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1. Introduction 

 
In the last two decades, eco-friendly solutions and 

sustainable development have been the focus of researchers 
because of rising environmental problems related to the 
disposal of used and expired materials. One such material, 
which poses a serious threat to the environment, is large 
number of discarded tires of vehicles. Tire piles are 
excellent breeding places for insects particularly mosquitoes 
because of their shape and impermeability. They hold 
rainwater for a longer time and serve as the best sites for the 
development of mosquito larvae. Further, if discarded tires 
catch fire, generally it is very difficult to extinguish them, 
and the emission of toxic gases causes pollution of air and 
health hazards as well. About 1.5 billion tires are discarded 
every year as a result of ineffective methods of disposing of 
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waste tires (AbdelAleem and Hassan 2018). In this regard, 
the construction industry provides a solution to the growing 
problem related to the disposal of end-of-life tires by using 
them in concrete in the form of crumb rubber as partial 
replacement of fine aggregates. 

In recent years, numerous research studies were carried 
out to explore the possibility of using end-of-life tires as 
aggregates in concrete and the resulting composite is called 
rubberized concrete. Most of the research studies mainly 
focused on fresh and hardened properties of rubberized 
concrete and found that the addition of crumb rubber in 
concrete decreased the workability (AbdelAleem and 
Hassan 2018, Bisht and Ramana 2017) because of increased 
friction and irregular shape of rubber particles (Ly et al. 
2015, Ismail and Hassan 2016, Hamdi et al. 2021). The 
mechanical properties of rubberized concrete were found to 
decrease with the increase in rubber content in the concrete 
mix due to poor ITZ and low stiffness of rubber particles 
(Ismail and Hassan 2016, Hamdi et al. 2021, Siddique and 
Naik 2004, Thomas and Gupta 2016, Bisht and Ramana 
2017, Gravina et al. 2021, Mezidi et al. 2021, Shah et al. 
2021, Mallek et al. 2021). Since rubber particles are softer 
than sand particles, on applying load, stress concentration 
occurs around the rubber particles, which results in 
premature cracks initiation around the rubber particles, 
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Abstract.  In recent years, the use of various industrial by-products and waste materials in concrete has attracted the attention 
of researchers around the globe to reduce their impact on the environment and to find sustainable solution to conserve natural 
resources. The use of end-of- life tires of vehicles in concrete is one such example. This research study investigates fresh and 
hardened properties, and bond stress-slip behavior of self-compacting rubberized concrete with and without silica fume. 
RILEM-FIP-CEB beam testing arrangement was employed to perform bond tests. The first part of the study focused on the 
development of self-compacting rubberized concrete (SCRC) with and without silica fume (SF) and investigating its fresh and 
hardened properties (compressive and tensile strengths). The second part focused on investigating bond stress-slip behavior of 
SCRC with different percentages of Crumb Rubber (CR) varying from 5% up to 30% as sand replacement by volume. Total 12 
concrete mixes were prepared for this study. The experimental results showed that the replacement of sand with CR has negative 
effect on the fresh and hardened properties of SCRC. The bond strength was found to be decreased by 38% with 30% 
replacement of sand with CR. Further, presence of CR in the concrete mix caused detrimental effect on the bond stiffness and 
toughness. However, SF improved the mechanical properties and bond strength of SCRCs. This study found that replacement of 
sand with 10% CR by volume and addition of SF in concrete resulted in similar mechanical properties and bond strength as that 
of normal self-compacting concrete which demonstrates the potential use of SCRC in structural applications. 
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which ultimately leads to failure (Guneyisi 2010, Fakhri 
and Saberi 2016). Smaller reduction in mechanical strength 
was reported with smaller rubber particles used in the 
concrete mixes than larger rubber particles (Aiello and 
Leuzzi 2010, Su et al. 2015, Gesoglu et al. 2015). The 
replacement level of sand with crumb rubber is an 
important parameter on which level of reduction in 
mechanical properties of concrete directly depends. Thomas 
and Gupta (2016) reported that reduction in the mechanical 
properties of concrete could be limited if fine aggregates are 
replaced with lesser than 20% crumb rubber by volume. 

