buildings performance levels that are commonly used is shown below,  

• Operational: This performance level gives an idea that the building can be used 
after the earthquake event since the deformations in the buildings are minor.  

• Immediate Occupancy: There occurs very limited structural damage and damage 
to life is negligible. The components retain almost all pre-earthquake 
characteristics.  

• Life Safety: This level ensures the life safety of the occupants from structural or 
non-structural building components damages. 

• Structural Stability: This stage shows the partial or total collapse of the building 
which reveals the inability of the lateral load resisting elements.  

4.1 Fixed Base Building 

Modeling and analysis were done in ETABS 2018 followed by IS 1893(Part 1):2016 and 
ASCE 7-16 under most credible earthquake. The regular plan considered was with 81 x 
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28.5m plan with floor height of 3.5m. The analysis used were Response spectrum analysis 
and push over analysis. Building structures are classified into three types namely low-rise 
(<20 m), mid-rise (20 m to 50 m) and high-rise (>50 m) with respect to the height of the 
structures (IS 875 (Part 3), 2015). In this study, buildings are designed for all the categories 
mentioned under the seismic and non-seismic loading conditions. The height of low-rise 
structure is 19.5m and the height of mid-rise structure is 48.5m and the number of stories 
in low and mid-rise structure is five and fifteen. High-rise structure consists of 25 stories 
with a total height of 81.5m.  The materials and member sizes were taken to suit the 
requirements of a G+5, G+15 and G+25 storey RC buildings.  Figure 3 represents the plan 
of RC building for G+5, G+15 and G+25. 

 

Fig. 3 Plan of RC building 

4.2 Lead Rubber Bearing Isolation Device 

Figure 4 and 5 show a typical model of lead rubber bearing with different parts mentioned. 
Rubber and lead layers are arranged in a definite pattern to obtain a lead rubber bearing 
which will strain first before the building components when it is installed in a building, 
thereby protection of building is ensured.  

 

Fig.4  Lead rubber bearing-Typical 

4.3 Design of Lead Rubber Bearing 

The design of lead rubber bearing is done by using the following steps. 

Step 1 (Isolation system force-displacement behavior) 

Qd (System characteristic strength) is found by the available data. (1) 
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Qd = πDL2σYL/4                                                                      

Where DL =Lead core diameter (Assumed as 4.5inch) 

σYL= Effective yield stress of lead  

lower bound= 1.45-1.75 

upper bound = 1.35x(1.45-1.75) 

DB= Bonded rubber diameter (3-6times DL) 

Kd (System post-elastic stiffness) 

Kd = GfLπ(DB2 - DL2)/4Tr  

 G= lower bound= 60-75 

 upper bound = 75x1.1x1.1 

 fL= effect of lead core (ranges from 1.1-1.2) 

 Tr= less than or equal to DL 

 Y=Yield displacement (0.25-1) 

(2) 

Step 2 Equivalent lateral force procedures (MCE) 

In this method maximum displacement (DM) is assumed and then found by 
iteration method 

DM = g SM1TM/4π2BM 

Where, 

SM1 = 0.36 x 1 x 1.36/1 = 0.49 

SMS = 0.36 x 1 x 2.5 = 0.9 

(3) 

The effective stiffness and damping in bilinear model is shown in Figure 6. 

Effective stiffness kM 

kM = Kd,total + Qd,total / DM                                                                                                                 
(4) 

Effective period TM 

TM = 2 π√W/ kMg                                                                                                                            
(5) 

Effective damping βM. The yield displacement Y is assumed to be 0.6inch 

ΒM = 4Qd,total(DM-Y)/2πkMDM2                                                                                                      
(6) 

Damping coefficient BM can be interpolated from Table 17.5-1(ASCE 7-16). 

Table 3 and 4 gives the design details and dimensions of the lead rubber bearing under 
study and are used as input for the modelling and analysis using ETABS. 
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Fig. 5 Detailing of isolation system at column 

 

Fig. 6 Effective stiffness and damping in bilinear model 

Table 3. Lead rubber bearing dimensions 

 G+5 G+15 G+25 Units 
N 56 56 56 - 
W 77692 220520 363349 kN 
 DL 115 130 140 mm 
 DB 575 650 700 mm 
 Tr 115 130 140 mm 
 Y 15 15 15 mm 

 σYL 9.9 12 13.7 N/mm2 

 G 413.7 517.1 551.6 kN/m2 

Table 4. ETABS input 

ETABS input G+5 G+15 G+25 
Effective Stiffness (U1), kN/m 943060 719860 520335 

Effective Stiffness (U2&U3), kN/m 943.06 719.86 520.33 

Effective damping (U2&U3), kN-s/m 350 350 350 
Post elastic stiffness (U2&U3), kN/m 49912 38993 27112 

Yield strength (U2&U3), kN 5744.5 6933.0 11836.3 

4.4 Building with Base Isolator 

To make the structure safe, base isolation techniques are used which prevents the 
deformation to the buildings during earthquakes. The main aim of isolators is to reduce 
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the vibration to the super structure. The present study deals with the performance and 
efficacy of base isolation in low rise, mid-rise and high- rise building. For that G+5, G+15 
and G+25 storey buildings were considered with lead rubber bearing device. Figure 7 
represents the closer view of base isolator attached between base and the ground. 

 

Fig. 7 Closer view of base isolator 

5. Results and Discussion 

Analysis was done using response spectrum method and the pushover analysis on G+5, 
G+15 and G+ 25 storey buildings with and without base isolators. Base responses for 
fundamental time period, first-storey displacement, base shear, and maximum inter-storey 
drift ratio are given in Table 5, 6, 7 and 8, respectively.   

Figures 8, 9 and 10 are the graphical representation for displacement and Figures 11, 12 
and 13 are the graphical representation for drift for G+5, G+15 and G+25, respectively. The 
bar chart comparison for Base shear and Time period for G+5, G+15 and G+25 are 
represented by Figures 14 and 15, respectively. The provision of base isolators in the 
buildings made them more flexible which is witnessed from increased fundamental time 
period of the buildings. The maximum inter-storey drift ratio of the base isolated buildings 
is considerably reduced and it is very effective in G+15 storey building. 

Table 5. Fundamental time period 

Building Type Time period (sec) 
 Fixed base Base isolated Increase 

G+5 0.949 2.789 2.94 times 
G+15 3.387 6.283 1.86 times 
G+25 4.816 9.894 2.05 times 

Table 6. First-storey displacement 

Storey Displacement (mm) 
 Fixed base Base isolated Increase 

G+5 16.95 127.11 7.49 times 
G+15 19.64 678.46 34.55 times 
G+25 20.35 1248.38 61.36 times 
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Table 7. Base shear 

Building Type Base Shear (kN) 
 Fixed base Base isolated Decrease 

G+5 31308.86 6595.42 4.75 times 
G+15 45811.47 20972.63 2.18 times 
G+25 52660.67 36290.18 1.45 times 

Table 8. Maximum Inter-storey drift ratio 

Building Type Maximum Inter-storey Drift Ratio 
 Fixed base Base isolated Decrease 

G+5 0.0107 0.0047 2.27 times 
G+15 0.0171 0.0033 5.18 times 
G+25 0.0222 0.0118 1.88 times 

 

  

Fig. 8 Displacement for G+5 Fig. 9 Displacement for G+15 

  

Fig. 10Displacement for G+25 Fig. 11 Inter-storey Drift Ratio for G+5 

  

Fig. 12 Inter-storey Drift Ratio for G+15 Fig. 13 Inter-storey Drift Ratio for G+25 
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Fig. 14 Base shear Fig. 15 Time period 

Pushover analysis was done to identify the yield capacity and ductility ratio of base 
isolators compared to fixed structures.  Capacity curves were obtained after pushover 
analysis for both fixed base and base isolator. Figures 16,17 and 18 represent the capacity 
curve along X direction for G+5, G+15 and G+25 storey buildings, respectively with and 
without base isolators. It can be seen that the ductility capacity of the base isolated 
structure has been improved especially in medium and high-rise structures. This 
behaviour may be due to the flexibility contribution by base isolator.  

