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Abstract
Abandoning shredded waste tyre rubber (WTR) in cement-based mixes facilitates safe waste tyre disposal and conserves 
the natural resources used in construction materials. The engineering properties of such environment-friendly materials 
needed to be evaluated for field applications. This study examined integrating WTR fibre on microstructural, static load, 
and ductility properties of self-compacting concrete (SCC). The WTR fibre of 0.60–1.18-, 1.18–2.36-, and 2.36–4.75-mm 
sizes was used as fine aggregate at 10%, 20%, and 30% replacement levels. Microstructural characterisation of hardened 
concrete specimens was done by scanning electron microscopy. The compressive strength and static modulus of elastic-
ity tests were used to examine static load resistance, while drop weight and rebound impact tests were used to investigate 
impact load resistance. The water permeability test was performed as a measure of the durability of SCC with WTR fibre. 
Relationships have been studied between dynamic MOE and impact tests and rebound and drop weight impact testing. The 
Weibull two-parameter distribution was used to analyse the drop weight test statically. The results show that WTR fibre size 
variations efficiently lowered the concrete stiffness reducing the brittleness. Furthermore, incorporating WTR fibre improved 
the impact resistance of SCC.

Keywords  Waste tyre rubber · Self-compacting concrete · Water permeability · Rebound impact · Drop weight impact · 
Weibull distribution

Introduction

Along with the rapid infrastructural growth worldwide, the 
demand for the constituents of cementitious mixes is also 
increasing enormously. Fulfilling the demand for the con-
stituents of cementitious mixes requires the extraction of 
natural resources such as mining river beds for sand, exca-
vating mountain beds for acquiring rocks/boulders/coarse 
aggregates, and consuming limestones for cement manu-
facturing. The concrete mixes comprise nearly 60–80% of 
fine and coarse aggregates, which demands a high amount 
of natural fine/coarse aggregate (Yaragal et al. 2019). The 
natural river sand/crushed stones are conventionally used 
as fine aggregate for cementitious mixes. However, pro-
ducing natural fine aggregates (NFA) leads to ecological 
threats due to the massive excavation of earth’s surfaces, 
pollution during transportation and machine operations, and 
energy consumption (Gupta et al. 2016). Moreover, natural 
resources are limited and will be destroyed in the near future 
if not preserved carefully. Therefore, researchers explored 
viable alternate materials such as waste tyre rubber (WTR), 
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kaolin tailings, offshore sand, sillimanite sand, processed 
lateritic sand, fine bone China ceramic, and waste granite to 
replace NFA fully/partially in cementitious mixes (Arulmoly 
et al. 2021, H. Gupta et al. 2021a, b, Jain et al. 2020, 2021, 
Siddique et al. 2019, Thakare et al. 2022a, Xu et al. 2018, 
Yaragal et al. 2019). Among the various alternate materials, 
researchers recognise WTR as fine aggregates for improving 
concrete’s resilience and life-span (Li et al. 2004b).

Rubber wastes are one of the significant contributors to 
global solid waste. Worldwide, around 30 million tons of 
rubber tyres are disposed of every year due to the end-of-
their life span (Recycling magazine 2020). The waste tyres 
are classified as non-biodegradable, and their disposal is 
an environmental concern (Girskas and Nagrockienė 2017; 
Rahat Dahmardeh et al. 2019; Thakare et al. 2020b). Con-
ventional tyre disposal methods, such as dumping into open 
landfills/stockpiling in graveyards, and burning for fuel con-
version, damage the natural ecosystem (Ghasemzadeh et al. 
2021; Shen et al. 2013; Shu and Huang 2014; Sibeko et al. 
2020). As a waste management technique, waste tyres are 
recycled to manufacture everyday products such as straps, 
footgear, and flooring pads, as well as industrial products 
such as cushioning sheets, mats, and new rubber tyres, all 
of which contribute to the recycling of 40% of waste tyres 
(Ba Thai et al. 2019). Even though waste tyres are recycled 
in industry and household products, significant numbers of 
waste tyres are left unattended for appropriate disposal.

For large-scale recycling, researchers have explored waste 
tyre applications in the construction industry as embank-
ment backfilling material (Mohajerani et al. 2020), shock/
impact-absorbing (the crash barrier), and water/soil retain-
ing structures (Callinan and Cashman 2005; Mistry et al. 
2021), seismic isolation systems (Tsang et al. 2007), and 
artificial reef construction (Chapman and Clynick 2006). 
Additionally, waste tyres are shredded into various sizes 
and shapes for usage as a constituent in cementitious mixes 
(Al-Mutairi et al. 2010; Da Silva et al. 2015; Fernández-Ruiz 
et al. 2018; Long et al. 2014; Reda Taha et al. 2008). The 
mechanical, pyrolysis or cryogenic processing of the waste 
tyres are needed for implementing WTR in cementitious 
mixes, which produce chipped, crumb, and powder form 
of WTR (Najim and Hall 2010; Pacheco-Torgal et al. 2012; 
Zamanzadeh et al. 2015).

Various researchers (Karimi et al. 2020; Nematzadeh 
et al. 2021; Nematzadeh and Mousavi 2021; Sabetifar et al. 
2022) have explored the applications of crumbs of WTR as a 
replacement for NFA in cementitious mixes. In an analytical 
study, Karimi et al. (2020) found the effect of the volume 
ratio of steel fibre, tyre rubber content, diameter-to-thickness 
(D/t) ratio of the steel tube, and exposure temperature, on the 
post-heating behaviour of concrete-filled steel tubular col-
umns containing tyre rubber using finite element modelling 
in ABAQUS software. In a study, Nematzadeh et al. (2021) 

used crumbs of WTR as NFA up to 10% replacement lev-
els in glass fibre-reinforced polymer (GFRP) bar-reinforced 
high-strength concrete beams containing steel fibre to study 
the shear behaviour. They found the incorporation of crumbs 
of WTR decreased the shear capacity of the beam, while 
at the higher steel fibre content, the failure mode changed 
from shear to flexure. In another study, Nematzadeh and 
Mousavi (2021) investigated the post-fire flexural proper-
ties, i.e., flexure, stiffness, fracture energy, and toughness 
of one-layered, two-layered and three-layered functionally 
graded steel fibre-reinforced concrete at 23℃, 300℃, and 
600℃ temperatures. They studied the pre-heating and post-
heating properties of functionally graded concrete with the 
replacement of NFA by crumbs of WTR up to 10%. The 
test results indicated that the three-layer concrete at equal 
steel fibre content possesses higher flexural properties fol-
lowed by one- and two-layered concrete beams. Moreover, 
flexural properties increase for post-heating conditions at 
300℃. While incorporating crumbs of WTR as fine aggre-
gate decreases flexural properties by around 10% at 10% 
replacement. The performance of concrete worsens at the 
combination of 10% NFA replacement with the post-heating 
condition at 600℃. Based on flow rule and analytical analy-
sis, Sabetifar et al. (2022) developed a model for studying 
concrete-filled steel tubes (CFST) containing steel fibre rein-
forcement up to 1.5% volume fraction and crumbs of WTR 
replacing NFA up to 10% levels under axial compressive 
load condition. They focused on estimating the load-bearing 
capacity of steel tubes, and hoop strain-axial strain relation-
ship, and the axial stress-volumetric strain relationship of 
CFST for post-heating effects at 20℃, 250℃, 500℃, and 
750℃ temperature conditions.