To minimize the reduction in the mechanical properties 
of concrete resulting from using CR, numerous research 
studies reported that the addition of different supplementary 
cementing materials such as silica fume, metakaolin and fly 
ash enhanced the mechanical properties of vibrated 
rubberized concrete due to their pozzolanic effects 
(AbdelAleem and Hassan 2018, Ismail and Hassan 2016, 
Gupta et al. 2016, Onuaguluchi and Panesar 2014, Ahmad 
et al. 2019, Alaloul et al. 2021, Fakhri et al. 2021). Silica 
fume in rubberized concrete fills the nano-metric voids in 
cement mortar resulting in a denser structure and, in turn, 
compressive strength is increased (Sohrabi and Karbalaie 
2011). Ramdani et al. (2019) used rubber aggregates and 
glass powder as a partial replacement of sand and cement, 
respectively. Results of their study showed improved 
compressive strength with the incorporation of glass 
powder along with the rubber aggregates, especially with 
rubber aggregate content 10% and 20%. Furthermore, the 
combined use of rubber waste and glass powder enhanced 
the concretes workability and high fresh density. Hesami et 
al. (2016) reported that the incorporation of polypropylene 
fibers enhanced the mechanical properties of rubberized 
concrete due to the bridging effect of fibers. 

In case of vibrated rubberized concrete, previous 
researchers reported that during vibration, CR particles tend 
to float towards the concrete’s surface due to their low 
density combined with their hydrophobic behavior, thus 
increasing the risk of segregation (Guneyisi 2010, 
Turatsinze et al. 2005, Topcu and Bilir 2009). To avoid such 
kind of issues in rubberized concrete, Self-Compacting 
Rubberized Concrete (SCRC) could be a better option. 
Moreover, it has been reported in the literature (Sonebi et 
al. 2000, Chan et al. 2003, Foroughi-Asl et al. 2008) that 
Self-Compacting Concrete (SSC) has higher bond strength 
than normal vibrated concrete. Similar to normal vibrated 
concrete, the mechanical properties of the self-compacting 
concrete deteriorate with the addition of rubber particles 
(AbdelAleem and Hassan 2018, Turatsinze and Garros 
2008, Alaloul et al. 2021). 

The bond between steel and concrete is considered as 
one of the most important properties as the bond enables the 
two materials to behave as a composite material. Bond 
strength defines the development length and splice length of 
steel bar in the different structural applications. In concrete, 
the bond between steel and concrete is developed by three 
mechanisms (i) chemical adhesion (ii) friction, and (iii) 
bearing of ribs on steel bar and concrete (Hong and Park 
2012, Hameed et al. 2013). In rubberized concrete, the bond 
between steel bar and concrete is modified due to the 

presence of rubber particles in concrete. Hall and Najim 
(2014) conducted pull out tests on plain and self-
compacting rubberized concrete with 14% and 18% 
replacement of mineral aggregates (both fine and coarse 
aggregates) with mortar pre-coated crumb rubber. The test 
results showed that bond strength was decreased with the 
increase in rubber content. Gesoglu et al. (2015) studied 
varying percentages (0-30%) of the fine and coarse 
aggregates replaced with crumb rubber and tire chips. Their 
study showed that the replacement of 30% rubber with 
aggregates by volume decreased the bond strength by 40% 
and this was attributed to weak adherence between rubber 
particles and the cement paste, and also to reduced friction 
between steel re-bar and its environment due to CR being 
softer than natural aggregates. Gravina et al. (2021) 
reported that local bond behavior is affected by the 
inclusion of rubber in concrete and a larger slip at the peak 
bond stress is observed for concrete with crumb rubber 
partially replacing fine aggregates. Romanazzi et al. (2021) 
studied the bond strength between rubberized concrete and 
deformed steel bar by performing pull-out tests and found 
that bond strength did not vary when replacement of stone 
aggregate with rubber was lower than 12%, however, for 
higher replacement level, bond strength was reduced. 

