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Abstract 

The construction sector is promoting eco-friendly materials to combat global warming. Researchers use crumb rub-
ber (CR) in concrete due to its ductility and hardness, but studies show it can decrease strength. Therefore, the addi-
tion of PVA fiber improves the mechanical properties of CR concrete. The research aims to assess the mechanical 
and physical characteristics of concrete by utilizing RSM modeling and optimization, comparing the effects of CR 
replacement for sand and PVA fiber by volume fraction. It has been observed that the optimum compressive, tensile 
and flexural strengths were observed by 49 MPa, 4.31 MPa, and 5.88 MPa at 10% of sand replaced with CR and 1.5% 
of PVA fiber together at 28 days, respectively. In addition, water absorption improves with increased CR and PVA fiber 
in concrete, while dry density decreases with increased CR and PVA fiber quantity in concrete at 28 days, respectively. 
Moreover, RSM was utilized to develop response prediction models with R2 coefficients ranged from 97 to 99%. 
Furthermore, the enhancement of embodied carbon is seen when the volume percent of PVA fiber and CR increases 
in concrete. Additionally, using 10% CR instead of sand and adding 1.5% PVA fiber has been proven to deliver favour-
able outcomes for the construction sector therefore it is recommended for construction purpose.

Keywords  Concrete, Crumb rubber, PVA fiber, Mechanical properties, Embodied carbon, RSM modeling and 
optimization

1  Introduction
In recent times, because of the fast growth of the trans-
portation sector, the problem of waste tires has emerged 
as a critical concern for several nations. Tires reached a 
point in their lifecycle where they may no longer be uti-
lized and are ultimately disposed of as garbage (Eisa et al., 

2020). However, millions of tires that are no longer usable 
and they are disposed of annually (Abdullah et al., 2024).

The environmental effect of discarded tires may vary 
depending on the area’s waste management program. 
Some circumstances may turn them into a significant 
environmental hazard, while others may turn them into 
a valuable source (Magagula et  al., 2023). The dumping 
of waste tires on land leads to significant economic and 
environmental issues, as revealed in prior study (Najim 
& Hall, 2010). In addition to posing a possible environ-
mental risk, the dumping issues also have the potential to 
trigger accidental fires that emit pollution, which can be 
difficult to manage owing to the tires’ high flammability.
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Moreover, they offer conducive environments for 
the proliferation of mice, mosquitoes and rats (Abdul-
lah et  al., 2024). In recent decades, the appropriate dis-
posal of tires has arisen as a significant environmental 
issue. Subsequently, investigators have conducted sev-
eral investigations to evaluate various tire disposal tech-
niques (Batayneh et  al., 2008; Mahlangu, 2009). As a 
result, landfilling has turned into an unacceptable option 
owing to the growing exhaustion of viable places for 
garbage disposal. Consequently, several governments 
have implemented stringent legal measures to prevent 
the production of tires in landfills. Efforts to address the 
problem of tire disposal have included the continuous 
development of innovative methods. A number of meas-
ures show promise: the reuse of tire rubber material in 
asphaltic mixtures for concrete (Shu & Huang, 2014), 
the accumulation of tire rubber into concrete (Toutanji, 
1996), the combustion of tires for producing steam, and 
the recycling of ground tire rubber in several rubber and 
plastic objects (Eisa et al., 2020).

Scientists have conducted extensive study on the inte-
gration of crumb rubber, derived from used tires, into 
concrete (Aghamohammadi et  al., 2024; Qaidi et  al., 
2021; Ren et  al., 2022; Siddika et  al., 2019; Singaravel 
et  al., 2024). CR is the result of reducing and grinding 
scrap tires into tiny particles, frequently varying from 
4.75 mm to 75 µm (Eisa et al., 2020). Investigations have 
revealed that using CR with average sizes of particles 
fluctuating from 1 to 4 mm has shown satisfactory quali-
ties for concrete (Bing & Ning, 2014; Gesoʇlu et al., 2014; 
Onuaguluchi & Panesar, 2014). In the past era, the incor-
poration of crumb rubber (CR) in concrete as a substi-
tute for aggregate has been widespread due to its notable 
characteristics such as relatively low density and excel-
lent ductility (Ismail & Hassan, 2016; Khaloo et al., 2008; 
Sgobba et al., 2015; Zheng et al., 2008). Roughly 1000 mil-
lion tires reach the end of their operational lifespan per 
annum due to the growth of the vehicle industry. Over 50 
percent of these tires are disposed of without any treat-
ment, posing a significant hazard to our natural environ-
ment (Thomas et al., 2016; Xiong et al., 2021). Rubberized 
concrete, a significant approach for recycling utilized 
tires, has been extensively researched by several authors 
(Batayneh et al., 2008; Li et al., 2016; Liu et al., 2013; Long 
et al., 2018; Shu & Huang, 2014; Son et al., 2011; Zhong 
et al., 2019). CR produced by destroying garbage tires and 
it can be applied as substitution for sand in traditional 
concrete. This practice helps recycle tires, lessen the 
requirement of natural aggregates, and promote sustain-
ability while sustaining the ecosystem (Long et al., 2018; 
Thomas et al., 2016). Rubberized concrete has enhanced 
engineering characteristics in comparison to traditional 
concrete, including increased toughness, greater impact 