It is observed that the processing of waste tyres in 
chipped and crumb form can produce granular and fibre-
shaped rubber particles. Compared to granular shape, fibre-
shape WTR has been employed as additives similar to virgin 
fibres (As’ad et al. 2011; Hernández-Olivares et al. 2007; 
Hernández-Olivares and Barluenga 2004) and as aggregates 
in place of natural aggregates (Da Silva et al. 2015; Li et al. 
2004a). Various research studies are available comparing 
the effectiveness of WTR’s particle shape between granular 
and fibre for use as fine aggregates (Angelin et al. 2019; 
Li et al. 2004a, 2004b; Yilmaz and Degirmenci 2009). In 
the experimental investigations, Li et al. (2004a, 2004b) 
found that fibre-shaped WTR decreases workability com-
pared to rubber chips. However, due to its effective load 
transfer mechanism, fibre-shaped WTR resulted in higher 
compressive strength and split tensile strength than rubber 
chips (Li et al. 2004a, 2004b). In another study, Yilmaz and 
Degirmenci (2009) reported better compressive strength and 
flexural strength of fibre-shaped WTR than granular-shaped 
WTR in the cementitious composite. In a study, Angelin 
et al. (2019) investigated the compressive strength, flexural 
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strength, and sound attenuation properties of rubberised 
mortar. They separately used granular and fibre-shaped 
WTR as fine aggregates up to 30% replacement levels. The 
study revealed that fibre-shaped WTR improves the com-
pressive strength, flexural strength, and sound attenuation 
properties of rubberised mortar as compared to granular-
shaped WTR (Angelin et al. 2019). The incorporation of 
fibre-shaped WTR provides a better load transfer mechanism 
due to particle elongation over granular-shaped WTR (Ange-
lin et al. 2019; Li et al. 2004b). The post-failure interaction 
between rubber and surrounding cementitious paste remains 
higher due to the fibre shape of WTR, which is not possible 
in granular-shaped WTR (Li et al. 2004b). Therefore, the 
efficacy of rubberised cementitious mixes can be improved 
by fibre-shaped WTR’s effective load transfer capacity and 
post-failure residual strength. Based on observed literature, 
the current study focuses on using fibre-shaped WTR as fine 
aggregates in cementitious mixes.

Furthermore, literature has been studied to understand the 
effect of WTR fibre on various properties of cementitious 
mixes. It is observed in the normally compacted concrete 
(NCC) that the WTR fibre improves the flexural strength 
(Gupta et al. 2014), fracture toughness (Hernández-Oli-
vares et al. 2007), impact resistance (Gupta et al. 2015a, 
2017b), and the tensile strength (Luhar et al. 2019) of con-
crete. Additionally, WTR fibre enhances the endurance and 
utility of concrete by increasing its resistance to abrasion 
(Gupta et al. 2015b), corrosion (Gupta et al. 2016), acid 
attack (Gupta et al. 2019), heat insulation (Aliabdo et al. 
2015), and sound attenuation (Angelin et al. 2019). Despite 
improvements in the properties as mentioned above, WTR 
fibre reduces workability (Da Silva et al. 2015), compres-
sive strength (Angelin et al. 2019; Bandarage and Sadeghian 
2020; Bideci et al. 2017; Da Silva et al. 2015; Gupta et al. 
2015b; Topçu and Demir 2007), static and dynamic modulus 
of elasticity (Bandarage and Sadeghian 2020; Gupta et al. 
2014; Kaewunruen et al. 2017; Topçu and Demir 2007), 
fire resistance (Gupta et al. 2017a), and water permeability 
(Gupta et al. 2016) of cement-based mixes.

Researchers in the past (Aslani and Gedeon 2019; Turat-
sinze and Garros 2008) found that incorporating lightweight 
rubber particles in self-compacting concrete (SCC) can 
prevent compaction issues due to high flowing ability and 
compaction under the self-weight of SCC. However, limited 
research studies (Angelin et al. 2015, 2017a, 2017b, 2020; 
As’ad et al. 2011; Bideci et al. 2017; Güneyisi et al. 2016; 
Hilal 2017; Thakare et al. 2020a) are observed on SCC with 
WTR fibre. As’ad et al. (2011) reported that WTR fibre, 
used as an additive in SCC, provides better fresh proper-
ties such as flowing ability, filling ability, and passing abil-
ity. They reported the efficacy of fresh properties of SCC is 
improved for fine (diameter < 0.2 mm and length < 30 mm) 
WTR fibre size compared to coarse (diameter 2 mm and 

length 20 mm) WTR fibre size. Güneyisi et al. (2016) stud-
ied the rheological performance of SCC with WTR fibre 
when used as fine and coarse aggregates separately. The 
replacement of granular fine and coarse aggregates individu-
ally by elongated rubber particles increased the torque of the 
mix at the low shear rate (Güneyisi et al. 2016). They also 
reported that fine aggregate replacement resulted in a lower 
loss in rheological properties such as yield stress and plastic 
viscosity compared to coarse aggregate replacement. In a 
study, Thakare et al. (2020a) found the improved rheologi-
cal properties of self-compacting mortar (SCM) with WTR 
fibre up to 15% replacement of fine aggregate due to fibre 
flexibility.

In the experimental investigation, Angelin et al. (2015, 
2017a, 2017b) demonstrated the effect of substituting fine 
aggregate with crumb rubber composed of 28% fibre and 
72% granular particles, which restricted the understanding 
of the effect of rubber fibre on SCM characteristics. Bideci 
et al. (2017) reported concrete with WTR fibre as coarse 
aggregate with up to 15% replacement levels complied with 
the criteria for SCC as per EFNARC (2005) and improved 
the segregation resistance. They found increased fracture 
toughness with the decreased compressive strength of SCC 
with WTR fibre. In another study, Hilal (2017) reported that 
increasing WTR fibre content reduced the mechanical per-
formance, such as compressive strength, flexural strength, 
indirect tensile strength, elastic modulus, and bond strength 
of SCC. The low stiffness of WTR fibre, the poor bond 
between fibre and cement paste, and the difference between 
the hardness of the original and replacing material, such 
reasons were reported for the decreased mechanical perfor-
mance of SCC with WTR fibre (Hilal 2017). Angelin et al. 
(2020) reported a similar trend of decreased compressive 
strength and indirect tensile strength in self-compacting 
lightweight concrete. Among the existing literature, very few 
(As’ad et al. 2011; Bideci et al. 2017; Güneyisi et al. 2016; 
Thakare et al. 2020a) focused their research on investigating 
fresh properties, while limited studies (Angelin et al. 2015, 
2017a, 2017b, 2020; Bideci et al. 2017; Güneyisi et al. 2016; 
Hilal 2017) have explored the hardened properties of SCC 
with WTR fibre.

It was observed in the literature that the incorporation 
of granular-shaped WTR in SCC improved the resistance 
against impact loading (AbdelAleem et al. 2018; Khalil 
et al. 2015; Li et al. 2019). Khalil et al. (2015) reported 
that using granular-shaped rubber particles as fine aggre-
gate up to 40% replacement levels improved the impact 
resistance of SCC. They observed the highest impact 
strength of SCC with WTR at 30% replacement due to 
rubber’s higher energy absorption capacity. In a study, 
AbdelAleem et al. (2018) reported that granular rubber 
particles increased the impact resistance of SCC by 91% 
for 30% replacement and 2.25 times for 25% replacement 
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under drop weight impact and f lexural impact tests, 
respectively. They found that the rubber absorbed higher 
impact energy due to low stiffness, resulting in more 
impact blows required for failure. Moreover, the com-
bined use of synthetic fibre-reinforcement along with 
rubber particles further enhanced the impact strength of 
SCC due to the bridging action of fibre (AbdelAleem 
et al. 2018). In another study, Li et al. (2019) observed 
the increase in size and content of granular-shaped rub-
ber particles increased deformation capacity indicating 
higher ductility of SCC when examined under the split 
Hopkinson pressure bar impact test.

Similarly, the potential utilisation of fibre-shaped 
WTR particles to enhance the impact resistance of nor-
mally compacted concrete (NCC) has been explored in 
the past (Ataei 2016; Maho et  al. 2019; Mhaya et  al. 
2021; Pham et al. 2018; Youssf et al. 2017). While in 
experimental investigations, Gupta et al. (2015a, 2017b) 
focused on evaluating the influence of variation in the 
WTR fibre content (0–25% replacements) on the impact 
and fatigue response of NCC. They reported the increased 
dynamic performance (impact and fatigue resistance) of 
NCC with WTR fibre at increasing replacement ratios 
(up to 25%) due to low stiffness and cracks encounter-
ing the fibre action of rubber particles. In another study, 
Gupta et  al. (2021a, b) reported superior static and 
impact resistance properties of NCC with WTR fibre 
compared to NCC with rubber ash. They found that vari-
ation in size, shape, and content of rubber particles sig-
nificantly altered the energy absorption of NCC.