The bond test is commonly performed using a direct 
pull-out test in which the reinforcement and concrete are 
under different stress conditions. The concrete is in 
compression and steel is in tension. In actual structural 
applications, both steel and concrete are either in tension or 
compression (ACI 408R-03 2012). However, in a pull-out 
test, concrete being stronger in compression, the 
confinement pressure in the direct pull-out test results in 
higher bond strength than the actual. To represent the actual 
stress state in an RC structure as closely as possible, an 
alternate testing set up has been recommended by RILEM 
(RILEM 1973) to study the bond between reinforcing steel 
re-bar and surrounding concrete under monotonic two-point 
bending. The beam specimen comprises two half-beams 
connected to each other at the center with a steel hinge at 
the top which takes the compression in positive bending and 
a deformed steel re-bar at the bottom which takes the 
tension. It is pertinent to mention here that the previous 
research studies on the bond strength of rubberized concrete 
reported in this paper (Hall and Najim 2014, Gesoglu et al. 
2015, Gravina et al. 2021, Romanazzi et al. 2021) were 
performed by carrying out pull-out tests while in this study, 
RILEM beam tests were performed to investigate the bond 
behavior. Further, significance of present study also lies in 
the fact that influence of silica fume on the steel-concrete 
bond strength in SCC is investigated. 

Research studies carried out in the recent past have 
shown that the presence of crumb rubber in concrete 
improves its toughness, ductility, energy dissipation, 
damping, durability, impact resistance and sound 
transmission property (Thomas et al. 2014, 2016, Thomas 
and Gupta 2015, Al-Tayeb et al. 2013, Atahan and Yücel 
2012, Najim and Hall 2010, Ho et al. 2012, Najim and Hall 
2012, Gillani et al. 2016, 2020, 2022, Chalangaran et al. 
2021, Javed et al. 2022). Moreover, the use of crumb rubber 
obtained from end-of-life tires in concrete promotes the idea 
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of developing sustainable and eco-friendly concrete. The 
literature indicates that rubberized concrete has the potential 
to be used in pavement overlays and slabs on grade with the 
large surface area but not subjected to heavy loadings like 
side walkways (Turatsinze et al. 2018), and in such 
applications mostly plain concrete is used. However, limited 
research has been carried out to investigate the behavior of 
reinforced rubberized concrete and its application in 
structural members such as beams and columns (Hassanli et 
al. 2017, Ganesan et al. 2013, Xue and Shinozuka 2013, 
Son et al. 2011). In this regard, bond behavior of rubberized 
concrete needs to be adequately investigated to develop 
design procedure for the structural members to be built 
using rubberized concrete. For this purpose, this study 
investigates the effect of crumb rubber and silica fume on 
the fresh and hardened properties of SCC, moreover, 
investigation of bond stress-slip behavior of deformed steel 
re-bar embedded in SCC containing crumb rubber and silica 
fume by RILEM beam test method (RILEM 1973) is also 
another main objective of this paper. 

 
 
 
 
 

 
 
 

 
 
 

2. Experimental program 
 
2.1 Mater als 
 
Ordinary Portland cement conforming to ASTM Type-I 

was used as a binder. Silica Fume (SF) was used as a partial 
replacement of cement and its dosage of 12% by weight 
was kept constant. Natural crushed limestone and natural 
river sand was used as coarse and fine aggregates, 
respectively to prepare all concrete mixes. Properties of 
cement and aggregates (fine and coarse) are provided in 
Table 1 while detail regarding their particle size distribution 
is given in Tables 3 and 4. Crumb rubber aggregates were 
obtained from end-of-life tires of vehicles after removing 
textiles and wires, and they had sizes ranging from 0.5 to 
4mm, specific gravity of 1.2 and negligible water 
absorption. Crumb rubber along with fine aggregates used 
in this study are shown in Fig. 1. In order to achieve the 
desired fresh properties of SCC and SCRC, a high range 
water reducer “Chemrite SP-303” was used in this study. 
Properties of SF and “Chemrite SP-303” are given in Table 
2. To study the bond stress-slip behavior, deformed steel 