resistance, enhanced absorption of energy resources, and 
more effective abrasion resistance (Batayneh et al., 2008; 
Li et  al., 2016; Liu et  al., 2013; Long et  al., 2018; Shu & 
Huang, 2014; Son et  al., 2011; Zhong et  al., 2019). CR 
concrete has many potential applications in construc-
tion sector due to its outstanding characteristics. Rub-
berized concrete is a durable substance with superior 
flexibility and resistance to impact, making it suitable for 
many applications such as impact hurdles, building mate-
rials, pavements, playing area surfaces, and anti-collision 
foundations (Batayneh et  al., 2008; Shu & Huang, 2014; 
Son et al., 2011). Rubberized concrete’s effective dissipat-
ing energy capability allows for its use in enhancing the 
earthquake resistance of concrete buildings (Dehdezi 
et  al., 2015). However, the flexural strength (FS), tensile 
strength (TS), and compressive strength (CS) of rubber-
based concrete are inferior to those of traditional con-
crete (Li et  al., 2016; Zhong et  al., 2019). Incorporating 
fibers into concrete is a beneficial method for enhancing 
the FS, TS and CS of the material. Several studies have 
examined how various types of fibers, like polypropylene 
(PP), steel fiber, nylon fiber, polyvinyl alcohol (PVA) fiber, 
basalt fiber, and jute fiber, impact the mechanical char-
acteristics of CR concrete construction. Fibers augment 
the FS and durability of concrete by providing bridging 
behavior, which has been demonstrated in several studies 
(Al-Hadithi et al., 2019; Hesami et al., 2016; Wang et al., 
2018; Zhong et al., 2019).

The characteristics of rubberized concrete have been 
extensively researched with the introduction of PVA fiber 
(Li et al., 2001, 2002; Wang et al., 2018). The study found 
that PVA fiber is very suitable for reinforcing rubberized 
concrete. The study identified PVA fiber as a very appro-
priate polymeric fiber for strengthening rubberized con-
crete. Fiber-reinforced concrete (FRC) is often applied in 
various purposes, such as precast construction elements, 
concrete floor coverings, and outstanding-durability con-
crete (Alhozaimy et al., 1996; Anas et al., 2022; Li et al., 
2001). Internal fractures’ propagation influences either 
the tensile strength or bending resistivity of concrete 
construction. Whenever fractures are restricted locally 
by a surrounding matrix, the onset of fractures may be 
delayed, and stronger concrete can be produced (Alho-
zaimy et al., 1996). Incorporating robust fibers into con-
crete helps reduce the development of cracks. Besides, 
PVA fibers possess an outstanding modulus of elasticity 
and strong tensile strength. Scientists have demonstrated 
that PVA–cementitious composites not only have higher 
tensile strength but also offer improved fatigue resist-
ance, stiffness, and longevity of cementitious composites. 
These composites also demonstrate a strain harden-
ing tendency, with failure stresses reaching up to 4% in 
some instances (Li et  al., 2002; Naggar & Abdo, 2023). 
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Moreover, many investigations were conducted on CR 
concrete and PVA fiber individually for determining the 
mechanical and durability properties. But there is limited 
experimental work performed on CR concrete combined 
with numerous concentrations of PVA fiber to determine 
the mechanical characteristics and embodied carbon of 
CR concrete. Therefore, the purpose of this research is 
conducted on the mechanical characteristics and sustain-
ability assessment of CR concrete mixed with numerous 
amounts of PVA fiber by applying RSM modeling and to 
optimize the input and output parameters for practical 
application of the construction industry.

2 � Experimental program
2.1 � Materials
Portland Cement (PC) Type I was used in research by 
using ASTM C 150 (ASTM C150 & C150M-16e1, 2016) 
standards and the XRF of PC is shown in Table 1. How-
ever, the river sand with specific gravity of 2.64 which 
passes through 4.75-mm sieve while the coarse aggre-
gates (CA) with a 2.66 specific gravity having 20 mm in 
size used in research work. In addition, the crumb rub-
ber (CR) with a 0.92 specific gravity passes from 1.18 mm 
sieve and it used as a partial replacement for sand by 
volume. Moreover, polyvinyl alcohol fiber (PVA) was 
included in the concrete based on its volume percent of 
concrete and surface of fiber was treated with 1.2% oil by 
the weight of the fiber to control the fiber/matrix inter-
facial properties (Abdulkadir et  al., 2021a, 2022; Bheel 
et  al., 2023a; Mohammed et  al., 2020). Table  2 provides 
the characteristics of PVA fiber. Furthermore, the super-
plasticizer (SP) was added to the rubberized concrete to 
improve the flow of the fresh mix. In addition, drinking 
water was utilized to make the concrete and cure the rub-
berized specimens.

2.2 � Response surface methodology (RSM) modeling
It is a statistical and mathematical approach applied to 
model and analyze issues where numerous input factors 

have an impact on the outcome variable. RSM modeling 
is an efficient step-by-step approach to optimizing pro-
cedures and understanding the connections between 
many input features and a response parameter. The first 
step entails precisely describing the issue, including the 
aim, input parameters (factors), and response parameters 
(outputs). Afterward, a suitable experimental design, 
like Central Composite Design (CCD) or Box–Behnken 
design (BBD), is selected, and the specific values for each 
factor are established. Then, experiments are carried out 
based on this design, methodically altering the input 
parameters and documenting the related outcomes. The 
gathered data are used to generate a polynomial regres-
sion approach, often a second-order approach, that accu-
rately portrays the connection between the inputs and 
the output. Model validation involves using statistical 
assessments like ANOVA, residual analysis, and lack-
of-fit assessments to determine the model’s suitability. 
After being verified, response surface diagrams, includ-
ing contour and 3D diagrams, are created to visually 
represent the relationships between parameters. Optimi-
zation approaches, like gradient descent or the approach 
of steepest ascent, are utilized to analyze the response 
surface and determine the most favourable values for 
the input parameters. Finally, confirmation runs are 
performed using these ideal parameters to validate the 
anticipated outcome, guaranteeing the correctness and 
dependability of the model. This comprehensive method-
ology enables efficient process optimization and a more 
profound comprehension of variable interrelationships.