 

Fig. 18 Capacity Curve for G+5 

 

Fig. 17 Capacity Curve for G+15 
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Fig.16 Capacity Curve for G+25 

Hinge formation represents the performance level of the structure such as immediate 
occupancy, life safety and collapse prevention. Details of hinge formation for last step are 
shown in Table 9.  It is observed that no hinges are formed in the buildings with base 
isolators beyond LS level and this type of behaviour is required and expected for seismic 
resistant structures. In G+5 storey FB building model, 81% , 16 % and 3 % of total hinges 
were formed in A-IO, IO-LS and beyond CP damage levels, respectively; whereas in G+5 
storey BI building model 85%  and 15 % of total hinges were formed in A-IO and IO-LS 
damage levels, respectively. In G+15 and G+25 storey BI building models, 100 % of total 
hinges were formed within A-IO level and, in G+15 and G+25 storey FB building models a 
few hinges were observed in beyond CP level. Hinge formation analysis shows that the base 
isolation is very effective in G+15-BI and G+25-BI building models when IO level is 
considered for design. However, when LS is considered for design, base isolation is 
effective in all the three models under study.  

Table 9. Details of hinge formation 

From the above table it is very clear that number of hinges were limited within immediate 
occupancy for structure with base isolator whereas structure without base isolator 
exceeds collapse prevention. Typical hinge formation in G+5 is shown in Figure19 and 
Figure20 for with and without base isolator. 

The displacement ductility factor is one of the key outputs of the pushover analysis. Higher 
the ductility factor higher the capacity of the structure. Table 10 represents the 
displacement ductility factor for G+5, G+15 and G+25. It can be seen that the ductility factor 
is very much improved in the G+15 and G+25 buildings with base isolator. 
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 A-IO IO-LS LS-CP >CP                  Total 

G+5-FB 2984 576 0 112 3672 

G+5-BI 3320 576 0 0 3896 

G+15-FB 9776 0 0 16 9792 

G+15-BI 10016 0 0 0 10016 

G+25-FB 15910 0 0 2 15912 

G+25-BI 16136 0 0 0 16136 
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      Fig. 19Hinge formation in fixed base                          Fig. 20 Hinge formation in base isolator                          

Table 10. Displacement ductility factor 

 G+5 G+15 G+25 

 FB BI FB BI FB BI 

Ultimate displacement  
(mm) 

377 858 394 12910 639 11384 

Yield displacement 
(mm) 

106 193 209 548 320 605 

Displacement ductility factor 3.6 4.4 1.9 23.6 1.99 18.8 

Ductility improvement 0.8 21.7 18.8 

6. Conclusion 

In this paper, performance analysis of lead rubber bearing isolation system for low, 
medium and high‐ rise RC buildings using response spectrum analysis and pushover 
analysis was performed. For understanding the performance of lead rubber bearing, 
parameters used were, fundamental time period, base shear, first storey displacement and 
inert-storey drift ratio from response spectrum analysis. Capacity curves and hinge 
formation were plotted from pushover analysis to study the parameters such as shear 
capacity and displacement ductility factor. As there is no Indian code describing the design 
procedures for base isolators, in this project ASCE-7-16 procedure was modified according 
to Indian standards and done the analysis and following were concluded. 

• In base isolation, modal periods are increased more than 40% in G+5, G+15 and 
G+25 structures, increasing the building’s reaction time during earthquake. For 
G+5 modal period got increased by 65%, G+15 it got increased by 46% and finally 
G+25 modal period increased by 51%. 

• From the response spectrum analysis results, there is a significant reduction in 
the base shear after incorporating base isolation in the buildings in the order of 
1.45 to 4.75 times. Therefore, it is very clear that use of base isolation has a large 
influence which is very efficient in earthquake prone areas. 

• The inter-storey drift ratio of the buildings is significantly reduced, nearly 2 to 5 
times after the installation of base isolation device.  
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• Pushover analysis was done to understand the efficacy of all the three models and 
concluded that model with base isolation showed a large percentage increase in 
yield displacement and ductility ratio compared to model without base isolation. 
It can be seen that the ductility factor is improved significantly in the medium and 
high-rise buildings with base isolator (nearly 19 to 22 times).  

• It is observed that no hinges are formed in the buildings with base isolators 
beyond life safety level and this type of behavior is required and expected for 
seismic resistant structures. Hinge formation analysis shows that the base 
isolation is very effective in G+15-BI and G+25-BI building models when 
immediate occupancy level is considered for design. However, when life safety is 
considered for design, base isolation is effective in all the three models under 
study.  

• Performance of lead rubber bearing of G+5, G+15 and G+25 was also understood 
after the analysis. All three models showed same level of performance with 
isolators. But still for more safety it is suggested that if storey height is more than 
G+15 and the location is very prone to earthquake other technologies such as 
shear wall and dampers can also be added. 

• It is concluded that using lead rubber bearing as a base isolation system improves 
structural stability and protects the building from adverse effects of lateral loads 
due to earthquakes.  
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 This research paper discusses the study on steel encased portal frame, 
which utilizes the shear connectors within the specimen to enhance 
ductility and ultimate load carrying capacity. Shear connectors can 
significantly boost the specimen's overall strength and load bearing 
capability. To investigate this behaviour, cyclic static load test on one bare 
frame and three portal frames were conducted. The specimens have shear 
connector of spacing variation as 75mm, 100mm and 125mm which were 
tested at the rate of ±0.1 tonne per cycle. It has been noticed that when 
shear connector spacing reduces, the ultimate load bearing capacity 
improves. These tests enabled a detailed analysis through experimental 
process of failure, hysteresis curve plot, for all the three portal frames. In 
hysteresis curve, no pinching effect was found whereas yield strength was 
found to be increased.  
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1. Introduction 

Compressive strength and stiffness of concrete members are greater, and tensile strength 
and ductility of steel members are greater. When steel and concrete components are 
combined as composite members, the favourable qualities of both materials are realized. 
Concrete filled tubular (CFT) members offer advantages such as enhanced axial load 
capacity, increased ductility efficiency, increased energy absorption capacity, and less 
strength degradation. 