Based on the literature review, it was found that the 
impact resistance of SCC using WTR fibre as a partial 
replacement of fine aggregate has not been explored. 
The influence of different sizes of WTR fibre on the 
static and impact resistance of cement-based mixes is 
also missing in the literature. Motivated by this, the 
current study was focused on investigating the static 
and impact load response of SCC containing different 
sizes of WTR fibre. Natural fine aggregate (NFA) was 
replaced by WTR fibre of three different sizes individu-
ally (0.60–1.18 mm, 1.18–2.36 mm, and 2.36–4.75 mm) 
at 10%, 20%, and 30% replacement levels. The influence 
of incorporating WTR fibre on the fresh properties of 
SCC was examined by the slump flow and sieve segre-
gation tests. The scanning electron microscope (SEM) 
analysis has been executed on hardened samples of SCC 
with WTR fibre to understand their microstructural 
characteristics. For SCC with WTR fibre, the static load 
response was evaluated by the compressive strength and 
static modulus of elasticity (MOE) tests. The ductility of 
SCC with WTR fibre has been studied by the impact load 
resistance tests, i.e., rebound impact and drop weight 
impact. Other important properties such as density, water 

permeability, and dynamic MOE tests have been per-
formed on SCC with different sizes of WTR fibre. Rela-
tionships between dynamic MOE and impact tests (drop-
weight impact and rebound impact test, separately) and 
the relationship between drop weight and rebound impact 
tests have been examined too. Moreover, the Weibull 
two-parameter distribution analysis has been used for 
statistical analysis of the drop weight impact test.

Research significance

For environment-friendly construction practices, the distur-
bance to the natural resources must be prevented, or their 
utilisation must be lowered while developing the construc-
tion products. The production of natural fine aggregates, 
i.e., river sand and crushed stones, deteriorates the natural 
resources and pollutes the environment. In the context of 
reducing the use of NFA in cementitious mixes, it is impera-
tive using alternate materials.

The automobile industry is creating an environmen-
tal concern by scraping a large number of waste rubber 
tyres around the globe. Over a year, China produces 14.5 
million tons, the USA produces 3.7 million tons, Europe 
produces 3.4 million tons, and India produces 2.7 million 
tons of waste tyres (Recycling magazine 2020, WBCSD 
& The Tire Industry Project 2019). The massive amount 
of waste tyres create disposal issues due to their non-
biodegradable nature. Conventional disposal methods 
(landfilling, stockpiling, incineration, and converting 
into fuels) and recycling into domestic and industrial 
products are not enough to safely dispose of the con-
siderable quantity of waste tyres (Ba Thai et al. 2019). 
Therefore, the researchers explore the various disposal 
alternatives such as embankment filler, retaining struc-
tures, developing artificial reefs, use in the steelmaking 
process, and use in cementitious mixes (Callinan and 
Cashman 2005, Mohajerani et al. 2020, Raghavan et al. 
1998, Zaharia et al. 2009). Among the various disposal 
alternatives, using WTR in cementitious mixes is one 
of the safe, environment-friendly, and cost-efficient dis-
posal methods (Thomas and Gupta 2016). Moreover, 
practising WTR as an alternate constituent of concrete 
could partially relieve the burden on natural resources 
to produce natural fine aggregate. Thus, dual benefits 
of safe waste disposal and partial relief to the natural 
resources can be availed by using WTR as fine aggregate 
in cementitious mixes.

It has been observed that waste tyres are processed 
by mechanical, pyrolysis, or cryogenic processes for the 
recycling industries (Thomas and Gupta 2016). The pro-
cessing of waste tyres yields various sizes and shapes of 
WTR particles. After visiting the recycling industries, it 
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is noticed that the obtained WTR particles are segregated, 
and particles less than 0.60 mm in size are supplied to the 
recycling industry by the waste tyre processing industry. 
While subsequent industries do not prefer WTR parti-
cles greater than 0.60 mm sizes and thus re-processing 
of coarser WTR particles (> 0.60 mm) is needed. The re-
processing of WTR particles greater than 0.60 mm in size 
is uneconomical and consumes higher energy. Therefore, 
using WTR particles greater than 0.60 mm in cementi-
tious mixes can be promoted for economic and environ-
ment-friendly benefits. In the present research, WTR par-
ticles greater than 0.60 mm size further segregated into 
three different sizes of 0.60–1.18 mm, 1.18–2.36 mm, and 
2.36–4.75 mm to better understand the effect of particle 
size variation of WTR as fine aggregate in self-compact-
ing concrete (SCC).

The processing of waste tyres produces granular and 
fibre-shaped WTR, which can be used as fine aggregate 
in cementitious mixes. Among WTR’s granular and fibre 
shapes, researchers (Angelin et al. 2019; Li et al. 2004a, 
2004b; Yilmaz and Degirmenci 2009) suggest the use 
of fibre-shaped WTR as a fine aggregate over granular-
shaped WTR for improved efficacy of rubberised cemen-
titious mixes. Therefore, this study aimed to investigate 
the effect of varying sizes of fibre-shaped WTR as fine 
aggregate on the properties of SCC.

The use of WTR fibre as fine aggregate has been 
investigated in the past (Al-Hadithi and Hilal 2016; 
Gupta et al. 2014; Yilmaz and Degirmenci 2009), which 
revealed that the addition of fibre-shaped WTR may 
decrease some of the important structural properties of 
concrete such as compressive strength, flexural strength, 
and split tensile strength. On the other hand, increment in 

granular-shaped WTR content as fine aggregate improves 
concrete’s impact resistance due to the high flexibility 
of rubber particles (AbdelAleem et al. 2018; Khalil et al. 
2015; Li et al. 2019), which is imperative to be evalu-
ated for fibre-shaped WTR particles in SCC. Therefore, 
in this study, fresh, static load and ductility properties 
are evaluated using various sizes of WTR fibre as fine 
aggregate in SCC.

The results of the present study will be helpful in under-
standing the effects of size and replacement ratio variations 
on static load and ductility properties of SCC. This study 
will encourage researchers, industry persons, and design 
consultants to account for the available onsite sizes of WTR 
fibre for field implementation. The results of the present 
study can justify the concrete’s use for high ductility appli-
cations along with the replacement of NFA with WTR fibre 
as environment-friendly construction practice.

Experimental programme

Materials, mix proportioning and casting

In the present study, SCC with WTR fibre was pre-
pared using ordinary Portland cement (OPC) of 43 
grade confirming BIS 8112 (2013) and coal-based fly 
ash (FA) confirming BIS 3812 (2013). Crushed stones 
were used as natural fine aggregate (NFA) with parti-
cle size ≤ 4.75 mm and natural coarse aggregate (NCA) 
comprising particle size between 4.75 and 12.5 mm. NFA 
and NCA, with a specific gravity of 2.92 and 2.85, were 
found to have a water absorption of 2.32% and 1.74%, 
respectively. The desired workability of concrete was 

Fig. 1   Varying sizes of waste tyre rubber fibre a 0.60–1.18 mm, (fine), b 1.18–2.36 mm (medium), c 2.36–4.75 mm (coarse)
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obtained by adjusting the dose of superplasticiser (SP) 
named Glenium SKY 8777 (make: BASF). The normal 
tap water was used for concrete mixing and curing pur-
poses. The available mixed-size WTR fibre was collected 
from the local waste tyre industry. Then WTR fibre was 
segregated into 0.60–1.18  mm (fine), 1.18–2.36  mm 
(medium), and 2.36–4.75 mm (coarse) sizes, as shown in 
Fig. 1a–c. The fibre-shaped WTR has been used as fine 
aggregate in SCC up to 30% replacement levels. Table 1 
depicts the proportion of materials used.

The material composition of the control mix (SCC 
without WTR fibre) was determined by following the mix 
design approach prescribed in EFNARC (2005), designated 
as CON. The SCC mixes with WTR fibre are designated as 
shown in Table 1. The labelling of mixes was done in the 
following order; the first alphabet represents the size of the 
WTR fibre (F, fine; M, medium; C, coarse), next two digits 
represent the WTR fibre replacement ratio with NFA (10%, 
20%, and 30%).

All SCC mixes with and without WTR fibre were pre-
pared using a tilting drum-type rotary mixer with a 210-s 
mixing period. A dry-to-wet mixing strategy was used to 
accomplish homogeneous blending of the concrete mix in 
each batch, as illustrated in Table 2. The natural aggregate 
with a saturated surface dry (SSD) was employed.

Testing methods

Sieve segregation and slump flow experiments were per-
formed to evaluate the fresh state performance of SCC 
with WTR fibre, representing its stability and mobil-
ity according to EFNARC (2005). The microstructural 
properties were studied on a 10 × 10 × 9 mm concrete 
sample using SEM model Nova Nano FE-SEM 450. SCC 
with WTR fibre’s compressive strength and density were 
evaluated using a 100 × 100 × 100 mm cube following 
BIS 516 (2004) and ASTM C 642 (2013), respectively.