2.3 � RSM modeling generated mix proportions
The RSM modeling was used to produce 13 runs of vari-
ous mixture by considering two input factors (CR and 
PVA fiber) for this research. The variables were fluctu-
ated at three levels: CR (0%, 10%, 20%, and 30% substitu-
tion by volume of FA) and PVA fiber (1%, 1.5%, and 2% 
inclusion by volume percentage of concrete). The design 
had 13 different combinations with five repeated central 

Table 1  Chemical constituents of PC

Materials Compound (%) Specific gravity Blaine fineness (m2/kg) Loss on ignition

SiO2 Fe2O3 Al2O3 CaO MnO Na2O MgO T2O K2O

PC 20.76 3.35 5.54 61.4 – 0.19 2.48 – 0.78 3.15 325 2.20

Table 2  PVA fiber properties (Abdulkadir et al., 2021b)

Category Grade Diameter Length Aspect ratio (l/d) SG Modulus of elasticity TS

PVA REC S-15 40 µm 12 mm 462 1.3 41 GPa 1600 MPa
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elements and these five repeated central mixtures are 
written in MCP form in all data graphs. Many research-
ers have observed this approach (Al-Fakih et  al., 2020; 
Jo et al., 2015; Khed et al., 2020). To study the mechani-
cal (CS, TS, and FS) and physical (dry density and water 
absorption) properties of rubberized concrete, the RSM 
program made 13 different mixes by changing the vari-
ables. Table  3 displays the combinations and specific of 
each composition.

2.4 � Mixing procedure
The mixing process was conducted according to the 
standardized concrete mixing technique, as described 
by BS 1881: Part 125:1986 standard procedure. With the 
exception of PVA fiber, the dry components of the CR, 
sand, coarse aggregates, and cement, were combined in 
a dry condition utilizing a pan-type concrete mixer for 
a duration of 2  min at a low load speed of 30 RPM. A 
solution of water and SP was added to the dry mixture 
and allowed to circulate for an additional 3 min at a high 
speed of 80 RPM. Ultimately, the PVA fiber was progres-
sively included in the mixture with a rotational speed 
of around 30 to 60 RPM, ensuring even dispersion and 
preventing the formation of fiber clumps. The mixer was 
operated for a further 5 min until a visually uniform mix-
ture without any fiber clumps was achieved. The recently 
prepared CR concrete was thereafter put into the suit-
able, lightly lubricated molds. Once the specimens had 
reached a satisfactory level of strength after 24  h, they 
were removed from the molds and put in a curing tank 
for a period of 28 days to complete the curing process.

2.5 � Testing procedure
The study examined the mechanical characteris-
tics and physical parameters of rubberized mixture 
combined with different amounts of PVA fiber. The 
100  mm × 100  mm × 100  mm cube samples were tested 
for CS by using BS EN 12390–3 (BS EN, 12390-3 2009) 
code at 7, 14 and 28 days. Besides, the TS was achieved 
on CR concrete samples shaped like a dog bone, with 
dimensions of 420 mm × 120 mm × 30 mm, following the 
protocol described in JSCE (Japan Society of Civil Engi-
neers, 2008). A four-point bending test was conducted 
on beam (500 × 100 × 100 mm) for determining the FS by 
applying BS EN 12390–5 (BS EN, 12390-5 2009). Moreo-
ver, dry density was measured on cubic specimens by fol-
lowing the BS EN 12390-7 (British Standards Institution 
& BS EN, 12390 7:2000 2000) specification and the cube 
samples were tested for water absorption in accordance 
with BS 1881–122 (BS 1881: Part 122: 1983 Part 122 n.d.). 
These all testing was tested at 28 days. Figure 1a–d dis-
plays the experimental arrangement utilized in research.

3 � Results and discussion
3.1 � Compressive strength (CS)
For every mixture, a CS assessment was performed on 
PVA-CR concrete samples and these samples were tested 
on 7, 14, and 28 days. The outcomes of adding 10%, 20%, 
30%, and 1%, 1.5 percent, and 2% of CR and PVA fibers, 
correspondingly, are displayed in Fig.  2. It is found that 
mixture with 10% of crumb rubber and 1.5% of PVA 
fibers gives the highest CS 26.46  MPa, 42.63  MPa, and 
49 MPa at the end of 7, 14 and 28 days correspondingly. 
Similarly, it can be noted mixture with 30% CR and 2% 

Table 3  Mix proportions of rubberized concrete developed by RSM modeling

Mix ID Constituents (%) Quantity of ingredients utilized in CR mixture (kg/m3)

PVA CR PC CA Sand CR SP Water

M0 0 0.00 475 1180 550 0 4.75 132

M1 1 10 475 1180 513.80 36.20 4.75 132

M2 1.5 10 475 1180 513.80 36.20 4.75 132

M3 2 30 475 1180 441.41 108.59 4.75 132

M4 1.5 20 475 1180 477.61 72.39 4.75 132

M5 1.5 20 475 1180 477.61 72.39 4.75 132

M6 1.5 20 475 1180 477.61 72.39 4.75 132

M7 2 20 475 1180 477.61 72.39 4.75 132

M8 1 20 475 1180 477.61 72.39 4.75 132

M9 1.5 30 475 1180 441.41 108.59 4.75 132

M10 1.5 20 475 1180 477.61 72.39 4.75 132

M11 1 30 475 1180 441.41 108.59 4.75 132

M12 2 10 475 1180 513.80 36.20 4.75 132

M13 1.5 20 475 1180 477.61 72.39 4.75 132
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PVA fibers gives the least CS 18.09 MPa, 29.14 MPa and 
33.5  MPa at 7  days, 14  days and 28  days, correspond-
ingly. It is noted that CS declines with the increase in CR, 
(Bisht & Ramana, 2017) shows similar results with the 
use of CR. A 6.21% increase in strength can be observed 
while 10% of sand is substituted with CR alone with 1.5% 
PVA fibers. Furthermore, it can observe an overall reduc-
tion in compressive strength of 37.5% using 30% CR 
and 2% PVA fibers than CM. This decrease can be due 
to the smooth surface texture of CR (Dong et  al., 2013; 
Gupta et  al., 2014; Meyyappan et  al., 2023; Mohammed 
& Adamu, 2018) observed reduction in CS owing to rise 
in CR as more voids are produced by the addition of CR. 
Researchers (Benazzouk et  al., 2007) showed the light-
weight of the rubber at higher substitution level becomes 
increasingly more difficult to avoid voids, and due to the 
larger volume of fibers in the mixture, vibration becomes 

more difficult and more voids are created, it is one of the 
reasons for the reduction in CS. A similar studies have 
shown the reduction in strength owing to increment in 
the volume of fibers (Bheel et al., 2023b; Noushini et al., 
2013).