The hollow steel section and the core concrete work together to make the CFT members 
stronger. The steel tube supports the load, acts as reinforcement and keeps the concrete 
core inside. The concrete core adds strength to steel tube and stops the steel tube from 
buckling inward. Typically, vertical loads are transmitted from the steel tube to the core 
concrete by means of a bond between the steel tube and the concrete. In the last few 
decades, numerous studies have been undertaken to study the bond strength between the 
steel tube and concrete in CFST (Concrete Filled Steel Tube) columns. Roeder et al. [1] 
conducted push-out tests on circular CFST columns, where the in-filled concrete was of 
moderate shrinkage or little shrinkage. The test findings demonstrated that the shrinkage 
of the concrete had a negative impact on the bonding in the CFST columns. Chang et al. [2] 
tested the bond behaviour in CFST columns with expansive concrete. The results 
demonstrated that expansive concrete enhanced the short-term bond strength of CFST 
columns. 

To provide the dependable transmission of the vertical load at beam-column joints, shear 
connectors are often placed to the inner wall of the steel tube to ensure the performance 
of the steel tube and concrete. Among the various forms of shear connectors, the shear 
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studs are widely used as the shear connectors. Shakir-Khalil [3] carried out a series of 
push-out tests with different types of shear connector, and the results suggested that the 
ultimate push-out load was a function of the interface type, cross-section shape and size, 
which led to a better understanding of the load transfer mechanism in beam-column 
connections in composite construction. Li An et al. [4] presented push-out tests of studs in 
normal and high strength concretes. The results demonstrated that the compressive 
strength of the concrete had a substantial impact on the strength of the stud connections. 
Pil-Goo Lee and Chang-Su Shim [5,6] investigated the static and fatigue behaviours of large 
shear studs up to 30 mm diameter, which were beyond the limits of the current design 
codes. Weichen Xue [7] conducted push-out tests on the shear studs in order to investigate 
the factors that affect stud behaviour. The mechanism of shear studs was investigated, a 
new description of the stud load-slip relationship was presented, and a model for 
determining the shear stud bearing capacity was established. 

Because CFT is so important, it has been the subject of a lot of research for a while now. 

Beam column junction is the most important part of a reinforced concrete frame. It is 
subjected to extreme of stress when the ground shakes a lot. This has a direct effect on the 
structure. Shear connectors must be added to the CFT in order for the structure to perform 
well. The spacing of shear connectors was adjusted during this study, and the differences 
in the findings for the same load increments were observed and compared experimentally 
for each specimen. 

2. Research Background   

Various ways for resisting seismic load have been investigated throughout the years in 
terms of materials, geometry, and design. In recent years, a new branch has been noted to 
have piqued the interest of numerous researchers, which is "Concrete filled steel tubes." 
Within this category, testing with shear studs has showed a lot of promise in terms of load 
carrying capacity and ductility. 

Study was carried out by Yang Wen [8], Lai-Yun [9], Matsui C [10], Ben Mou [11], Shuaike 
Feng[12] regarding analysis of Seismic Behaviour of CFRST (Concrete Filled Rectangular 
Steel Tube) Beam and Column Joints. According to the research, CFRST beam and column 
joints exposed to minor cycle reversal loads have plump hysteretic loops, increasing 
strength and stiffness degeneration, and high stiffness. After the joints achieved the 
ultimate load, significant ductility and subsequent deformation capability were detected, 
indicating that the joints met the seismic design criteria. 

Jingbo Liu [13], Liu Y B [14], Seyed Rasoul [15] presented the theoretical effect of the 
column-to-beam strength ratio and axial compression ratio on the failure mechanism of 
concrete-filled square steel tube frame structures. The researchers looked at multi-storey 
composite bay frames with varied column-to-beam strength ratios and axial compression 
ratios. For the strong column-weak beam failure, solutions for acceptable column-to-beam 
strength ratio values with varying column axial compression ratios were established. 

Faxing Ding [16], Aslani, F [17], Ellobody, E [18] , Jingfeng Wang [19], Qi-shiZhou[20]   
investigated about CFST (Concrete Filled Steel Tube) column to steel-concrete composite 
beam under lateral cyclic loading. In Single storey one-bay in-plane frames the seismic 
performance was investigated using some parameters like the slenderness ratio. These 
composite frames were found to perform well during earthquake. 

Kun Wang [21], L. Fang, B. Zhang [22], K. Wang [23], K. Wang [24] analysed the Theoretical 
study of the hysteretic actions of prestressed composite joints with CFST. Lateral cyclic 
loading was applied to pre-stressed and unstressed composite specimens. Shear failure 
within the panel zone and flexural failure at the beam ends were seen in pre-stressed joint 

https://www.sciencedirect.com/science/article/abs/pii/S0143974X21004132#!
https://www.sciencedirect.com/science/article/abs/pii/S0143974X21000535#!
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specimens; only flexural failure at the beam ends was observed in non-stressed joint 
specimens. Specimens exhibited typical hysteretic behaviour after testing. 

Studies were carried out by Toshiaki Fujimoto[25], Gia Toai Truong[26],  Jiansheng Fan 
[27],  A.Niroomandi [28] on seismic behaviour of SRC columns and beam-column junctions 
in Composite Structural Systems. It was discovered that CES columns and beam-column 
junctions perform better seismically than SRC columns. 

Nader Fanaie [29], Bin Wang [30], Xian Li [31] conducted experiments to learn more about 
the behaviour of a rigid connection between a steel beam and a CFT column with external 
T stiffeners. Concentrated stress at the place where the stiffener groove welds to the beam 
flange and column web leads in an unexpected brittle failure, hence reducing the 
connection's ductility. 

Vijayalakshmi, D.D [32], Hallam [33], Fanaie, N [34], Yong Fang[35], Yansheng Du[36], 
Xianggang Liu[37], Jiepeng Liu[38], Faesal Alatshan[39], Xuetao Lyu[40], Fang Yuan[41]   
conducted experimental study on confined column behaviour under axial load. It was done 
to learn about the distribution of shear connectors in thin-walled short Concrete Filled 
Steel Tube (CFST) columns and found that smaller the gap between shear connectors, the 
greater the CFST efficiency. 

Studies were carried out by John Francis. K [42], Ahmed Elremaily [43], Dalin Liu a [44], 
Georgios Giakoumelis [45], Sherif M [46] on Confined column behaviour under axial load. 
The link between shear connector distribution and the action of thin-walled, short 
Concrete Filled Steel Tube (CFST) columns was researched, and it was revealed that the 
closer the shear connectors are, the more efficient the CFST. 

Hsuan-Teh Hu [47], Zhi-Liang Zuo [48], Qiyun Qiao[49], Yanlei Wang[50], Morteza 
Naghipour[51], Yanlei Wang[52], S.Seangatith[53], Bin Wang[54], BaochunChen[55] 
conducted experimental study on the columns of CFT exposed to an axial compressive 
force and  bending moment. Using the nonlinear finite element program ABAQUS, 
researchers compared CFT columns with varying cross sections to experimental data. The 
square CFST column has less confining effect than circular CFST columns, however square 
CFST columns stiffened with reinforcing ties give the same confining effect as circular CFST 
columns. 

Young-chan Kim[56] , Hollow Steel Section (HSS) and Concrete-Filled Steel Tube (CFST) 
sections were utilised in the simulation process, and it was discovered that the HSS system 
is vulnerable to damage even when seismic protection measures are taken into account.   