 
 
 

 
 
 

 
 
 

 

Table 1 Properties of cement and aggregates 
Cement Fine aggregates Coarse aggregates 

Soundness 9 mm Max. particle size 4 mm Max. particle size 19 mm 
Fineness 8% Specific gravity 2.71 Specific gravity 2.73 

Initial & final setting 50&460 min Water absorption 1.47% Water absorption 1.15% 
Standard consistency 28% Fineness modulus 2.8 Fineness modulus 3.27 

 

Table 2 Properties of silica fume and admixture 
Silica Fume Chemrite SP-303 

Specific gravity 2.3 Type Carboxylic acid derivatives 
Mean practical size 0.5 µm Form Whitish pale liquid 

Specific Surface 25 m2/g Density at 25ºC 1.06 kg/Lit 
Cry bulk density 450 kg/m3 Chloride Content Nil 

Amorphous SiO2 ≥ 90% Toxicity Non-toxic 
 

Table 3 Sieve analysis of fine aggregates 

Sieve Weight 
retained 

Percentage
retained 

Cumulative
retained 

Percentage
passing 

% age passing limits
[ASTM C-33] 

# mm (gm.) (%) (%) (%) Min Max 
#4 4.75 32 3.2 3.2 96.8 95 100 
#8 2.36 84 8.4 11.6 88.4 80 100 
#16 1.18 191 19.1 30.7 69.3 50 85 
#30 0.6 184 18.4 49.1 50.9 25 60 
#50 0.3 390 39 88.1 11.9 5 30 

#100 0.15 93 9.3 97.4 2.6 0 10 
pan 0 10 1 98.4 1.6   
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bars of 19 mm diameter with a minimum tensile yield stress 
of 420 MPa were used to prepare the test specimens 
(beams). 

 
2.2 Concrete m xes 
 
Total 12 concrete mixes were prepared for this work: 

two mixes of SCC with and without SF and ten mixes of 
SCRC with SF (five mixes) and without SF (five mixes). 

 
 

 
 

 
 

Table 5 summarizes the detail of each concrete mix with 
respect to its constituents. To design SCC and SCRC, 
numerous trials of mix design were carried out in 
accordance with the guidelines of EFNARC (2002). W/C 
ratio of 0.4 was kept constant in all the mixes. In rubberized 
concrete mixes, sand was replaced with CR by volume 
varying from 5% up to 30%. Regarding the nomenclature of 
each concrete mix presented in Table 5, SCC represents a 
control mix for this study. SCC-SF represents self- 

Table 4 Sieve analysis of coarse aggregates 

Sieve Weight 
retained 

Percentage
retained 

Cumulative
retained 

Percentage
passing 

% age passing limits
[ASTM C-33] 

# mm (gm.) (%) (%) (%) Min Max 
3/4 19 0 0 0 100 100 100 
1/2 12.5 45 2.25 2.25 97.75 90 100 
3/8 9.5 785 39.25 41.5 58.5 40 70 
1/4 4.75 892 44.6 86.1 13.9 5 15 
1/5 2.4 238 11.9 98 2 0 5 
Pan 0 30 1.5 99.5 0.5   

 

 
Fig. 1 Crumb rubber and fine aggregates

Table 5 Concrete mixes and their composition 

Sr. No. Mix designation 
Cement SF Coarse aggregates Sand Water CR WR
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

1 SCC 500 - 

686 

980

200 

0 7.5 
2 SCRC-5CR 500 - 931 18 7.5 
3 SCRC-10CR 500 - 882 36 7.5 
4 SCRC-15CR 500 - 833 54 7.5 
5 SCRC-20CR 500 - 784 72 7.5 
6 SCRC-30CR 500 - 686 108 7.5 
7 SCC-SF 440 60 980 0 9 
8 SCRC-5CR-SF 440 60 931 18 9 
9 SCRC-10CR-SF 440 60 882 36 9 
10 SCRC-15CR-SF 440 60 833 54 9 
11 SCRC-20CR-SF 440 60 784 72 9 
12 SCRC-30CR-SF 440 60 686 108 9 