3.2 � Tensile strength
The TS of the combinations with varying amounts of 
PVA fiber and crumb rubber is displayed in Fig.  3. It is 
observed that out of all the mixtures, M2 mixture with 
10% CR and 1.5% PVA fibers shows increase of 6.52% in 
TS compared to normal mix. The minimum TS can be 
perceived in the M3 mixture of 30% CR and 2% PVA fib-
ers, a total decrease of 37.31% compared to normal mix 
and 46.26% decrease compared to M2 mix. The outcomes 
are in line with most of the studies (Aslani et  al., 2018; 
Hossain et  al., 2019; Mohammed et  al., 2020; Shahjalal 

(a) (b)

(c) (d)

Fig. 1  Experimental setup of this research for a CS, b dry density, c TS, and d FS
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Fig. 2  Compressive strength of CR concrete combined with PVA fiber

Fig. 3  TS of CR concrete blended with PVA fiber
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et al., 2021) showed decrease in TS with the rise in fiber 
content but (Tamanna et al., 2020) shows the increment 
in the tensile strength up to 11% which is a similar trend 
as shown in Fig. 3. The fibers’ ability to carry and distrib-
ute tensile stresses along cracks increases the concrete’s 
tensile capacity, which is primarily responsible for the 
increase in TS. Due to stress reduction in the transition 
phase of the aggregates and rubber and overall strength 
is dropped when the content of CR increases (Hesami 
et al., 2016). Furthermore, Fig. 4 illustrates the relation-
ship between CS and TS of CR concrete with varying 
volume fractions of PVA fiber after 28  days. The corre-
lation between TS and CS at the 28-day mark is clearly 
depicted in Fig. 4. The equations presented in Fig. 4 could 
potentially be utilized to compute either CS or TS, given 
knowledge of one of these variables.

3.3 � Flexural strength (FS)
A FS assessment was carried out for all mixtures. The out-
comes are shown in Fig. 5. The FS of concrete increases 
gradually. For M1, a mixture of 10% rubber crumb and 
1% PVA fibers, an increase of 3.2% can be observed com-
pared to the nominal mixture. For M2, a mixture of 10% 
rubber crumbs and 1.5% PVA fibers, an increase of 6.52% 
is observed compared to the control combination. Sub-
sequently, a reduction in FS is monitored for all other 
combinations. The increase in strength can be associ-
ated to the particle size of CR, as the smaller particles 
act as a filler in mixture, increasing the overall compact-
ness of the concrete and reducing fractures which is also 

observed by Li et al. (2016) in their study. It is observed a 
decrease in FS with increased rubber content due to the 
smooth surface texture of the rubber, which cannot form 
a proper bond with the cement-based constituent in con-
crete, similar to the study conducted by Su (2015). The 
addition of PVA fibers plays an important role in devel-
oping FS. As content of fiber rises in CR concrete, the FS 
increases, which is consistent with studies conducted by 
Hesami et  al. (2016); Hossain et  al., 2019). The increase 
is due to the interlocking property of the fibers which is 
responsible for the bridge between mortar and aggregate 
but due to the increased content of CR flexural strength 
declines even with the rise in fibers (Chen et al., 2020; Xie 
et al., 2015). In addition, Figs. 6 and 7 depict the interplay 
between FS, CS, and TS in CR concrete, featuring differ-
ent volume fractions of PVA fiber over a 28-day period. 
The graphical representation in Figs.  6 and 7 effectively 
showcases the relationship between FS, CS, and TS after 
28  days. The formulas highlighted in Figs.  6 and 7 may 
serve as useful tools for calculating either FS, CS, or TS 
when one of these parameters is known.

3.4 � Water absorption (WA)
Figure  8 demonstrations the diagram between the 
water absorption of different mixtures of rubber gran-
ules and PVA fiber concrete. The concrete sample with-
out rubber crumbs and fibers was found to have low 
WA compared to all other mixes. The incorporation of 
more rubber crumbs and fibers increased the WA of 
CR concrete samples. The increased WA is due to the 

Fig. 4  Correlations between CS and TS of CR concrete containing PVA fiber
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formation of pores and cracks in ITZ between rubber 
and cement mortar, which allows water to flow and this 
is supported by various studies (Bisht & Ramana, 2017; 
Gheni et al., 2017; Girskas & Nagrockienė, 2017; Youssf 
et  al., 2017). However, studies (Alwi Assaggaf et  al., 

2022; Gonen, 2018; Pham et  al., 2018) show that with 
minimal rubber crumb and controlled particle size, 
water absorption tends to be reduced due to proper 
void packing, making the concrete more compact and 

Fig. 5  Flexural strength of concrete

Fig. 6  Correlations between CS and FS of CR concrete containing PVA fiber
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making it more difficult for water to penetrate through 
the concrete. Fibers do not play a significant role in 
reducing WA as cracks and voids were present in the 
concrete, as a similar study argues with the above trend 
(Zia & Ali, 2017).