Qian Wang[57] demonstrated that the shear resistance and shear stiffness of large-
diameter, high-strength studs are greater than those of conventional stud connectors. 
Nadiah Loqman[58], The purpose of this paper is to examine the applicability and 
efficiency of composite beams with precast concrete slabs and bolted shear connectors by 
analysing the structural behaviour of composite beam systems, such as their strength, 
stiffness, slip behaviour, failure mode, and sustainability, as determined by experiment and 
numerical studies. K.Sathish Kumar[59], the general behaviour of composite beams with 
shear connectors under bending, the influence of a variety of significant characteristics 
was investigated. Rahul Tarachand Pardeshi[60], review of several types of shear 
connectors, their uniqueness and characteristics, testing techniques, and conclusions from 
the last decade were studied. The literature, effectiveness, and applicability of the various 
types of shear connectors, such as headed studs, perfobond ribs, fibre-reinforced polymer 
perfobonds, channels, pipes, Hilti X-HVB, composite dowels, demountable bolted shear 
connectors, and shear connectors in composite columns, are investigated in depth. Raj[61], 
the efficient and economical use of shear connectors in Steel-Concrete composite sections 
is examined. 

https://link.springer.com/article/10.1007/s40069-017-0203-x#auth-Gia_Toai-Truong
https://ascelibrary.org/author/Fan%2C+Jiansheng
https://www.sciencedirect.com/science/article/abs/pii/S0141029610001318#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823121001439#!
https://www.sciencedirect.com/science/article/abs/pii/S0263822321013490#!
https://www.sciencedirect.com/science/article/abs/pii/S0143974X18301718#!
https://www.sciencedirect.com/science/article/abs/pii/S0950061818310869#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823119308146#!
https://sciprofiles.com/profile/640996
https://www.sciencedirect.com/science/article/abs/pii/S0263823118304415#!
https://www.sciencedirect.com/science/article/abs/pii/S2352710221012894#!
https://www.sciencedirect.com/science/article/abs/pii/S0141029619317201#!
https://www.sciencedirect.com/science/article/pii/S1877705811011416#!
https://www.sciencedirect.com/science/article/abs/pii/S0143974X18300221#!
https://ascelibrary.org/author/Chen%2C+Baochun
https://ieeexplore.ieee.org/author/38065271800
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Despite the fact that this research involves a progressive trend, it has mostly concentrated 
on steel encased columns and steel encased beams. Many researchers proved that the 
members with steel enclosed columns and steel encased beams successfully enhance the 
ultimate load bearing capacity and ductility when compared to typical RCC. There has been 
very little experimental work on steel enclosed column and beam frames, and little 
theoretical research has been done. Because it is well known that the 'Beam Column 
junction' is the most essential component of the structure and is very certain to break 
during seismic loading, this research study was experimentally focused on the combined 
effect of steel encased column and beam. 

3.  Materials and Methods 

3.1. Material Properties 

The concrete with load carrying capacity of 25MPa was made in accordance to IS456:2000 
and IS10262:2009 where the slump of concrete was kept to be 200mm for the ease of flow 
in the mould. The mild steel rods as shear connectors were of 6mm diameter and 150mm 
length, having 7850kg/m3 density and yield strength of 250N/mm2 were used. These rods 
increased the shearing capacity of the frame by connecting the concrete and the steel tube. 
The Galvanised Iron steel plate of 1.2mm thickness with various lengths was used. This 
plate provided the confinement to the concrete infill, which resulted in increase in load 
carrying capacity. 

The shear connectors shall be spaced so as to transmit shear and to prevent separation 
between the concrete and the steel, considering an appropriate distribution of design 
shear force. The advantages of shear studs over other forms of connectors are that the 
welding process is quick and simple permit more satisfactory compaction of the concrete 
around the connectors, and provide equal shear strength in all directions. Shear 
connectors must be designed to provide static strength, and for fatigue loading. 

Grade designation  M25 concrete 
Type of cement OPC 53 grade 

Maximum Nominal size of aggregate 20mm 
Minimum cement content 300kg/m3 ( As per IS456 Table 5 page 20) 

Maximum water cement ratio 0.50 

Workability 75- 100mm 

Specific gravity of cement 3.15 
Specific gravity of Coarse aggregate  2.74 

Specific gravity of Fine aggregate  2.68 (M sand) 
Mild steel rods as shear connectors 6mm diameter and 150mm length 

Density  7850kg/m3 
Yield strength 250N/mm2 

Galvanized Iron steel plate 1.2mm thickness 
Density  7800kg/m3 

Yield strength 250N/mm2 

3.2. Test Specimen 

A series of 3 portal frames sections were filled with concrete and were given static cyclic 
loading to observe the behaviour of frames. All the 3 frames had the height of 1.1m and 
width of 1.15m with the sectional area of 150mm x 150mm (Fig 1). Concrete of the grade 
M25 was filled within the hollow frame and the open faces were cured for 28 days.  
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Fig 1. General Schematic Diagram of portal frame (all units in mm) 

All the steel used for this research was GI sheet. The steel plate was 1.2mm thick; this as 
done to reduce the percentage of steel used and makes the specimen as “Thin walled 
structure”. Fig 1 shows the general geometry of all the three specimens. 

The parameters selected to research were the spacing and number of shear connectors in 
the portal frame and the others such as size of beam, beam width, height of column, column 
size, shell thickness; steel rod section and qualities of concrete were kept unchanged 
throughout the research. The portal frames were named as SP-75, SP-100 & SP-125. SP-75 
had the shear connector spacing of 75mm, SP-100 had the shear connector spacing of 
100mm & SP-125 had the shear connector spacing of 125mm. These shear connectors 
were welded inside the frame section such that they connected two opposite faces of the 
square section. 

The steel casing was made into a C-shape first such that one faces of the specimen is open; 
this was done for the ease to weld the internal shear rods, once the shear rods were welded 
in place, a rod was placed in the beam with development length of it going into the columns. 
Then the open face was closed by welding a steel plate. This steel plate was also connected 
with inner shear rods via welding as well. The steel plate was welded fully along the edges 
to ensure maximum strength as well as to avoid concrete slurry spillage while filling. Once 
the steel mould was ready, a high workability M25 concrete was poured from the column 
openings into the steel encasement. The maximum aggregate size was 12mm; this size was 
used to avoid blocking of the concrete due to aggregates getting stuck in spaces. 

The specimen was kept upside down and the concrete was poured and the casing was tilted 
and manually shaken to help the concrete to compact properly along with regular tamping 
with a 16mm rod.  

Fig 2 and Fig 3 shows the reinforcement details of raft footing which is connected to the 
concrete filled steel tube (CFST) frame. 

 3.3. Experimental Test Setup 

The necessary specimens were named and arranged with a spacing of 5 cm prior to testing. 
All specimens were tested with the help of removable base under fixed support conditions 
on both sides, i.e. front and back. 
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Fig 2. Welded shear connectors 

 

 

Fig. 3 Reinforcement details of raft footing 

 

Fig. 4 General Test Setup 

All the specimens were tested under a cyclic loading frame of 50T capacity (Fig. 4) to 
observe their behaviour under static cyclic loading. The load was applied at the beam 
column joint via a hydraulic jack coupled with a load cell to observe the deflection. The 
load was applied at the rate of ±0.1 tonne per cycle. With loading gap of 1kN, 3 cycles of 
loading were applied for each loading resulting in 10 cycles of loading per specimen. 
Simultaneously, two LVDTs were fixed on the specimen, of which one was fixed at the 
middle of the top edge (LVDT 1) and one was fixed at the centre of the column (LVDT 2). 
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These were used to note the corresponding deflections for each load. Out of these two 
LVDTs, only the readings from LVDT-1 were taken and LVDT-2 was used only as a control. 
3.3.2. Specimen Specification. A total of 3 specimens and bare frame specimen were cast 
and subsequently tested.  