 

*SRRC: Self compacting rubberized concrete; SF: Silica fume; WR: Water reducer

Crumb Rubber Fine aggregates
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compacting concrete made using SF. SCRC-5CR represents 
a mix of self-compacting rubberized concrete with 5% CR 
but without SF. Similarly, SCRC-5CR-SF represents a mix 
of self-compacting rubberized concrete with 5% CR and 
with SF. 
 

2.3 Test spec mens 
 
For each mix, six cylinders of 300 mm height and 150 

mm diameter were casted for compressive and tensile 
strength determination. Three cylinders were used for the 
compressive strength test and the other three were used for 
the split tensile test. For bond test as per RILEM 
recommendation, two beam specimens were casted. Test 
specimen for beam test is shown in Fig. 2. The beam 
specimen is split into two halves which are connected at the 
bottom by a steel re-bar and the top end is connected by a 
metal hinge to develop the internal resisting couple. To 
develop bonded and un-bonded length along the steel re-
bar, PVC pipes were used as shown in Fig. 3, and to avoid 
penetration cement slurry into un-bonded region, the ends 
were sealed with silicon sealant. A bonded length equal to 
five times the diameter of the rebar was maintained (Choi 
1988). The reinforcement detail of beam specimens as per 
RILEM recommendation is shown in Fig. 2. To avoid shear 
failure, steel bars of 10mm diameter were used at a spacing 
of 50 mm center to center as transverse reinforcement. For 

 
 

 
 

Fig. 4 Test specimen for pull-out test
 
 

the casting of test specimens, the compaction of concrete 
was done using a mechanical vibrating table. The test 
specimens were de-molded after 24 hours and were placed 
in a curing room at a temperature of 20°C and a relative 
humidity of 100% for 28 days. Casted beam specimen for 
bond test is shown in Fig. 4. 

 
2.4 Test ng procedure 
 
2.4.1 Fresh properties 
The filling ability of developed SCRC mixes was 

determined by slump flow conducted as per guidelines of 
(ASTM C1611  2005) .  Accord ing  to  EFNARC 
recommendations, the slump flow diameter of SCC should 

 
Fig. 2 Detail of test specimen for bond test (all dimensions in mm) 

 
Fig. 3 Bonded and un-bonded regions of steel bar using PVC pipes 
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range from 650 to 800 mm. The ability of concrete to flow 
through congested reinforcement was measured by J-Ring 
test. The height difference of SCC inside and outside of J-
Ring is a measure of J-Ring value in millimeters. According 
to EFNARC guidelines, the difference in flow diameters 
between slump flow and J-ring flow should be less than 50 
mm for a good SCC mix. The segregation resistance of 
SCC is measured by the V-funnel test. Due to a higher risk 
of segregation in SCC, this test is of great importance with 
respect to fresh properties of SCRC. For conducting this 
test, around 12 liters of concrete is required to fill the 
funnel. The time required by SCC to completely exit the 
funnel under its own weight is known as the V-funnel time. 
After measuring this time, fill the cone with SCC again and 
leave it for 5 minutes. If there is any increase in V-funnel 
time after 5 minutes of filling of funnel as compared to V-
funnel time suddenly after filling, then it shows segregation. 
The test was performed as per the guidelines of EFNARC. 
The time to empty the V-funnel should range between 6 to 
12 seconds. Testing apparatus for slump flow diameter, J 
Ring and V-funnel tests is shown in Fig. 5. 