3.5 � Dry density (DD)
Figure  9 shows the calculated dry density for all mixes 
containing crumb rubber and PVA fibers, as well as for 
concrete without crumb rubber and PVA fibers. It is 
clear from Fig. 9 that as the proportion of CR and fibers 
increases, the density decreases. It is observed a drop in 

Fig. 7  Correlations between TS and FS of CR concrete containing PVA fiber

Fig. 8  Water absorption of CR concrete containing PVA fiber
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density by 35.8% in M11, 46.32% in M9 and 53.76% in 
M3. This is because the density of rubber and fibers is 
low associated to other ingredients of the concrete mix. 
The other reason justifying this result is that porosity and 
air spaces increased due to improper compaction, which 
created difficulties due to increased rubber and fiber 
content which also has adverse impact on CS of matrix 
(Zhang & Aslani, 2021). The researchers reported simi-
lar findings in their study as fiber content is increased 
density decreases along with studies carried out by Bheel 
et al., 2021a; Meddah & Bencheikh, 2009).

3.6 � Field emission scanning electron microscopy (FESEM) 
analysis

The mechanical characteristics of CR concrete were 
improved with addition of PVA fiber in this research 
work. To get a deeper understanding of this enhance-
ment procedure, rubberized concrete specimens with 
different concentrations of PVA fiber, especially 1%, 
1.5%, and 2%, were selected for microscopic charac-
teristic investigation. Figure  10 presents the results of 
the FESEM evaluation for specific samples of CR con-
crete that were reinforced with different amounts of 
polyvinyl alcohol (PVA) fiber. Figure 10a illustrates the 
quantity of pores in the control specimens. Researchers 
have recently identified a lot of micropores through-
out the concrete mixture, leading to a decrease in its 
load-bearing capability. Figure  10b shows the bridging 
effect of 1% PVA fiber which is covered with C-S–H 
gel which reduced the inter-transitional zone (ITZ) of 
CR-concrete and make the stiff concrete that results 

in enhancing the strength of concrete. In addition, the 
specimens in the CR group had a substantial number 
of openings. As shown in Fig. 10c, 30% of CR involve-
ment resulted in an increase in the number of micro-
scopic fractures inside the concrete which results in 
reducing strength of concrete. Figure  10c shows that 
CR’s hydrophobic properties caused a significant 
decrease in the concrete’s interfacial transition zone 
(ITZ) strength. Previous research (Shao et  al., 2021; 
Zhu et  al., 2019) has shown comparable findings. The 
primary factor contributing to the reduced mechani-
cal strength of CR concrete is its fundamental prin-
ciple.  Figure  10d illustrates the addition of 10% CR to 
concrete reinforced with 1.5% PVA fiber. This shows 
the crack bridging effect of the fiber, which reduces 
micropores and makes the concrete hard, resulting in 
the development of mechanical strength. Moreover, 
Fig. 10e illustrates the addition of 10% CR to concrete, 
blended with 2% PVA fiber. This blend demonstrates 
the clumping effect of the fiber, which increases the 
size of the pores and increases the water absorption 
of the concrete. This results in a reduced connection 
between the cement mortar and other ingredients of 
the CR concrete, thereby reducing its strength. Besides, 
Fig.  10f shows the higher content of CR included in 
concrete reinforced with 2% of PVA fiber. A higher CR 
may negatively impact it. The adverse effects of rubber 
particles on PVA fiber-blended concrete are caused by 
the hydrophobic properties of CR, which result in the 
development of regional areas with a reduced water–
cement ratio. This reduces the connection between 

Fig. 9  Dry density of concrete
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Fig. 10  Microstructural analysis of CR concrete for a M0 (control sample), b M1 (10% of CR, 1% PVA fiber), c M11 (30% of CR, 1% PVA fiber), d M2 
(10% of CR, 1.5% PVA fiber), e M12 (10% of CR, 2% PVA fiber), and f M3 (30% of CR, 2% PVA fiber)
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cement clinker and the solution responsible for pore 
formation, consequently decreasing the hydration 
process.

4 � Sustainability assessment
4.1 � Embodied carbon (EC)
This research conducted a sustainability evaluation for 13 
various combinations to calculate the EC of rubberized 
concrete supplemented with different volumes of PVA 
fiber. The EC readings for all components of CR con-
crete were derived from previous studies, as presented 
in Table  4. Nevertheless, the amount of carbon diox-
ide (CO2) emitted for any possible combination of rub-
berized concrete may be calculated using Eq. 1. In Eq. 1 
(Bheel et al., 2021b), the signs CO2e, i, and Wi denote the 

overall EC and the weight per unit volume (i.e., kg/m3) 
for each combination. In addition, the abbreviation CO2i 
represents the EC of CR concrete elements, as shown in 
Table 4.

Figure 11 displays the outcomes of the CO2 emissions 
produced from all combinations of rubberized concrete. 
All CR concrete combinations demonstrated greater 
CO2 releases as compared to CM. Figure  11 illustrates 
the calculation of the EC of the CR combination at vari-
ous levels of PVA fiber concentration. Figure  11 reveals 
that the PC has the highest carbon emissions, followed 
by PVA fiber, CA, CR, sand, and an SP. Nevertheless, 
the PVA fiber content plays an important role in the CR 
concrete, as seen in Fig.  11. Consequently, the addition 
of PVA fiber in the CR concrete leads to a boost in its 
EC. In addition, the substitution of a portion of the sand 
with CR also leads to an increase in the carbon dioxide 
greenhouse emissions of CR concrete. The main reason 
for this is the greater carbon dioxide releases of CR in 
comparison to sand, as seen in Table 4. In the case of CR, 
the CO2 emissions arise from the fuel consumption asso-
ciated with the grinding and reduction of discarded tires 
into smaller fragments, along with the transportation 
of these components. Nevertheless, CR does not gener-
ate any carbon dioxide emissions since it is derived only 