Table 1. Specimen Specification 

4. Results and Discussions 

  

(a) Bare frame hysteresis curve (b) SP-75 hysteresis curve 

  

(c) SP-100 hysteresis curve (d) SP-125 hysteresis curve 

Fig. 5 Hysteresis Curves 

Figure 5 depicts the lateral load-displacement hysteretic curves for all specimens. 
Throughout the early period, the hysteretic curves followed a straight line, indicating the 
specimens were in a state of elastic deformation. After yielding, the regions of the 
hysteretic loops started rising gradually, likely to result in plump forms, and a few residual 
deformations were noticed after unloading; after the peak value was achieved, the lateral 
loads decreased dramatically as the lateral displacements increased, demonstrating high 
ductility. Overall, all specimens performed well since the hysteretic curves were plump and 
there was no substantial pinching. 

Spacing of studs Specimen ID No. of Specimens 

 Bare frame 1 
75mm SP-75 1 

100mm SP-100 1 
25mm SP-125 1 



Ebenezer et al. / Research on Engineering Structures & Materials 9(1) (2023) 277-291 

 

284 

Table 2. Load – Deflection observed values 

 

 
 

(a) (b) 

Fig. 6 (a) Maximum Load and percentage increment (b) Maximum Deflection and 
percentage decrement 

From Table 2, the load-carrying capacities of the three specimens’ viz., SP-75, SP-100 and 
SP-125 were comparatively more than the bare frame compared with displacement. The 
maximum load-carrying capacity observed in SP-75 was 15 kN. SP-75 outperformed the 
bare frame by 36.36 percent in load-carrying capacity. Similarly, when compared to the 
bare frame, the SP-100 and SP-125 improved by 27.27 percent and 18.18 percent, 
respectively. Fig 6 (a) shows the maximum observed load and load increase in % compared 
to bare frame and Fig 6 (b) shows the maximum observed deflection and deflection 
decreases in % compared to bare frame. According to BS 8110 total deflection is Span/250 
with limiting span/depth ratio. Further, the deflection occurs after constructing the 
finishes and partitions is Span/500 or 20mm, whichever is lesser. 

Eurocode 2 also limits the deflection to Span/250 and span over effective depth ratio is 
used to check the limits. The method of calculation is little different from the BS 8110 Part 
1. Further, it also limits the deflection that occurs due to the construction of finishes and 
partitions to Span/500. Eurocode 2 does not provide a table as BS 8110 Part 1, but it 
provides equations and charts to check the deflections. 

Table 3. Area under the curve 

Spacing of 
studs 

Assigned 
Name 

Maximum 
observed Load 

(kN) 

Load increase in 
% compared to 

bare frame 

Maximum 
observed 

Deflection (mm) 

Deflection 
decreases in % 

compared to 
bare frame 

 Bare frame 11 - 46.67 - 
75mm SP-75 15 36.36 35.02 24.96 

100mm SP-100 14 27.27 28 40 
125mm SP-125 13 18.18 38.99 16.45 

Spacing of studs Assigned Name 
Area Under the Curve 

(mm2) 

- Bare frame 428.47 
75mm SP-75 532.14 

100mm SP-100 775.91 
125mm SP-125 727.88 
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Fig. 7 Area under the curve 

One of the most essential criteria for estimating the seismic behavior of specimens is their 
energy dissipation capability. Because of the development of the plastic hinges, the energy 
dissipation capacity of specimens SP-100 and SP-125 was clearly greater than the others 
after yielding. However, according to table 3 and figure 6, the energy dissipation capacity 
for bare frame and SP-75 was lower.7 

 

Fig. 8 Comparison of backbone curves of bare frame, SP-75, SP-100 & SP-125 

Backbone curves are used to reflect the significance of lateral load and ductility properties. 
It demonstrates that lateral loads have improved and ductility has improved. In the above 
Fig 8 with regard to the negative loads we are able to observe that, the area under each 
curve is in ascending order, which confirms the actual fact that lesser shear connector 
spacing increases the ductility of the specimen. Thus it can even be said that with increase 
in shear connector spacing the specimen gets more brittle. It can be concluded the shear 
connector spacing of 75mm takes more load with considerably more deflection. As a result, 
it's clear that as the gap between shear connectors shrinks, the ultimate load bearing 
capacity increases. 

4.1 Failure Mode 

 Specimen bare frame has crushing of concrete on the surface as shown in Figure 9 (a). As 
shown in Figure 9 (a), the crushing of concrete is mainly concentrated in the corner of the 
specimen. In Figure 9 (b), for specimen SP-75 cracks are observed at the beam and column 



Ebenezer et al. / Research on Engineering Structures & Materials 9(1) (2023) 277-291 

 

286 

joint, which are highlighted in the red circle. In Figure 9 (c), for specimen SP-100 the area 
inside the red circle is the slippage occurred in beam-column joint after the test. In Figure 
9 (d), for specimen SP-125, crack occurred below beam-column joint. After the completion 
of all the tests, the steel tube has been cut open so as to observe the side of the core 
concrete. From the observation, there is significant shear failure in the concrete, while 
there are no significant damages to the rest of the concrete. Usually, for the shear 
connectors inside a CFST tube, there is shear failure of the concrete or the shear failure of 
the shear connector.  

  

(a) (b) 

 
 

(c) (d) 

Fig. 9 (a) Failure of bare frame, (b) Failure of SP-75 (c) Failure of SP-100 (d) Failure of 
SP-125 

5. Conclusions 

Composite frames made of steel tubular reinforced concrete columns and beams showed 
high ductility. As the spacing between shear connectors reduces, the ultimate load bearing 
capacity improves owing to the increased confinement effect and the improvement in 
ductility is evidenced by the presence of a broad plateau in the load deflection curves 
obtained for specimens with varying spacing’s of shear studs. No pinching effect is 
observed in any of the hysteresis loop, which is attributed to the effective confinement 
attained due to steel encasement. The member takes load even after the concrete inside is 
crushed which could be observed from the load cells and LVDTs. The encasement avoids 
the spalling of the concrete, which can increase the safety for the people who are 
evacuating. It is speculated that the ultimate load carrying capacity increases due to the 
confinement effect of the steel.  
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In the Figure 8, with regard to the negative loads it can be clearly observed that, the area 
under each curve is in ascending order, which confirms the actual fact that lesser shear 
connector spacing increases the ductility of the specimen. Thus it can even be said that 
with increase in shear connector spacing the specimen gets more brittle. It can be 
concluded the shear connector spacing of 75mm takes more load with considerably more 
deflection. As the spacing of shear connectors decreases, the ultimate load carrying 
capacity increases due to the enhancement in confinement effect. As the spacing of shear 
connectors decreases, the ductility increases which is evident from the large plateau in the 
load deflection curves obtained for the specimens with different spacing of shear studs.   
Steel welds should be avoided near the beam column joints. 

Later this study will be done analytically using software and also experimentally with other 
specimen sample and the comparative study will be done. 