The water resisting capacity of concrete mixes was 
determined by performing a water permeability test on 
the cube of 150 × 150 × 150 mm as per DIN 1048 (Part 
5 1991). The concrete specimens were oven-dried at 60° 
C for 5 days and then kept under the constant water pres-
sure of 0.5 N/mm2 for 72 h. The concrete specimen was 
then split into two halves, and the depth of water penetra-
tion was measured in mm as per DIN 1048 (Part 5 1991).

The static modulus of elasticity (MOE) was determined 
using a cylinder with a diameter of 150 mm and a height of 
300 mm following ASTM C 469 (2002). The specimen’s 
load capacity and related strains were recorded. SCC with 
WTR fibre’s modulus of elasticity was determined using 
Eq. (1).

Table 1   Mix proportions of 
self-compacting concrete with 
waste tyre rubber fibre (kg/m3)

1 weight percentage of total binder; NFA, natural fine aggregates; WTR​, waste tyre rubber; NCA, natural 
coarse aggregates; SP, superplasticizer

Mix ID Cement Fly ash NFA WTR fibre NCA Water SP
(kg/m3) (%1)

CON 402.50 172.50 894.88 0.00 787.67 201.25 0.20
F10 402.50 172.50 805.39 34.32 787.67 201.25 0.18
F20 402.50 172.50 715.90 68.65 787.67 201.25 0.20
F30 402.50 172.50 626.42 102.97 787.67 201.25 0.25
M10 402.50 172.50 805.39 34.32 787.67 201.25 0.19
M20 402.50 172.50 715.90 68.65 787.67 201.25 0.23
M30 402.50 172.50 626.42 102.97 787.67 201.25 0.27
C10 402.50 172.50 805.39 34.32 787.67 201.25 0.21
C20 402.50 172.50 715.90 68.65 787.67 201.25 0.25
C30 402.50 172.50 626.42 102.97 787.67 201.25 0.30

Table 2   Mixing protocol for 
self-compacting concrete with 
waste tyre rubber fibre

Stages Mix description Mixing period

I Dry mixing of aggregate (coarse, fine, and WTR fibre) 30 s
II Addition and mixing of cement and fly ash for uniform blending 30 s
III Addition of 50% of the total water and during continuous mixing 60 s
IV Mixing of remaining 50% of total water and superplasticizer together and 

added during continuous mixing
90 s
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where �1 , stress concerning an axial strain of 50 millionths 
( �1 ); �2 , stress concerning 40% of ultimate load, and �2 , axial 
strain produced by �2.

Dynamic MOE was determined by performing an ultra-
sonic pulse velocity (UPV) test as per BIS 13311(1992) on 
the cube of 150 × 150 × 150 mm. The UPV values were 
used to compute the dynamic MOE using Eq. (2) given by 
Gupta et al. (2016).

where V  , ultrasonic pulse velocity (km/s); �, density of con-
crete (kg/m3); g, acceleration due to gravity (9.81 m/s2).

The ductility is measured by performing rebound 
impact and drop weight impact tests on concrete speci-
mens. The 150 × 150 × 150 mm cube was used to conduct 
the rebound impact test. The test was performed by drop-
ping a steel ball of 0.25 kg weight on the specimen from 
1 m height, and the ball rebound was recorded using 
a speed-sensitive camera. The potential energy at 1 m 
height and rebound height is denoted by Ip1,r , Eq. (3), 
and Ip2,r , Eq. (4), respectively. The difference between 
potential energy p1 and p2 is the total rebound impact 
energy ( It,r ). The air resistance was neglected.

where m , weight of steel ball (0.25 kg); g, gravitational acceler-
ation (9.81 m/s2); h1 , ball height at the first position (1 m); h2 , 
ball height observed after rebound (different heights obtained 
for various mixes in m).

A drop weight impact test was conducted on a circu-
lar disk with a diameter of 150 mm and a thickness of 
65 mm to assess the impact resistance/energy absorption 
of SCC with WTR fibre according to ACI 544(1999). 
The test equipment used is shown in Fig. 2. The num-
ber of impacts ( N1 ) required to cause a first fracture in 
the top surface and the successive number of impacts 
( N2 ) required to cause ultimate failure (widening of the 
crack) was determined under repeated drop loads. Nota-
tions If ,dw , Eq.  (5), and Iu,dw , Eq.  (6) signify the drop 
weight impact energy at the first crack and the final 
crack, respectively.

(1)Static modulus of elasticity =
�1 − �2

�2 − 0.000050

(2)Dynamic modulus of elasticity =
V2.�

g × 100

(3)Ip1,r = m × g × h1

(4)Ip2,r = m × g × h2

(5)If ,dw = N1 × m × g × h

(6)Iu,dw = N2 × m × g × h

where N1 , number of impacts generating the first crack; N2 , 
number of impacts imparting ultimate failure; m , weight of 
the standard compaction hammer (4.54 kg); g , gravitational 
acceleration (9.81 m/s2); h , hammer drop height (457 mm).

Results and discussions

Fresh properties

Slump spread and segregation resistance

The stability and mobility of SCC with WTR fibre in the 
fresh condition were determined using sieve segregation 
resistance and slump flow, respectively, and the findings 
are shown in Table 3. Figure 3a depicts the slump flow of 
F10. According to EFNARC (2005), SCC mixes CON, 
F10, F20, F30, M10, M20, and C10 reached slump flow 
class SF2 with a bit of adjustment in SP content, whereas 
M30, C20, and C30 fall into the SF1 group (EFNARC 
2005). It was noticed that when the percentage of WTR 
fibre replacement increased, the SP content rose for each 
fibre size (Table 2). Despite increased SP content, slump 

Fig. 2   Drop weight impact test setup

20037Environmental Science and Pollution Research (2023) 30:20031–20051



1 3

flow was lowered at each increment level of WTR fibre 
for the same fibre size. The slump flow reduction may be 
ascribed to the roughness or jagged surface of the rubber 
particle, which increases the inter-particle friction between 
the fibre and cementitious paste (Angelin et al. 2015; Reda 
Taha et al. 2008). Another reason for the reduced slump 
flow is the fibre form of rubber particles, which restricts 
particle mobility due to the interlocking effect (Aïssoun 
et al. 2016).

The variation in the fibre size has a considerable effect 
on the slump flow of concrete at each replacement level. 
Concrete with fine WTR fibre showed better flowing ability 
than medium and coarse concrete. The superior slump flow 

of fine WTR fibre over medium and coarse fibre may be 
attributed to fine fibre’s ability to move through aggregate 
inter-spaces (As’ad et al. 2011). Dominantly, the mechani-
cal interaction between the fibre and the natural aggregate 
might have reduced the flow spread of medium and coarse 
WTR fibres (Thakare et al. 2020a). In a study, As’ad et al. 
(2011) used two different sizes of WTR fibre, i.e., a fine tyre 
of a diameter < 0.20 mm and length < 30 mm and a coarse 
tyre with a diameter of 2 mm and length of 20 mm, as an 
additive. They found that adding fine tyre fibre showed better 
slump flow than coarse tyre fibre. However, the increased 
fibre content decreased the slump flow of both sizes of 
WTR fibre. A similar effect of reduction in slump flow on 
the increased fibre content in rubberised SCC is observed 
in this study.

The stability of SCC with WTR fibre was quantified in 
terms of resistance to segregation, as illustrated in Fig. 3b. 
Segregation resistance was reported at a maximum of 4.76% 
and a minimum of 14.50% for mixes C30 and CON, respec-
tively. According to EFNARC (2005), all SCC with WTR 
fibre mixes complies with segregation-resistant class SR2. 
The increased segregation resistance of SCC was found with 
increased fibre content for each fibre size can be associated 
with the elongated shape of rubber particles (Bideci et al. 
2017). Due to the overlapping of fibres, a network structure 
may have evolved, which holds the concrete matrix together 
(Cao et al. 2016, 2018). As shown in Table 3, increasing 
fibre size improved the mix’s segregation resistance at each 
replacement level. The superior segregation resistance of 
SCC for increased WTR fibre size can be attributed to the 
fibre being inter-particle locking with the aggregates (Tha-
kare et al. 2020a). The impediment to aggregate separation 
posed by coarse WTR fibre was significantly greater than 
that of medium and fine fibre. The findings of this inves-
tigation corroborate those of Bideci et al. (2017). Bideci 
et al. (2017) incorporated WTR fibre of 5 mm cross-section 
with three different lengths of 25 mm, 50 mm, and 75 mm 
as coarse aggregate up to 15% replacement levels. They 
reported a maximum of 83.30% segregation resistance at a 
10% replacement level for 25 mm length WTR fibre.