 
2.4.2 Hardened properties 
Compressive strength and split tensile strengths tests 

were carried out on cylindrical specimens, as per guidelines 

 
 

 
 

outlined in ASTM C39 (2021) and ASTM C496 (1996), 
respectively using a universal testing machine of maximum 
loading capacity of 2000 kN. Three specimens of each 
concrete composition were tested for each test and average 
values of indirect tensile strength and compressive strength 
are presented in this paper. To study the bond stress-slip 
response of steel re-bar embedded in concrete, displacement 
controlled bending tests were performed on beam 
specimens, as per RILEM recommendation, using a 
universal testing machine of a maximum loading capacity 
of 1000 kN, as shown in Fig. 6. Bending tests were carried 
out at a constant rate of 2 mm/min. Two dial gauges were 
used to measure and record the slip of the steel bar on both 
ends corresponding to each load value. Data obtained from 
this test were analyzed to study effect of CR and SF on 
bond stress-slip response, bond strength, slip corresponding 
to bond strength, initial stiffness and bond toughness. 

 
 

3. Results and discussion 
 
3.1 Fresh propert es 
 
The effect of CR on the fresh properties of SCC 

including slump flow diameter, J-ring flow, and V-funnel is 

Fig. 5 Apparatus for fresh properties tests on SCC (EFNARC) 

 
Fig. 6 Bending test for bond strength evaluation
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Fig. 7 Slump flow diameter (blue lines indicate EFNARC 
limits) 

 
 

Fig. 8 Observation of slump flow and J Ring flow tests
 
 

highlighted in this section. The slump flow test was 
performed as per the guidelines of ASTM C1611 (2005), 
and the results are presented in Fig. 7. Results in this figure 
confirmed the findings of previous studies (AbdelAleem 
and Hassan 2018, Turatsinze and Garros 2008) that CR has 
a negative effect on the slump flow diameter of SCC (refer 
to Fig. 8) and this detrimental effect on flow diameter 
increases with the increase of CR content. The angular 
shape and rough surface texture of the rubber particles are 
the factors which offered more resistance to the flow of 
concrete resulting in less value of the flow diameter of 
SCRC. Further, the SCRC mixes with SF exhibited lower 
flow diameters due to more water demand by SF which 
reduced the necessary water required for lubrication of 
natural aggregates. As per EFNARC guidelines, the slump 
flow diameter of SCC should be between 650 and 800 mm. 
It is obvious in Fig. 7 that the slump flow diameter of all 
concrete mixes except the SCRC-30CR-SF mix was within 
this range. 

The ability of concrete to flow through congested 
reinforcement was measured by the J-Ring test (refer to Fig. 
8) and the results are presented in Fig. 9. It is evident from 
the results that the J-Ring flow of concrete mix was slightly 
decreased when sand was replaced with CR. It can be 
further observed that with the increase of CR content, the 
value of J-ring flow is decreased. Like slump flow diameter, 
the addition of SF in SCRC further reduced the value of J-
Ring flow diameter as evident in Fig. 9. According to 
EFNARC guidelines, the difference in flow diameters 
between slump flow and J-ring flow should be less than 50 

Fig. 9 J-ring flow diameter 
 
 

Fig. 10 Difference in slump flow and J-ring flow
 
 

mm. It can be noticed in Fig. 10 that all concrete mixes 
prepared for this study fulfilled this requirement. 

The V-funnel time measures the segregation resistance 
of concrete. Due to a higher risk of segregation in SCRC 
than SCC, this test is of great importance with respect to 
fresh properties of SCRC. The test was performed as per the 
guidelines of EFNARC. The time to empty the V-funnel 
should range between 6 to 12 seconds. The test results 
presented in Fig. 11 show that V-funnel time was increased 
with the increase in rubber content due to an increase in 
viscosity of mix and friction induced by CR. The value was 

 
 

Fig. 11 V-funnel test results (blue lines indicate EFNARC 
limits)
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further increased in the presence of SF. It is clear that the V-
funnel time of all SCRC compositions with and without SF 
apart from the SCRC-30CR-SF mix, is within limits 
specified by EFNARC. 