From previous literature work it is observed that, behaviour of CFST (Concrete Filled Steel 
Tube) frame structure is needed to be considered for study. Therefore, in this research, to 
attain strength against seismic load and economy in construction, uses of CFST (Concrete 
Filled Steel Tube) frames were studied.  
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 Incorporation of the seismic response control system plays a vital role in 
structural engineering. Conventional method of structural design involves the 
higher flexibility and lower damping characteristics during the application of 
seismic loads which leads to inelastic deformation to an acceptable limit. Modern 
technique of seismic energy dissipation aims towards achieving stringent 
performance requirement. This paper aims towards analysis of structural 
response of the benchmark building with semi active damper namely 
magnetorheological damper. The magnetorheological damper work depends on 
the Structural Control Algorithm and Current input. G+5 Reinforced Concrete   
Building response is studied with a connection of large scale 200KN MR Damper 
(MRD) for three proposed numerical models, namely Kelvin Voight Model, 
Hyperbolic Tangent model and Maxwell Non-linear Slider model. The predictive 
ability of numerical models is analyzed for varying current. For simulating 
seismic application three earthquake data were considered, El Centro, Imperial 
Valley and Northridge. Numerical models of MR Damper are studied under 
varying current and exponential value. The comparison of displacement and 
base Shear of the structure response gives satisfactory response in the analysis. 
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1. Introduction 

During Structural Control can be achieved through both internal damping and external 
damping. Vibration of the Structure occurs due to structural resonance, specific frequency 
at which the dynamic motion will get amplified. Amplification of dynamic motion can be 
reduced by adding effective energy dissipation device. Internal damping involves the joint 
damping, where external damping involves the active damping, passive damping. The 
phase between both passive damping and active damping is semi active damping. Semi 
active device plays a successful role during dynamic loading condition because of its 
dynamically varying property with a minimal amount of power [1]. Effective performance 
is expected to be offered by a semi active device over a variety of amplitude and frequency 
range. This paper presents the study of performance of the magnetorheological damper 
for various proposed numerical models under varying current and exponential value. Low 
voltage power will be required for the working of MR damper [2-3]. Optimum current 
shows better structural response reduction. By the application of MR damper to the 
structure, during the application of dynamic load, structural response such as 
displacement, acceleration and base shear can be reduced. The Hysteretic behaviour of MR 
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damper is a function of amplitude excitation and also depends on the current. 
Magnetorheological fluid is a non-Newtonian fluid with shear yield strength and the 
reaction of the fluid can be controlled by varying the Magnetic field condition and current 
[4]. Magnetorheological fluid shows significant changes in rheological property such as 
transition to semi solid state from free-flowing state. In case of pre-yield stage MR fluid 
shows viscoelastic behaviour and in case of post yield stage, it shows viscous Newtonian 
fluid [5]. To predict the performance of MR damper when connect to the structure under 
different magnetic field for the varying excitation appropriate method should be used.  This 
involves the appropriate selection of numerical models for the modelling of MR damper 
[6]. The focus of the research to study the performance analysis of 200KN 
magnetorheological MR damper for seismic application under different numerical model 
condition. Even though passive devices, including base isolation, metallic friction damper, 
viscoelastic dampers are commercially successful in energy dissipation, control force in 
MR damper can be varied by appropriate adjustment in stiffness and damping 
characteristics [7]. Stiffness and other damping properties of MR damper will vary based 
on the numerical models proposed for MR damper. Three proposed numerical models 
used for modelling of large-scale MR dampers used in this study are Kelvin Voight model, 
Hyperbolic Tangent model, Maxwell Non-Linear slider model [8]. RD-8041-1 MR Damper 
has the stroke length of 55 mm and has the extended length till 208 mm. The body of the 
MR Damper is 42.1 mm and the shaft diameter is 10 mm. The maximum damping force is 
2.45 kN at 1 Ampere current. The structure is analysed for a variable stiffness of MR 
damper. Variable stiffness and damping properties depend upon the numerical model in 
which one of the parameters current (I) plays a major role [9].  In the present research 
work, the analysis of the G+5 benchmark building with 200 kN capacity MR Damper for 
three proposed numerical model is investigated.  

2. Structural Model 

The structural model considered for study is a 6 storey RCC building. Damping ratio of the 
structure is considered as 5% for all modes and mode shape of the structure is shown in 
Fig. 4 and Fig. 5 [10]. Detail of the structure is shown in Table1. RCC Benchmark building 
is designed in accordance with Argentina code IC103. The total mass per floor is 1x106 kg. 
Youngs modulus of the concrete E=24,800Mpa, fundamental period T1 =0.374s. The 
seismic acceleration for Northridge has 1.82 g, El Centro has 0.15 g and Imperial Valley has 
0.21 g. RCC Benchmark Building with MR Damper is shown in Fig. 1. 

 

Fig. 1 RCC benchmark building with MR damper 



Kennedy et al. / Research on Engineering Structures & Materials 9(1) (2023) 293-308 

 

295 

 

Fig. 2 Mode shapes of RC benchmark building (a) First mode shape (2.67Hz),                
(b) Second mode shape (7.69Hz) 

Table 1 Structure details 

SI.No Design Data of 6 Storey Building 

1. Structure type RC 

2. Number of storey G+5 

3. Storey height 3m 

4. Grade of concrete M30 

5. Beam size (all stories) 0.25m x 0.45m 

6. Column 1 size (Exterior) 0.60m x 0.60m 

7. Column 2 size (Exterior) 0.55m x 0.55m 

8. Column 3 Size (Exterior) 0.50m x 0.50m 

9. Column 4 Size (Interior) 0.65m x 0.65m 

3. Numerical Model of MR Damper 

In order to define the significant properties of the MR damper in structural control 
problems, some numerical models have been proposed to describe the damping 
properties. High appropriate models selected for modelling of damper show higher 
accuracy in capturing Hysteretic response. Among all models, parametric models are found 
to be efficient in modelling of MR Damper [11]. Structure has been studied for three 
parametric models, namely Kelvin Voight model, Hyperbolic Tangent model, Maxwell Non-
Linear Slider model. 

3.1. Kelvin Voight Model 

Kelvin – Voight model consist of spring and dash pot in parallel. It assumes strain in the 
spring and strain in dashpot to be same. Kelvin – Voight model is assumed to have no 
bending due to the parallel arrangement. The schematic diagram of the model is shown in 
Fig. 3 
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𝜎 = 𝐸𝜀 + 𝜂έ  (1) 

 

Fig. 3 Kelvin Voight Model            

The stress and strain in mentioned in the equation as σ and ε. Η is the viscosity of the 
material. In Magnetorheological damper modelled with Kelvin Voight model, there is a 
change in damping coefficient for different value of current input. Damping exponent 
changes show the higher potential of response reduction.  When there is no change in 
damping exponent α, the response of the bare structure and the structure with MRD Kelvin 
Voight model are same. [12] On decreasing the exponent value to 0.1 MRD shows the 
seismic response reduction. Building shows 35% seismic response reduction when the 
magnetorheological damper is modelled with kelvin Voight model with lower exponential 
value is shown in Fig. 4. 