Hardened properties

Microstructural analysis

Microstructural analysis was performed on SCC with 
WTR fibre mixes, and the SEM images of F10, M10, and 

Table 3   Slump spread and sieve 
segregation resistance of self-
compacting concrete with waste 
tyre rubber fibre

Mix ID CON F10 F20 F30 M10 M20 M30 C10 C20 C30

SF (mm) 722 703 690 687 710 676 633 678 628 579
SS (%) 14.50 14.16 11.60 9.08 13.28 10.83 7.15 11.56 9.88 4.76

Fig. 3   Fresh properties of concrete mixes — a slump flow of F10, b 
sieve segregation of C10
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C10 are shown in Fig. 4a, Fig. 4b, and Fig. 4c, respec-
tively. The SEM image in Fig. 4a–c demonstrates the 
inadequate inter-particle connection between WTR fibre 
and cementitious paste in terms of the gap at the interfa-
cial transition zone (ITZ). Because WTR fibre is hydro-
phobic, it has a tendency to hold air on its surface, which 

may be the primary explanation for the gap between 
rubber and cementitious paste at ITZ (Reda Taha et al. 
2008). Rubber particles’ microstructural characteristics, 
such as cavities and microcracks, act as air pockets (Tha-
kare et al. 2020a). Additionally, micro-voids and micro-
cracks in the cementitious paste were discovered in the 
vicinity of rubber particles. As a result, the cumulative 
porosity of the mix increased with the addition of WTR 
fibre. Similar microstructural characteristics in the rub-
ber incorporated cementitious mix were observed by 
Karakurt (2015) and Yeo et al. (2021). The variation in 
the sizes of WTR fibre has shown a comparable effect on 
the microstructure of concrete at ITZ. The poor interac-
tion between rubber and cementitious paste and micro-
cracks in the vicinity of rubber was visible for each size 
(fine, medium, and coarse) WTR fibre mix, as shown 
in Fig. 4a–c. The effect on the microstructure at ITZ is 
not significantly varied for WTR fibre’s size variation. 
However, the increased porosity caused by the addition 
of WTR fibre has considerable potential to alter the hard-
ened properties of SCC (Angelin et al. 2015). The gap 
between fibre and cementitious paste can affect the load 
transfer mechanism within the matrix. The enhanced 
porosity in the concrete due to microcracks, micropores, 
and the cavity in the rubber fibre may affect the durabil-
ity of the concrete (Gupta et al. 2019). In the experimen-
tal investigation, Gupta et al. (2019) observed the gap 
between rubber and surrounding cement paste. Moreover, 
a cavity in the cement paste and microcracks are also 
found in the microstructure of rubberised concrete. In a 
study, Karakurt (2015) observed micropores and microc-
racks in the vicinity of rubber due to the hydrophobicity 
of rubber. This study observes similar microstructural 
characteristics in the vicinity of WTR fibre.

Fig. 4   Micrograph of self-compacting concrete with waste tyre rub-
ber fibre a micrograph of mix F10, b micrograph of mix M10, c 
micrograph of mix C10

Fig. 5   The density and compressive strength of self-compacting con-
crete with waste tyre rubber fibre
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Density

The density fluctuation of different SCC with WTR fibre 
mixes is depicted in Fig. 5, and the error bar indicates 
the standard deviation. The highest and the lowest den-
sity was observed for the control (CON) and C30 mixes 
as 2322.13 kg/m3 and 1754.37 kg/m3, respectively. As 
illustrated in Fig. 5, the inclusion of WTR fibre resulted 
in a decrease in the density of SCC with WTR fibre. The 
density of SCC with WTR fibre decreased by 4.51%, 
6.62%, and 14.76% when F10, F20, and F30 mixes were 
tested; 13.63%, 14.94%, and 17.12% when M10, M20, 
and M30 mixes were tested; and 4.64%, 16.50%, and 
24.45% when C10, C20, and C30 mixes were tested. SCC 
with WTR fibre’s density decrease due to the substitution 
of relatively heavy material (NFA) by lightweight WTR 
fibre (Gupta et al. 2014; Khaloo et al. 2008). The NFA 
of specific gravity of 2.92 was replaced with WTR fibre 
with a specific gravity of 1.12, which resulted in a drop 
in concrete density. It was observed that rubber tends to 
entrap air around WTR fibre due to the rubber’s hydro-
phobicity. Moreover, the morphological discontinuities 
in the microstructure of WTR fibre, such as jagged sur-
faces and microcracks, include empty spaces. Cumula-
tively, such might have increased the mix’s air content, 
resulting in a decrease in the density of SCC with WTR 
fibre (Reda Taha et al. 2008). A significant change in 
the density of concrete has been observed by Gupta et al. 
(2014) while replacing the natural river sand with WTR 
fibre up to 25% replacement levels. They found the com-
bined effect of induced porosity, improper compaction, 
and, most importantly, replacement of relatively heavier 
fine aggregate by lighter weight WTR fibre decreased 
the density of rubberised concrete.

As illustrated in Fig. 5, the size of WTR fibre substan-
tially affected the rate of density reduction in SCC with 
WTR fibre. Compared to the control mix, the drop in den-
sity for fine fibre was the smallest, while the reduction in 
density for coarse fibre was the greatest. The variation in 
density reduction for varied-size fibre could be related to 
the amount of air trapped in the mix. Due to the develop-
ment of pore spaces in the coarse, fibre mixes and the fibre 
overlapping may have significantly lowered the density of 
SCC with coarse fibre. The fine fibre may be due to its fill-
ing ability, resulting in a lesser fall in SCC with WTR fibre 
density. The findings of this investigation corroborate those 
of Aslani and Khan (2019).

Compressive strength

The compressive strength of concrete was evaluated after 
28 days of curing, and the findings are shown in Fig. 5. 
Compressive strengths of 72.31 N/mm2 and 19.43 N/

mm2 were recorded for mixes CON and C30, respec-
tively. As illustrated in Fig. 5, replacing NFA with WTR 
fibre decreased the compressive strength for each fibre 
size. Additionally, the highest replacement amounts for 
each fibre size resulted in the highest decrease rate. The 
decrease in compressive strength can be attributed to (i) 
the addition of soft WTR particles in place of relatively 
hard NFA (Gupta et al. 2017a; Su et al. 2015), (ii) insuf-
ficient inter-particle connection between rubber and sur-
rounding cementitious paste (Gupta et al. 2016; Reda 
Taha et al. 2008), and (iii) induced porosity caused by 
the hydrophobicity of rubber particles (Angelin et al. 
2019; Ganjian et al. 2009; Na and Xi 2017). Incorporat-
ing soft rubber particles, which cannot transfer applied 
loads and act as a void in the mix, led to an insufficient 
load-carrying capacity of SCC with WTR fibre (Hilal 
2017). Additionally, the weak inter-particle connec-
tion between the rubber and the surrounding cementi-
tious paste works as a stress concentrator, propagating 
cracks in the cementitious paste (Hesami et al. 2016; 
Hilal 2017). From Fig. 4, the gap between rubber and 
cementitious paste was evidenced, which might have 
acted as the epicentre for the crack propagation in the 
concrete (Eldin and Senouci 1993). Furthermore, adding 
WTR fibre formed empty spaces in hardened concrete 
due to increased air content in the mix, which lowered its 
compressive strength (Gupta et al. 2016). The reduction 
in the compressive strength due to the incorporation of 
WTR fibre as fine aggregate is commonly observed in 
past studies (Gupta et al. 2016; Hilal 2017). Gupta et al. 
(2016) found a decrement in compressive strength of 52 
up to 25% replacement of NFA by WTR fibre. Whereas 
Hilal (2017) observed around 35% reduction in compres-
sive strength up to 25% replacement of NFA by WTR 
fibre in SCC.