(1)CO2e =

n
∑

i=1

(Wi × CO2i)

Table 4  Embodied carbon of CR concrete blended with PVA 
fiber

Components Embodied carbon 
(kgCO2/kg)

References

PC 0.912 Zhu et al., 2022

Sand 0.0139 Turner & Collins, 2013

CR 0.06 Magnusson & Mácsik, 2017

PVA 3.60 Huang et al., 2013

CA 0.0408 Turner & Collins, 2013

Water 0 Yang et al., 2013

SP (HRWR) 1.48 Huang et al., 2013
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from waste tires. The predicted EC values for concrete 
added with 10%, 20%, and 30% CR are 656.45 kgCO2/m3, 
658.11  kgCO2/m3, and 659.78  kg CO2/m3, correspond-
ingly, when 2% of PVA fiber is used. The combined uti-
lization of PVA fiber and CR in concrete has been seen 
to result in a higher emission of EC in rubberized con-
crete. Bheel et al., (2023b) found that including PVA fiber 
in composites leads to an increase in EC. Adamu et  al., 
(2018) stated that the utilization of sand replaced with 
CR increases in concrete that results in improving the 
EC.

4.2 � Eco‑strength efficiency (ESE)
In order to enhance understanding, Eq.  2 can be used 
to compute a measurement of eco-strength efficiency 
(Bheel et al., 2021b):

The ESE of rubberized concrete is calculated via 
Eq.  2 at different concentrations of PVA fiber, as 
shown in Fig.  12. The ESE values for concrete rein-
forced with 10%, 20%, and 30% CR were determined to 
be 0.082  MPa/kgCO2/m3, 0.074  MPa/kgCO2/m3, and 
0.065  MPa/kgCO2/m3, correspondingly, when 1% PVA 
fiber was added to rubberized concrete after 28 days. It 
has been shown that the ESE of CR concrete improves 
when the volume percentage of PVA fiber in the con-
crete decreases. The decrease in ESE may be attributed 

(2)Eco− strength efficiency =
Average 28− day compressive strength of concrete

Total embodied carbon of concrete
.

to the increase in PVA content, which leads to a rise in 
the presence of free gaps and porosity in concrete. Con-
sequently, this drop in ESE is seen in rubberized con-
crete. The reason for this is that rubberized concrete 
has superior CS and the smallest amount of carbon 
while including 1% PVA fiber in the concrete com-
pared to other mixtures. Bheel et al., (2023b) reported 
that the utilization of PVA fiber rises in composites 
that results in reducing the ESE. Furthermore, it can 
observe an overall reduction in ESE of concrete when 
the consumption of CR increases in concrete. This 
reduction can be due to the smooth surface texture 
of CR (Dong et  al., 2013; Gupta et  al., 2014; Meyyap-
pan et al., 2023; Mohammed & Adamu, 2018) observed 
reduction in CS owing to rise in CR as more voids are 
produced by the addition of CR that results in reducing 

the ESE of concrete.

5 � Optimization and modeling by response surface 
methodology (RSM)

5.1 � ANOVA
The experimental data are used to develop and vali-
date empirical response prediction approaches. Equa-
tions (3) and (4) for linear and quadratic relationships, 
correspondingly, illustrate how the input factors 
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interact and affect the desired response, which can be 
used to determine the form of the model:

Equations  5–9 display the developed models. The 
quadratic approaches were observed to be more appro-
priate for the CS, TS, FS, WA, and DD of CR concrete, 
and the selection was made depending on the SMSS, 
prioritizing extra terms that are deemed important and 
ensuring that the model remains unaliased.  Moreover, 
the input variables’ minimum, mean, and maximum val-
ues are characterized by the codes − 1, 0 and + 1, respec-
tively, in the models’ depiction of the factors (Bheel et al., 
2023c, 2023d, 2023e, 2023f):

where B is the PVA fiber and A is the CR addition 
through sand replacement. ANOVA was conducted on 
the models, utilizing a 95 percent confidence interval. 
Consequently, terms and models having a probability of 
less than five percent were deemed significant. Table  5 
presents a summary of the ANOVA result. Because each 
of the developed models has a possibility value smaller 
than 0.005, they are all considered significant (Abdulkadir 
et  al., 2024a, 2024b; Bheel & Mohammed, 2024; Udeze 
et al., 2024). As indicated in Table 5, the prototype terms 
are categorized as important or not important founded 

(3)y = β0 + β1x2 + β2x2 + βnxn + ǫ

(4)

y = β0 +

k
∑

i=1

βixi +

k
∑

i=1

βiix
2
i +

k
∑

j=2

j=1
∑

i=1

βijxixj + ǫ.

(5)
CS =+ 44.57− 4.75× A− 2.05

× B− 0.13× AB− 0.23

× A
2
− 3.63× B

2
,

(6)
TS =+ 3.93− 0.42× A− 0.18

× B− 0.011× AB− 0.020

× A
2
− 0.32× B

2
,

(7)
FS =+ 5.35− 0.57× A− 0.25

× B− 0.015× AB− 0.028

× A
2
− 0.44 × B

2
,

(8)
DD =+ 1786.10− 255.83× A− 96.50

× B+ 7.75× AB+ 33.64

× A
2
+ 1.64 × B

2
,

(9)
WA =+ 3.45+ 0.37× A+ 0.28

× B+ 0.058× AB+ 0.099

× A
2
− 0.036× B

2
,

on whether the term’s p-value greater than F value is, in 
that case, smaller or greater than 5 percent. On the other 
hand, the significance threshold for lack of fit must be 
less than 5% for the model to fit adequately. As a result, 
the only two approaches with a notable lack of fit among 
all those created are the DD and WA models. But when 
we look at other diagnostic tool models, even the WA 
and DD models prove to be effective enough for the 
intended use.