 

Fig. 4 Displacement distribution of Kelvin Voight and Bare frame model for El Centro 
1940 earthquake 

Damping Exponent is the parameter of the damper that decides the Force- Displacement 
graph of the damper. MRD KV model is analyzed for varying current and exponent. 
Potential of reponse reduction in displacement are found to be occurring in I=2A and 
α=0.1. Percentage of response reduction is found to be 35% in this condition is shown in 
Table 2. 
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Table 2. Comparison of maximum displacement of bare frame and Kelvin Voight model 

Bare Frame 
(Displacement, mm) 

Kelvin Voight Model MR Damper 
(Displacement, mm) 

79.6mm 51.1mm 

3.2. Hyperbolic Tangent Model 

Hyperbolic Tangent model was a numerical model developed for ER Damper [13]. 
Damping behaviour includes both pre-yield and post yield behaviour shows in Fig. 5. 

 

Fig. 5 Hyperbolic Tangent Model 

The damping force of HPT (MRD) is given in equation (2) and (3) 

f = C1(x – x0) + k1(x – x0)  (2) 

m0x0 + (c0 + c1) x0 + f0 tan h (x0 Vref ) = c1x + k1x                        (3) 

Where f = damping force; C0 and K0 are damping coefficient and stiffness at low velocity, 
C1 and K1 for higher velocity. f0 is the coefficient associated with the nonlinear friction 
element. Parameters of Hyperbolic Tangent Model is shown in Table 3. 

Stiffness provided by the damper should be equal to the force required to resist the 
external excitation. When the damper possesses higher stiffness in the structure, during 
energy dissipation some energy will be stored in damper and it returns to the structure 
and cause structural oscillation. In case of higher stiffness, energy absorbed by the damper 
in return results in higher flexibility [14]. In Hyperbolic Tangent model when there is an 
increase in current, stiffness of the structure will decrease because in hyperbolic tangential 
model MR damper stiffness achieved in the low Ampere will be equal to the stiffness 
required for the damping force.  MR Damper behaviour is studied under varying current 
from 0A to 2A. The response reduction of the structure is found to be occur in 0.5A. 
Analytical study shows that when the exponent value is gradually decreased to 0.1, results 
in a maximum displacement reduction at 0.5A. Story height divided by interstory 
displacement gives the interstory drift index. 

Hyperbolic Tangent models shows 64% reduction in displacement at 0.5A for the 
exponential value of 0.5 and 76% reduction in displacement for the exponential value of 
0.1 at 0.5A shows in Fig. 8 and Fig. 7. The comparison of displacement is shown in table 4, 
table 5 for α=0.5 and α=0.1. 
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Analytical results show that the drift reduction is found to be occurring at 1A and 0.5A in 
hyperbolic Tangent model shown in Fig. 8 and Fig. 11. [15] Drift is higher in the structure 
when the MRD is supplied with electrical source of higher ampere. Hence 0.5A current is 
taken as the optimum value for HPT MRD and is numerically compared with other models. 

Table 3. Parameters of Hyperbolic Tangent Model 

Parameters Units 

K0=(0.00001i4-0.00010i3+0.00013i2+0.00023i+0.00062) kN/mm 

K1= (-2.43069i4-23.75859i3-80.7025i2 +110.6199i+55.08) kN/mm 

C0= (-0.00979i4+0.09325i3-0.29955i2-0.3580i+0.1264) kN.s/mm 

C1= (0.00618 i4 -0.06726i3+0.2669i2-0.46060i+0.35673) kN.s/mm 

M0 = (0.00016i4- 0.00162i3+ 0.00548i2-0.00705i+ 0.00485) kg 

f 0 =1.51702 I4 -10.26630 i3 +2.79030i2 +94.55682i +6.19194 kN 

Vref= 0.11574i4 +1.36241i3 -6.18813i2 +13.11819i +0.75927 mm/s 

 

 

Fig. 6 Displacement distribution of Hyperbolic Tangent Model under varying current 
from 0A to 2A for the damping exponent (α=0.5) 

Table 4. Comparison of maximum displacement of bare frame and Hyperbolic Tangent 
Model under varying current from 0A to 2A for the damping exponent (α=0.5) 

Current Bare Frame 0A 0.5A 1A 1.5A 2A 

Displacement(mm) 79.6 22.3 28.6 34 37 39.5 
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Fig. 7 Displacement distribution of Hyperbolic Tangent Model (HPT MRD) under 
varying current from 0A to 2A for the damping exponent (α=0.1) 

Table 5. Comparison of maximum displacement of bare frame and Hyperbolic Tangent 
Model under varying current from 0A to 2A for the damping exponent (α=0.1)  

Current Bare Frame 0A 0.5A 1A 1.5A 2A 

Displacement(mm) 79.6 18 16.5 18.9 25 26.6 

 

Fig. 8 Interstorey Drift distribution of Hyperbolic Tangent Model under varying 
current from 0A to 2A for the damping exponent (α=0.5) 

3.3. Maxwell Nonlinear Slider Model 

Models used for modelling of large scale MR Damper in practice are Bouc Wenn model, 
Hyperbolic Tangent model. Bouc Wenn model and Hyperbolic Tangent model parameters 
give a detail account about post yield behaviour of MRD [16]. When a MR Fluid undergoes 
shear deformation during seismic application, Shear thinning, and shear thickening will 
occurs [17]. Due to this inaccurate prediction of Damper force at higher velocities may 
occur. In MNS model parameters are identified for both pre yield and post yield behaviour 
of MR Damper, So that the response of MNS MRD can be evaluated separately for post yield 
and pre yield behaviour. 

 In Pre-Yield mode, Maxwell element with Dashpot and Spring Constant are used to 
determine the damper force. 
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Fig. 9 Interstorey Drift distribution of Hyperbolic Tangent Model (HPT MRD) under 
varying current from 0A to 2A for the damping exponent (α=0.1) 

f = k (y − z) = cz                                                                                                                                        (4) 

Parameters of MNS MRD are calculated using the following equation; 

𝑐 =
1

𝑢0𝑚

𝑓0
2+𝑓𝑚

2

𝑓𝑚
                                                                                                                                          (5) 

𝑘 =
1

𝑢0

𝑓0
2+𝑓𝑚

2

𝑓0
                                                                                                                                             (6) 

K refers to spring constant and c indicate the dashpot constant. In Post Yield behaviour, 
shear thinning and shear thickening behaviour of non-Newtonian fluid are described 
based on Hershel – Bulkley visco plasticity theory [18]. Hershel bulkey model to describe 
quasi static behaviour and is found to be efficient comparing to other models used to 
describe the Non-Newtonian behaviour of MR Fluid under different modes shown in Fig. 
10. 

 

Fig. 10 Maxwell Non-Linear Slider Model 

Comparing Displacement of the structure for varying current, it is found that displacement 
is reduced for 1A.  Base shear is constant from 1A to 2A with little variation [19]. Analysis 
with MNS MR Damper performance shows that response reduction is higher when current 
varies from 1A to 2A and 1.5A shows more displacement when compared to 1A and 2A. 
(Fig. 11 and Fig .12). 
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Fig. 11 Displacement distribution of Maxwell Non-Linear Slider Model under varying 
current from 0A to 2.5A 

 

Fig. 12 Comparison of base shear using Maxwell Non-Linear Slider Model under 
varying current from 0A to 2.5A 

4. Results and Discussion 

The results are obtained in terms of displacement, Inter storey drift and Base shear for the 
RCC benchmark building. Time History Analysis using SAP 2000 is done for varying models 
of MRD for different ground motion data. Analysis results include the performance of MRD 
under three different numerical models Kelvin Voight model, Hyperbolic Tangent model 
and Maxwell nonlinear slider model [20]. Each model is analysed for varying current and 
exponential value. Each model shows good performance when the exponential value is 
varied according to the performance of MRD. Kelvin Voight model and Hyperbolic Tangent 
models show good performance when exponential value is reduced and Maxwell 
Nonlinear Slider model show response reduction in the exponential value of α=0.5. 