The varied sizes of WTR fibre (fine, medium, and 
coarse) have influenced the compressive strength of 
SCC. At each replacement level, the rate of compressive 
strength loss was the lowest for fine fibre but rose as the 
fibre size increased. The most significant loss of com-
pressive strength in coarse fibre may result from fibre 
clustering and a reduction in slump flow (Table 2). The 
movement of fine fibre between aggregate inter-spaces 
may have facilitated filling (As’ad et al. 2011), resulting 
in a higher compressive strength than that of medium 
and coarse fibre. The relationship between the compres-
sive strength and density of SCC with WTR fibre was 
found using a regression analysis method based on the 
observation, as shown in Fig. 6. The data were analysed 
using linear curve fitting, resulting in correlation coef-
ficients (R2) of 0.90, 0.94, and 0.88 for the fine, medium, 
and coarse fibre sizes. The correlation coefficient (R2) 
was found to be more than 0.70, indicating a strong 
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association between the compressive strength and density 
of SCC with WTR fibre.

Water permeability

The water permeability test was performed on various 
SCC mixes with WTR fibre, and the obtained results 
are depicted in Fig. 7. The nearest and the farthest depth 
of water penetration were recorded as 29.80 mm and 
57.80 mm for CON and C30 mix, respectively. It was 
observed that the incorporation of WTR fibre increased 
the water penetration depth of the control mix. Com-
pared to control mix, the depth of water penetration 
increased by 12.75%, 40.27%, and 61.07% for fine size 
fibre; 19.80%, 55.37%, and 78.86% for medium size 

fibre; 34.56%, 75.17%, and 93.96% for coarse size fibre 
at 10%, 20%, and 30% replacement levels, respectively. 
The increased water permeability on the incorpora-
tion of WTR fibre indicated the increased porosity in 
the concrete (Ganjian et al. 2009). The incorporation of 
WTR fibre formed the pore spaces due to poor bonding 
between WTR fibre and cement paste. The gap between 
rubber and cementitious paste and microcracks in the 
mix might have acted as permeable conduits for water 
penetration (Thakare et al. 2022b). Although the rubber 
tends to repel the water due to its hydrophobicity, the 
pores present in the vicinity of the rubber filled with the 
water might be due to the applied constant water pressure 
during the test (Ganjian et al. 2009). The results of the 
increase in the water permeability of concrete on incor-
porating WTR fibre are in line with the previous study 
(Gupta et al. 2016). The water permeability was found to 
increase for each fibre content with the increased WTR 
fibre size. The increased water permeability for coarse 
size represents more pore spaces in the mix (Gesoğlu 
et al. 2014). The fine size might have filled the gaps 
between coarse aggregates resulting in lower water per-
meability than medium and coarse fibre (Gesoğlu et al. 
2014). In a study, Ganjian et al. (2009) found an increase 
in depth of water permeability from around 14 mm for 
control mix up to 35 mm for rubberised at 10% replace-
ment of natural coarse aggregate. In another study, Gupta 
et al. (2016) reported around a 30% increment in the 
water permeability due to the replacement of NFA by 
WTR fibre up to 25% replacement levels. The increment 
in the water permeability is attributed to the weak bond 
between the rubber and the surrounding cement paste 
(Gupta et al. 2016).

Fig. 6   Relation between compressive strength and density of self-
compacting concrete with waste tyre rubber

Fig. 7   Water permeability of self-compacting concrete with waste 
tyre rubber fibre

Fig. 8   Static modulus of elasticity of self-compacting concrete with 
waste tyre rubber fibre
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Static modulus of elasticity

Figure 8 illustrates the results of a static MOE test on vari-
ous SCC with WTR fibre mixes. Control and C30 mixes 
have the highest elastic modulus of 47.04 GPa and the lowest 
elastic modulus of 15.92 GPa. As illustrated in Fig. 8, the 
static MOE of SCC with WTR fibre dropped as the WTR 
fibre concentration increased for each fibre size. The static 
MOE of control mix was reduced by 29.73%, 39.18%, and 
62.31% for the fine fibre size; 33.48%, 43.35%, and 63.79% 
for the medium fibre size; and 33.42%, 40.97%, and 66.16% 
for the coarse fibre size at 10%, 20%, and 30% replace-
ment levels, respectively. The observed decrease in static 
MOE is consistent with previous findings (Güneyisi et al. 
2004; Gupta et al. 2016; Hilal 2017). The decrease in static 
MOE corresponded to the decrease in SCC with WTR fibre 
stiffness due to the addition of WTR fibre. The stiffness of 
concrete depends upon the hardness of the cementitious 
paste and the aggregate used. By substituting relatively soft 
material (WTR fibre) for NFA, the stiffness of the cementi-
tious matrix (cementitious paste and fine aggregate) in SCC 
with WTR fibre was lowered. Due to higher deformation of 
low stiffened material, SCC with WTR fibre has improved 
deformability (Gupta et al. 2016). Another reason for the 
decrease in static MOE may be related to a weak inter-par-
ticle connection between the WTR fibre and cementitious 
paste at the interfacial transition zone (ITZ). Moreover, due 
to the addition of WTR fibre, the porosity in the concrete 
mix might have increased, resulting in lower strength (Hilal 
2017). In a study, Hilal (2017) used 1–4 mm size WTR 
fibre as fine aggregate in SCC, which resulted in up to 36% 
reduction in static MOE due to the low stiffness of rubber 
replacing hard NFA. The high flexibility of rubber caused 
high deformability under the applied load, which further 

led to a decrement in the static MOE of rubberised SCC 
(Hilal 2017).

Increased WTR fibre size resulted in a considerable 
decrease in static MOE for each replacement level. Thus, 
even with varying WTR fibre sizes, the brittleness of SCC 
with WTR fibre can be mitigated. The relationship between 
the compressive strength and static MOE of SCC with WTR 
fibre is depicted in Fig. 9. Similar to the drop in compressive 
strength, the incorporation of WTR fibre decreases static 
MOE. Compressive strength and static MOE are highly 
associated, with R2 values greater than 0.95 for each mix 
series (Fig. 9).

Dynamic modulus of elasticity

SCC with WTR fibre’s dynamic MOE is calculated using 
ultrasonic pulse transmission and density data. Figure 10 
illustrates the dynamic MOE investigated in this study. 
When compared to control mix, dynamic MOE was reduced 
by 11.94%, 29.49%, and 46.45% for the fine fibre size; 
25.50%, 42.79%, and 45.47% for the medium fibre size; 
and 14.73%, 29.96%, and 51.46% for the coarse fibre size 
at 10%, 20%, and 30% replacement levels respectively. The 
dynamic MOE is majorly affected by the partial substitution 
of WTR fibre with NFA. Incorporating WTR fibre resulted 
in material property non-uniformity lowering the UPV of 
SCC with WTR fibre (Hesami et al. 2016). Another pos-
sible explanation for the decreased dynamic MOE may be 
the rubber particles’ energy dissipation property (Herrero 
et al. 2013). Additionally, the decrease in dynamic MOE 
is attributable to the drop in density caused by the higher 
porosity in SCC with WTR fibre (Marie 2016). Similar 
reductions in dynamic MOE due to the integration of rub-
ber particles have been seen in the current literature (Gupta 

Fig. 9   Relation between compressive strength and static modulus of 
elasticity

Fig. 10   Dynamic modulus of elasticity of self-compacting concrete 
with waste tyre rubber fibre
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et al. 2016; Rahman et al. 2012). In a study, Uygunoǧlu et al. 
(2010) incorporated granular WTR as fine aggregate up to 
50% replacement levels and determined the dynamic MOE 
of rubberised concrete. They reported a maximum of 68% 
reduction in dynamic MOE at a 50% replacement level for a 
0.51 water-to-powder ratio. The increased porous structure 
and change in the material properties of the concrete matrix 
due to rubber incorporation caused a significant reduction in 
dynamic MOE (Uygunoǧlu and Topçu 2010). In an experi-
mental investigation, Gupta et al. (2016) reported a decrease 
in dynamic MOE of 52% for 25% replacement of NFA in 
rubberised concrete. The reduction in the dynamic MOE 
of rubberised concrete is reported as a positive gain for the 
implementation of concrete for its ductility requirements 
instead of strength requirements (Gupta et al. 2016).

The fine fibre size for each replacement level showed a 
lesser dynamic MOE reduction than medium and coarse 
fibre. Due to the generated porosity in the mix, the increas-
ing size of WTR fibre dramatically affected the density 
of SCC with WTR fibre. The increased porosity of SCC 
with coarse fibre can be attributed to the lower slump flow 
caused by the fibre clustering effect. The significant dispar-
ity in dynamic MOE reduction for coarse fibre over fine and 
medium fibre may be related to the coarse fibre SCC with 
WTR fibre mixes’ low density.