Table 6 also contains a list of additional model valida-
tion parameters that were taken into account during the 
analysis. As can be seen, the developed model’s fit to the 
empirical data is gauged by its coefficient of determina-
tion (R2), which is comparatively high for all models. A 
value of 1 or very near to 1 is the most desirable for R2, 
which has a range of 0 to 1 (or 0 to 100 percent). All of 
the models had R2 values between 98 and 99 percent, 
which suggests that the models that were chosen fit the 
data quite well. Furthermore, in order for the model to 
accurately predict the response, there should be no dif-
ference between the adjusted R2 and the predicted R2 
greater than 0 points. Observing the Adj. values. Pred 
and R2. Every model’s R2 indicates that this requirement 
is satisfied. Furthermore, a developed model needs to 
have a respectable level of precision (Adeq. Precision) of 
greater than four, and in this instance, an Adeq is present 
in every developed model. A model’s strength and ability 
to predict responses accurately are demonstrated by an 
accuracy greater than 10.

5.2 � Model diagnostics and response surface plots
In response surface methodology, one of the diagnostic 
apparatuses intended to measure the level of accuracy 
of a produced framework is the actual vs. projected dia-
gram, which compares the model’s efficacy with the null 
model. For a good fit, the data points should align with 
the 45-degree fit line with narrow confidence bands. On 
the other hand, a 2D chart or a 3D diagram can be used 
to more clearly visualize the outcome of the variables’ 
interaction on the response. The identical data in 2D 
charts are expressed in a 3D manner by the 3D response 
surface plot. In this investigation, the real vs. Figures 13, 
14, 15, 16 and 17 display the 3D response surface plots 
and the predicted diagnostic plot for each developed 
response prediction model. The predicted against actual 
charts demonstrate a strong relationship between the 
investigational information and the predicted outcome 
information from models, as can be seen by the fact 
that all of the developed models’ data points are exactly 
aligned with the fitted line.

Color coding is used to identify areas on the 3D 
response surface plots that correspond to various 
response intensities that can be achieved by interacting 
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Table 5  The outcome of the ANOVA

Response Source Sum of squares Df Mean square F-value p-value > F Significance

CS Model 204.44 5 41.08 118.31  < 0.0002 Important

A-CR 133.39 1 135.39 394.12  < 0.0002 Important

B-PVA 26.21 1 25.21 71.23  < 0.0002 Important

AB 0.064 1 0.064 0.19 0.6828 Not important

A2 0.14 1 0.16 0.41 0.5367 Not important

B2 36.39 1 36.39 105.65  < 0.0001 Important

Residual 2.42 7 0.35

Lack of fit 0.40 3 0.13 0.26 0.8421 Not important

Pure error 2.01 4 0.51

Cor total 207.85 12

FS Model 2.97 5 0.58 118.31  < 0.0002 Important

A-CR 1.96 1 1.94 394.12  < 0.0002 Important

B-PVA 0.37 1 0.37 71.25  < 0.0002 Important

AB 9.001E-004 1 9.001E-004 0.19 0.6828 Not important

A2 2.092E-003 1 2.092E-003 0.43 0.5367 Not important

B2 0.51 1 0.53 105.64  < 0.0002 Important

Residual 0.034 7 4.958E-004

Lack of fit 5.912E-003 3 1.972E-004 0.28 0.8421 Not important

Pure error 0.028 4 7.201E-004

Cor total 2.98 12

TS Model 1.60 5 0.31 118.31  < 0.0002 Important

A-CR 1.10 1 1.07 394.12  < 0.0002 Important

B-PVA 0.25 1 0.19 71.25  < 0.0002 Important

AB 4.841E-004 1 4.841E-004 0.19 0.6828 Not important

A2 1.126E-003 1 1.126E-003 0.43 0.5367 Not important

B2 0.29 1 0.27 105.65  < 0.0002 Important

Residual 0.018 7 2.666E-003

Lack of fit 3.181E-003 3 1.061E-003 0.28 0.8421 Not important

Pure error 0.016 4 3.871E-003

Cor total 1.62 12

DD Model 4.527E + 005 5 90,524.57 472.48  < 0.0001 Important

A-CR 3.928E + 005 1 3.928E + 005 2049.5  < 0.0001 Important

B-PVA 55,874.50 1 55,874.50 290.61  < 0.0001 Important

AB 241.25 1 241.25 1.26 0.2997 Important

A2 3124.12 1 3125.11 16.32 0.0048 Important

B2 7.42 1 7.42 0.038 0.8498 Not important

Residual 1342.22 7 191.61

Lack of fit 1335.42 3 445.47 370.23  < 0.0001 Important

Pure error 4.81 4 1.23

Cor total 4.541E + 005 12
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with the input variables. The blue zones show the low-
est response intensities, and the red regions indicate the 
areas with the most intense responses level. As demon-
strated by the graphs, the interactions between the input 
factors and how they affect the responses are entirely reli-
able with the prior discussions on how the variables affect 
the mechanical properties of the rubberized concrete.

5.3 � Multiple objective optimization
The goal of optimization is to generate the intended 
result at the best possible variable counts. Goals with 
varying conditions and significance levels are estab-
lished for parameters (input and output factors) in order 
to achieve the intended purpose. The optimization is 
assessed using the desirability value, which ranges from 
0 to 1. The value is closer to one the better the outcome. 
In this instance, Table 7 displays the results as well as the 
objective functions of the optimization. The outcome 

demonstrates that an ideal CS, TS, FS, DD, and WA of 
44.30 MPa, 3.898 MPa, 5.316 percent, and 1774.87 kg/m3 
could be produced with optimal input factors of 20.099 
percent CR and 1.545 percent PVA fiber additions, and 
with a high desirability value of 60.80 percent, 3.479 per-
cent. The desirability results are displayed in Figs. 18.