4.1. Displacement 

Table 6. Percentage of Reduction Displacement in Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider model compared with bare frame model for El Centro 1940 
earthquake 

Models KV Model HPT Model MNS Model 

% Reduction 35% 71% 79% 



Kennedy et al. / Research on Engineering Structures & Materials 9(1) (2023) 293-308 

 

302 

 

Fig. 13 Displacement distribution of Kelvin Voight, Hyperbolic Tangent, Maxwell Non-
Linear Slider and Bare frame model for El Centro 1940 earthquake 

 

Fig. 14 Displacement distribution of Kelvin Voight, Hyperbolic Tangent, Maxwell Non-
Linear Slider and Bare frame model for Northridge earthquake 

 

Table 7. Percentage of Reduction Displacement in Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider model compared with bare frame model for Northridge 
earthquake 

Models KV Model HPT Model MNS Model 

% Reduction 38% 61% 78% 

Lateral Displacement of G+5 RCC Building shows better performance with MRD compared 
to bare frame for varying ground motion shows in Fig. 15, Fig. 16 and Fig. 17. For Elcentro 
ground motion, displacement percentage reduction of KV model, HPT model and MNS each 
model is 35%, 71%, 79% respectively. During Seismic application of   Northridge MRD 
shows 38%, 61% and 79% and Imperial Valley 20.36%, 49% and 69% for KV model, HPT 
model and MNS model respectively shown in table 6, table 7, table 8. 
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Fig. 15 Displacement distribution of Kelvin Voight, Hyperbolic Tangent, Maxwell Non-
Linear Slider and Bare frame model for Imperial Valley  earthquake 

Table 8. Percentage of Reduction Displacement in Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider model compared with bare frame model for Imperial Valley  
earthquake 

Models KV Model HPT Model MNS Model 

% Reduction 20.36% 49% 69% 

4.2. Inter Storey Drift 

This paper presents the study of inter storey drift of G+5 RCC Building with and without 
MRD. Story Drift of structure with MRD under three models for optimum current is 
analysed and studied. 

 

Fig. 16 Distribution of interstorey drift ratio of Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider and Bare frame model for El Centro 1940 earthquake 

Comparative analysis of the storey drift for models of MRD shows MNS model and HPT 
model show maximum reduction in drift of the structure. All three model shows the drift 
within the limit. Kelvin Voight model shows least response reduction compared to other 
two models shown in Fig. 18, Fig. 19 and Fig. 20. 
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Fig. 17 Distribution of interstorey drift ratio of Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider and Bare frame model for Imperial Valley  earthquake 

 

Fig. 18 Distribution of interstorey drift ratio of Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider and Bare frame model for Northridge  earthquake 

4.3. Base Shear 

Base shear is the maximum lateral force occurs at the base of the building. Base shear 
maxima or minima will depend upon the soil condition, fixidity condition, probability of 
ground motion, ductility, strength and weight of the building and natural period.  When the 
natural period of the structure is higher, flexibility of the structure will be also higher. 
Flexible structure will experience low acceleration compared to stiffer building [21-22]. 
When the flexibility of the structure is increased it will show low base shear compared to 
stiffer building. At the same time flexibility of the structure should be within limit to reduce 
the lateral displacement of the structure. MRD shows good performance in both 
displacement reduction and base shear reduction with lower lateral displacement. 

For El Centro 1940 all three models shows response reduction in base shear with least 
lateral displacement. Percentage of Base shear reduction for El Centro 1940 is 28%, 56%, 
61% respectively for KV model, HPT model and MNS model respectively. MRD under the 
application of Imperial valley and Northridge shows 62%, 68%, 81% and 28%, 56% and 
81% for KV model, HPT model and MNS model respectively shown in Fig. 22, Fig. 23 and 
Fig. 24. Among all models MNS show higher potential of response reduction shown in table 
9, table 10 and table 11 [23-25]. 
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Fig. 19 Base shear comparison of Kelvin Voight, Hyperbolic Tangent, Maxwell Non-
Linear Slider and Bare frame model for El Centro 1940 earthquake 

Table 9. Percentage reduction of base shear in Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider model compared with bare frame model for El Centro 1940 
earthquake 

Models KV Model HPT Model MNS Model 

% Reduction 28% 56% 61% 

 

 

Fig. 20 Base shear comparison of Kelvin Voight, Hyperbolic Tangent, Maxwell Non-
Linear Slider and Bare frame model for Imperial Valley earthquake 

Table 10. Percentage reduction of base shear in Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider model compared with bare frame model for Imperial Valley 
earthquake 

Models KV Model PT Model MNS Model 

% Reduction 62% 68% 81% 
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Fig. 21 Base shear comparison of Kelvin Voight, Hyperbolic Tangent, Maxwell Non-
Linear Slider and Bare frame model for Northridge earthquake 

Table 11. Percentage reduction of base shear in Kelvin Voight, Hyperbolic Tangent, 
Maxwell Non-Linear Slider model compared with bare frame model for Northridge 
earthquake 

Models KV Model PT Model MNS Model 

% Reduction 28% 56% 61% 

5. Conclusions 

The results show that the response of the structure is reduced in higher percentage when 
it relates to magnetorheological damper. The Large scale 200KN MR Damper (MRD) for 
three proposed numerical models were investigated. For various currents and various 
earthquakes numerical models were analyzed. Numerical models of MR Damper are 
studied under varying current and exponential value. Parameters were studied using 
SAP2000 software which involves displacement, base Shear, and interstorey drift. 

• In Kelvin Voight model reduction in damping property such as damping 
exponential shows the response reduction where the higher damping exponential 
shows no response reduction. 

• In Hyperbolic Tangent model even with low exponential value, increase in current 
shows lower stiffness. Reduction in displacement and other seismic response 
parameter found to be occur under limit at 0.5A. 

• In Maxwell Non-Linear slider model response reduction is found to be higher at 
the value of 1A to 2A, where 1A shows maximum reduction. 

• Each Parametric model shows variation in response reduction based on the 
variation in excitation. 

• G+5 RCC building shows maximum response reduction when connected with 
MRD modelled with MNS model. 

• Base Shear of MNS and HPT are more or less equal for Elcentro earthquake input 
Data. 

• Base Shear of HPT MRD is higher than the other two models for Imperial Valley 
input data. 

• The reduction in base shear El Centro seismic excitation is 28%, 56%, 61% 
respectively for KV model, HPT model and MNS model respectively.  
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• For the seismic excitation of Imperial valley and Northridge shows 62%, 68%, 
81% and 28%, 56% and 81% for KV model, HPT model and MNS model.  

• This result helps the research working on MR Damper to select the model for their 
analytical investigation  

• The future work can be extended for steel buildings subjected to various 
earthquakes with self-powered MR Damper configuration and optimal 
positioning of MR Damper 
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