Rebound impact energy

The rebound impact energy is defined as the difference 
between the potential energy at 1 m above the specimen 
surface and the rebound height of a steel ball on concrete 
specimens. As shown in Fig. 11, the rebound impact 
energy of SCC increased with the addition of WTR fibre. 
SCC with WTR fibre’s rebound impact energy increased 

by 12.67%, 16.29%, and 22.85% for fine fibre; 9.50%, 
13.80%, and 20.14% for medium fibre; and 6.79%, 
9.73%, and 14.48% for coarse fibre at 10%, 20%, or 30% 
replacement levels, respectively. The increased rebound 
impact of energy on the increased content of WTR fibre 
was also seen in previous research studies by Abdelmo-
nem et al. (2019) and Gupta et al. (2015b, 2017b). The 
enhanced flexibility of the cementitious matrix caused 
by the insertion of WTR fibre in SCC may result in an 
increase in energy absorption. The substitution of WTR 
fibre for NFA decreased the hardness of the cementitious 
matrix due to rubber particles’ softness (Abdelmonem 
et al. 2019). Abdelmonem et al. (2019) investigated the 
effect of NFA replacement by granular WTR up to 30% 
replacement levels on the rebound impact resistance of 
rubberised concrete. They reported of 12% increased 
in impact resistance of rubberised concrete due to the 
energy absorption capacity of WTR in the concrete 
matrix (Abdelmonem et al. 2019). In multiple experi-
mental studies, Gupta et al. (2015a, 2017b) found that 
using WTR in fibre form improved the rebound impact 
resistance of rubberised concrete. The trend in rebound 
energy absorption with respect to the size of WTR fibre 
is comparable to the variation in drop weight impact 
energy absorption.

The relationship between dynamic MOE and the rebound 
impact energy is depicted in Fig. 12. Correlation coefficients 
(R2) of 0.99 for fine fibre size, 0.99 for medium fibre size, 
and 0.99 for coarse fibre size indicated a high link between 
dynamic MOE and rebound impact energy. As a result, it can 
be noted that the increased impact energy of SCC with WTR 
fibre is due to the decrease in dynamic MOE. The addition 
of WTR fibre decreased the stiffness of the mix, increasing 
SCC with WTR fibre’s energy absorption capacity.

Fig. 11   Rebound impact energy of self-compacting concrete with 
waste tyre rubber fibre

Fig. 12   Relation between dynamic modulus of elasticity and rebound 
impact energy
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Drop weight impact energy

The results of the drop weight impact test for various SCC 
mixes with WTR fibre are shown in Table 4. The impact 
energy at the first crack ( If ,dw ) and ultimate failure ( Iu,dw ) 
was the number of impacts required to create an initial crack 
and ultimate failure, respectively. The control mix (CON) 
also had the fewest impacts at the initial crack and eventual 
failure, resulting in the lowest impact energy (Table 4). Add-
ing WTR fibre enhanced the number of impacts for each 
fibre size. Additionally, when WTR fibre content increased, 
the difference between the number of hits for the first crack 
and ultimate failure (N2 − N1 ) increased. The impact energy, 
If ,dw was increased by 41.86%, 125.19%, and 238.76% for 
fine fibre size; 29.84%, 79.46%, and 229.07% for medium 
fibre size; and 17.83%, 88.76%, and 164.73% for coarse fibre 
size mixes at 10%, 20%, and 30% of control mix, respec-
tively. The impact energy, Iu,dw concerning control mix was 
increased by 40.33%, 122.62%, and 232.46% for the fine 
fibre size; 28.20%, 85.57%, and 218.03% for the medium 
fibre size; and 12.79%, 84.26%, and 160.66% for the coarse 
fibre size at 10%, 20%, and 30% replacement levels, respec-
tively. The substitution of WTR fibre for NFA decreased 
the stiffness of SCC with WTR fibre due to the flexible 
nature of rubber particles (Abdelmonem et al. 2019). The 
addition of WTR fibre increased the overall flexibility of 
the cementitious matrix (paste and fine aggregate) in SCC, 
hence increasing the energy absorption capacity even fur-
ther. Another possible explanation for the increased impact 
energy is the fibre shape of the rubber particles that adhere 
to the broken surfaces (Gupta et al. 2015a). The impact 
load originates the fracture in the cementitious paste, which 
propagates as the number of impacts increases. However, 
the WTR fibre halted propagating cracks in the cementi-
tious matrix, increasing the fracture toughness of SCC with 
WTR fibre (Thakare et al. 2022b). It is observed in research 

studies conducted by Gupta et al. (2015a, 2017b) that the 
use of WTR fibre as fine aggregate up to 25% replacement 
levels increased the impact resistance of rubberised concrete 
by 4.5 times of the control mix. They found the replacement 
of cement with silica fume up to 10% further improved the 
efficacy of rubberised concrete (Gupta et al. 2015a).

When various sizes of WTR fibre were compared at the 
same replacement level, it was discovered that fine fibre 
absorbed the most energy, followed by medium and, lastly, 
coarse fibre (Table 4). Additionally, it can be noticed that the 
specimen’s capacity to tolerate ultimate failure after the ini-
tial fracture (N2 − N1 ) was more significant for the fine fibre 
size than for the medium and coarse fibre sizes. It should be 
noted that the fine fibre may result from its superior filling 
ability when uniformly dispersed throughout the mix. How-
ever, a higher size of WTR fibre resulted in the mix contain-
ing many empty spaces (Aslani and Khan 2019), which may 
have contributed to the lower energy absorption than fine 
fibre. The failure pattern of the specimens after performing a 
drop weight impact test for the control and F20 mix is shown 
in Fig. 13a and b, respectively. The difference in the failure 
pattern can be seen in the appearance of wide fractures in 
Fig. 13a for the control mix, compared to the formation of 
multiple narrow cracks visible in Fig. 13b for the F20 mix. 
The failure pattern presented decreased brittleness in SCC 
due to incorporating WTR fibre (Ismail and Hassan 2017). 
In general, the size and content of WTR fibre considerably 
increase the energy absorption capacity of SCC, which 
may encourage the use of WTR fibre in impact-resistant 
constructions.

The association between dynamic MOE and drop 
weight impact energy determined using linear regression 
analysis is depicted in Fig. 14. As illustrated in Fig. 14, 
the correlation coefficients (R2) are greater than 0.70, i.e., 
0.73 for fine fibre sizes, 0.82 for medium fibre sizes, and 
0.90 for coarse fibre sizes, indicating that the relationship 

Table 4   Drop weight impact 
energy of self-compacting 
concrete with waste tyre rubber 
fibre

Avg., average; SD, standard deviation; nos., numbers; J, Joule; If ,dw , impact energy at first crack; Iu,dw , 
impact energy at ultimate failure

Mix
ID

N1(nos.) N2(nos.) N2 − N1 If ,dw(J) Iu,dw(J) Post-crack 
capacity (%)

Avg SD Avg SD (nos.) Avg SD Avg SD

CON 86 4 102 3 16 1750 72 2069 67 18.22
F10 122 3 143 4 24 2483 60 2904 79 16.94
F20 194 2 226 3 32 3942 51 4607 67 16.87
F30 291 3 338 3 47 5930 69 6880 60 16.02
M10 112 4 130 4 18 2273 75 2653 75 16.72
M20 154 4 189 3 35 3141 79 3840 67 22.25
M30 283 3 323 2 40 5760 60 6581 51 14.25
C10 101 3 115 3 14 2062 58 2334 58 13.16
C20 162 3 187 3 25 3304 67 3813 67 15.40
C30 228 3 265 3 37 4634 69 5394 66 16.40
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equation is a reasonable model. Similarly, the regression 
analysis method was used to analyse the link between 
the rebound impact and drop weight impact energy of 
SCC with WTR fibre. As illustrated in Fig. 15, the linear 
link between these two qualities is widely established. 
Correlation coefficients (R2) of 0.83, 0.80, and 0.87 for 
the fine, medium, and coarse fibre sizes, respectively, 
indicate a decent link between rebound impact and drop 
weight impact energy.