5.4 � Experimental validation
The last stage of the RSM analysis entails generating 
samples with the suggested optimized input variables in 
order to validate the developed approaches experimen-
tally and the optimization outcomes. The samples were 
tested experimentally and optimization predictions were 
compared after 28  days of curing. Equation  10 (Bheel 
et  al., 2024) was applied to calculate the experimental 
error, and Table 8 displays the results. It is evident that, 
for every response, there was less than a 10% percent-
age error between the investigational outcomes and pre-
dicted outcomes. Consequently, it is possible to predict 
the answers with a high degree of accuracy using the 
developed Eqs. (5–9):

6 � Conclusions
This study included testing CR concrete with different 
volumes of PVA fiber to examine its mechanical and 
physical qualities. According to the scientific findings and 
findings gathered, the following assumptions might be 
determined:

• When compared to the standard mix, the M2 mix
containing 10% rubber crumbs and 1% PVA fib-
ers had the highest CS; however, after 7, 14, and

(10)δ =

∣

∣

∣

∣

ϑE − ϑP

ϑP

∣

∣

∣

∣

× 100%.

Table 5  (continued)

Response Source Sum of squares Df Mean square F-value p-value > F Significance

WA Model 1.31 5 0.25 98.23  < 0.0001 Important

A-CR 0.82 1 0.83 304.92  < 0.0001 Important

B-PVA 0.48 1 0.48 177.20  < 0.0001 Important

AB 0.014 1 0.014 4.96 0.0613 Not important

A2 0.028 1 0.028 10.11 0.0154 Not important

B2 3.623E-003 1 3.623E-004 1.37 0.2824 Important

Residual 0.018 7 2.660E-004

Lack of fit 0.019 3 5.924E-004 25.74 0.0046 Important

Pure error 9.201E-004 4 2.301E-005

Cor total 1.35 12

Table 6  Validation parameters

Model 
validation 
constraints

CS TS FS DD PR

Std. Dev 0.59 0.052 0.070 13.84 0.052

Mean 42.78 3.77 5.13 1802.38 3.48

C.V. % 1.37 1.37 1.37 0.77 1.49

PRESS 6.58 0.051 0.095 12,726.70 0.18

-2 log likelihood 14.99 − 48.20 − 40.14 97.17 − 48.19

R-squared 0.9884 0.9884 0.9884 0.9970 0.9861

Adj R-squared 0.9801 0.9801 0.9801 0.9949 0.9762

Pred R-squared 0.9684 0.9684 0.9684 0.9720 0.8655

Adeq precision 38.388 38.388 38.388 74.934 36.940

BIC 30.38 − 32.81 − 24.75 112.56 − 32.80

AICc 40.99 − 22.20 − 14.14 123.17 − 22.19
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Fig. 13  a Predicted against actual plots, b 3D figure for CS of rubberized concrete

(a) (b)
Fig. 14  a Predicted against actual plots, b 3D figure for TS of rubberized concrete
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Fig. 15  a Predicted against actual plots, b 3D figure for FS of rubberized concrete

(a) (b)
Fig. 16  a Predicted against actual plots, b 3D figure for DD of rubberized concrete
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28 days of curing, the CS of the other mix combina-
tions decreased.

• Optimum tensile strength is observed in a concrete
mix containing 10% rubber crumbs and 1.5% PVA
fibers, with the increase in rubber and fibers it was
seen in the reduction in TS.

• Flexural strength is maximum in a concrete mix
having 10% rubber crumbs and 1.5% PVA fibers
followed by 10% rubber crumbs and 1% PVA fibers
and thereby reduction in the flexural strength for
other combinations due to improper bond between
rubber and mortar for increased rubber content.

• Concrete with 30% rubber crumbs and 2% PVA
fibers has maximum water absorption and water
absorption decreases as the percentage of rubber
and fibers is decreased, hence voids and airspaces
are avoided due to proper compaction.

• As rubber and fiber content rises, the mix with 30%
rubber crumb and 2% PVA fiber has the lowest DD
and the mix with the highest DD is the normal mix.
Rubber and fiber densities are the lowest in relation
to the other constituents in mixture, the DD of the
CR concrete decreases.

(a) (b)
Fig. 17  a Predicted against actual plots, b 3D figure for WA of rubberized concrete

Table 7  Criteria and solutions for multi-objective optimization

Factors Input factors (%) Responses (output factors)

CR (%) PVA (%) CS (MPa) TS (MPa) FS (MPa) DD (kg/m3) WA (%)

Value Minimum 10 1 33.50 2.948 4.02 1475 2.95

Maximum 20 2 49 4.312 5.88 2190 4.20

Goal In range In range Maximum Maximum Maximum Minimum Maximum

Result 20.099 1.545 44.30 3.898 5.316 1774.87 3.479

Desirability 0.608 (60.80%)
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• The increase in the quantity of PVA fiber and CR
in concrete leads to an augmentation in the EC.
The combined application of PVA fiber and CR has
been noted to enhance the rubberized concrete,
leading to a drop in ESC.

• The microstructural characteristics of CR concrete
combined with numerous contents of PVA fiber
were analyzed. The integration of CR in concrete
that results in enhancing the micro-pores which
reduces the strength of concrete while the PVA
fiber reduces the micro-pores and increases the
mechanical characteristics up to certain level.

• It has been spotted that the utilization of 1% PVA
fiber offers highest findings of concrete blended

with 10% of CR as substitution for sand, therefore it 
is suggested for construction purpose.
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Fig. 18  3D plot of desirability factor of the study

Table 8  Validation with experimentation

Response Investigational 
outcome

Predicted outcome Error (%)

CS (MPa) 45.20 44.308 2.01

TS (MPa) 3.97 3.899 1.82

FS (MPa) 5.50 5.317 3.44

DD (kg/m3) 1752 1775.14 1.30

WA (%) 3.53 3.478 1.50
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