Various probability distribution methods were recom-
mended to analyse the impact resistance of cement-based 

mixes by researchers in the past (Gupta et  al. 2015a, 
2017b; Mastali et al. 2016; Mastali and Dalvand 2016; 
Moghadam et al. 2021; Rahmani et al. 2012; Xiang-yu 
et al. 2011). Many research studies (Gupta et al. 2015a, 
2017b; Moghadam et al. 2021; Xiang-yu et al. 2011) 
reported that two-parameter Weibull distribution analysis 
had provided consistent results for studying repeated load 
test data. Therefore, in the present study, the two-param-
eter Weibull distribution was selected as a probabilistic 
model to analyse the drop weight test results using the 
graphical method. As shown in Eq.  (7), a cumulative 
distribution function F(n) is used to represent the Weibull 
two-parameter distribution function in terms of probabil-
ity density function (Moghadam et al. 2021).

Fig. 13   Failure pattern of the specimen under drop weight test a 
CON, b F20

Fig. 14   Relation between dynamic modulus of elasticity and drop 
weight impact energy

Fig. 15   Relation between rebound impact energy and drop weight 
impact energy
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where n , impact life of concrete; � , Weibull parameter; u , 
scale parameter.

The possibility of survivorship function is given by 
Eq. (8) (Moghadam et al. 2021).

By performing double natural logarithmic operations 
on both sides of Eq. (8), we gain,

The linear relationship in Eq. (9), between ln
(

ln(1∕LN)
)

 
and ln(n) , is used to authenticate the number of impacts 
N1 and N2 . The physical investigation survivorship func-
tion LN for the number of impacts N1 and N2 is determined 
from Eq. (10).

where i , rank of failed sample and t , the total number of test 
samples for a particular series.

The results obtained in the Weibull two-parameter dis-
tribution analysis are reliable when the relation between 
ln
(

ln(1∕LN)
)

 and ln(n) is fit for linear regression. The graphical 
representation of the relationship obtained in the Weibull two-
parameter distribution is shown in Fig. 16 for N1 and in Fig. 17 
for N2 . The regression constants of Eq. (9) ( � and �ln(u) ) for 
N1 and N2 (showed in Table 5) were obtained by determin-
ing the equation of the straight line of graphical plot between 
ln
(

ln(1∕LN)
)

 and ln(n) . From Table 5, it was observed that the 

(7)F(n) = 1 − e
−
(

�

u

)�

(8)LN = 1 − F(n) = e
−
(

�

u

)�

(9)ln

(

ln

(

1

LN

))

= �ln(n) − �ln(u)

(10)LN = 1 −
i

t + 1

correlation coefficient (R2) for each series (fine, medium, and 
coarse fibre size) of N1 and N2 is greater than 0.90. Therefore, 
it can be summarised that the Weibull two-parameter distribu-
tion is dependable for statistical analysis of drop weight impact 
energy If ,dw and Iu,dw of SCC with WTR fibre.

The experimental investigation carried out in this study 
showed the effect of replacement ratios and size variation of 
WTR fibre on mobility and stability of fresh SCC, density, com-
pressive strength, static MOE, dynamic MOE, rebound impact 
resistance, and drop weight impact resistance of hardened SCC. 
Test results showed that the fibre shape of WTR hindered the 
mobility; however, it improved the stability in terms of segrega-
tion resistance of SCC. In the hardened state, the incorporation 
of WTR fibre resulted in poor microstructural characteristics 
and density, which further affected the compressive strength 
with the increased replacement ratios and particle size of WTR 
fibre. The induced porous structure, material non-homogeneity, 
and low stiffness of rubber led to decreased static and dynamic 
MOE on the incorporation of WTR fibre in SCC. The reduced 
stiffness of the matrix and increased deformability due to rub-
ber incorporation enhanced the concrete’s energy dissipation 

Fig. 16   Weibull distribution for the number of impacts at the first 
crack ( N1)

Fig. 17   Weibull distribution for the number of impacts at the ultimate 
failure ( N2)

Table 5   Regression constants and correlation coefficient of linear 
regression analysis in Weibull distribution

Number 
of impacts

Fibre size Regression 
constant ( �)

Regression 
constant 
( �lnu)

Correlation 
coefficient 
(R2)

N1 Fine 1.57 8.37 0.98
Medium 1.58 8.27 0.92
Coarse 1.84 9.44 0.93

N2 Fine 1.59 8.72 0.98
Medium 1.62 8.77 0.93
Coarse 1.81 9.60 0.91
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capacity. The increased rebound impact and drop weight impact 
resistance indicated the effect of enhanced energy dissipation 
capacity of rubberised SCC. Moreover, the fibre shape and high 
flexibility of WTR improved the post-failure impact resistance 
of SCC, which further increased with the increased replacement 
levels of NFA. The highest impact resistance is observed for 
fine fibre incorporated SCC mixes, followed by medium and 
coarse fibre SCC mixes.

Despite the reduction in density and compressive strength 
of WTR fibre, incorporated SCC can be implemented for 
environment-friendly construction practices with low 
strength requirement applications such as cement-based 
masonry bricks and blocks, partition panels, lightweight 
blocks, roadside kerbs, precast door frames, drainage chan-
nels. The replacement of NFA with WTR fibre can be prac-
tised at places where competent authorities ban excavating 
river beds to conserve the river ecosystem. The use of WTR 
fibre as fine aggregate in cementitious mixes can be encour-
aged in countries where the conventional disposal methods 
(landfilling and stockpiling) of waste tyres are restricted, 
and waste tyres are exported to other countries like India for 
waste management (Inton 2019; Karger-Kocsis et al. 2013; 
Luhar et al. 2018). Along with the environment-friendly 
practices, i.e., conservation of natural resources and effec-
tive waste disposal methods, incorporating WTR fibre as fine 
aggregate improves the ductility of SCC. Due to a reduction 
in MOE and around 4.5 times improvement in impact resist-
ance as compared to the control mix, the rubberised SCC 
can be implemented for high ductility requirement concrete 
applications. The use of WTR fibre as fine aggregate can be 
practised for developing paver blocks for light, medium, and 
heavy traffic loads, impact absorbance flooring tiles, crash 
barriers, waterfront retaining structures, flooring of goods 
loading and unloading yards, etc. Moreover, based on the 
results of size variation of WTR fibre on fresh and hardened 
properties of SCC, field practitioners can decide the replace-
ment level of NFA for the available onsite size of WTR fibre.

Conclusions

To examine the static and impact load resistance of self-
compacting concrete (SCC) comprising waste tyre rubber 
(WTR) fibre, three different sizes of 0.60–1.18 mm (fine), 
1.18–2.36 mm (medium), and 2.36–4.75 mm (coarse) were 
used as fine aggregate (up to 30%). The following conclusions 
are drawn from the study:

1.	 The segregation resistance of SCC improved with the 
addition of fine, medium, and coarse sizes of WTR fibre. 
Due to inter-particle friction and fibre overlapping, the 
higher content and size of WTR fibre decreased the 
slump flow of SCC with WTR fibre.

2.	 The use of WTR fibre as fine aggregate reduced the den-
sity of SCC due to the difference in their specific gravity. 
Moreover, due to WTR fibre’s hydrophobicity, it traps air, 
resulting in empty gaps in the cementitious matrix. This 
demonstrated the direct effect of decreased compressive 
strength in SCC with WTR fibre. Fine fibre resulted in 
the lowest decrease in compressive strength relative to 
the medium and coarse sizes at each replacement level.

3.	 The water permeability of SCC was increased on the 
increased WTR fibre content and size. The increased 
water permeability indicated the more pore spaces in the 
concrete on the increased WTR fibre content and size.

4.	 The static modulus of elasticity dropped due to the WTR 
fibre incorporation, which decreased the stiffness of the 
cementitious matrix of SCC with WTR fibre. The addi-
tion of low-stiffness material, i.e., WTR fibre, seems to 
boost the deformability of SCC with WTR fibre.

5.	 The decrease in dynamic modulus of elasticity indicated 
a high rate of energy dissipation, which increased further 
as the size of WTR fibre changed from fine to coarse.

6.	 The addition of WTR fibre increased the number of 
impacts required to fracture the specimen, indicating a 
decrease in brittleness or an increase in energy absorp-
tion of SCC with WTR fibre. Similarly, the rebound 
impact test demonstrated higher energy absorption by 
SCC with WTR fibre, which was highly associated with 
the drop weight in the linear regression analysis.
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