From the results presented in Figs. 7, 9, 10 and 11 
regarding the fresh properties requirement of concrete to be 
declared as SCC, it appears that SCC may be designed by 
replacing the sand with CR up to 30% by volume. However, 
the substitution of cement by SF (12% by weight) in SCRC 
containing 30% CR resulted in some undesirable fresh 
properties of concrete. Up to 20% CR content in SCRC, SF 
did not pose any problem with respect to fresh properties. 

 
3.2 Mechan cal propert es 
 
3.2.1 Compressive strength 
Compressive strength values are presented in Fig. 12. It 

is clear that sand replacement with CR caused a reduction in 
compressive strength, as expected. Drop in compressive 
strength was increased with the increase of CR content in 
the concrete. With the replacement of sand with 5%, 10%, 
15%, 20% and 30% CR in concrete, reduction in 
compressive strength of 10%, 17%, 25%, 34% and 54% 
was observed, respectively. Poor ITZ between cement paste 
and crumb rubber particles, and low modulus of elasticity of 
rubber particles are the main reasons of decrease in the 
compressive strength of SCRC (Turatsinze et al. 2006, 
Pham et al. 2018). However, the presence of SF positively 
affects the compressive strength of rubberized concrete and 
this observation is in line with the findings of other 
researchers (Gupta et al. 2016, Guneyisi et al. 2004, 
Onuaguluchi and Panesar 2014, Elchalakani 2015, Pelisser 
et al. 2011). An increase in compressive strength of 23%, 
20.7%, 19.9%, 18.6%, 19.4% and 29.1% by the partial 
replacement of cement with SF was observed for rubberized 
concrete containing 0%, 5%, 10%, 15%, 20% and 30% CR, 
respectively. This improvement in compressive strength of 
SCRCs was due to binding and filling effects of SF which 
ultimately led to improve the filling of voids and to 
pozzolanic reaction that resulted in stronger ITZ between 
cement paste and CR. SCRC containing 10% CR and SF 
exhibited compressive strength almost equal to that of 
control concrete (SCC) which indicates full recovery of lost 
strength due to CR. Further, SCRC containing 30%CR and 
SF exhibited such value of compressive strength (30.1 
MPa) which is fairly acceptable with respect to field 
applications of normal strength concrete. 

 
3.2.2 Tensile strength 
Results of split tensile test are shown in Fig. 13 which 

indicates that incorporation of CR in concrete resulted in 
reduction of tensile strength. Similar to compressive 
strength, the tensile strength was decreased with an increase 
in content of CR. Replacement of sand with 5%, 10%, 15%, 
20% and 30% CR in concrete caused reduction in tensile 
strength of 5.8%, 11.7%, 20.5%, 23.5% and 38.2%, 
respectively. It is obvious that partial replacement of cement 
with SF in SCRC exhibited a positive effect on tensile 
strength. It is important to highlight that SCRC with 10% 
CR and SF exhibited tensile strength even greater than the 
control concrete (SCC). Due to SF, an increase in tensile 

Fig. 12 Compressive strength values
 
 

Fig. 13 Tensile strength values 
 
 

strength of 17.6%, 18.7%, 20%, 18.5%, 15.4% and 23.8% 
was observed for rubberized concrete containing 0%, 5%, 
10%, 15%, 20% and 30% CR, respectively. The reduction 
in split tensile strength is less than that of compressive 
strength and it is mainly attributed to the fact that rubber 
aggregates act like a hole at the crack tip and thus decrease 
the tip sharpness of the first micro-crack resulting in stress 
relaxation and ultimately slow down the kinetics of 
propagation of first micro-crack (Turatsinze et al. 2005, Si 
et al. 2018). 

 
3.2.3 Bond stress-slip response 
Bond stress-slip response of steel re-bar embedded in 

SCC and SCRCs without silica fume is presented in Fig. 14, 
which shows a marked detrimental effect of CR on the bond 
behavior. With the increase of rubber content in the 
concrete, the negative effect of CR was observed to increase 
systematically. Furthermore, on replacing sand with 
different content of CR, an overall change in the curve 
shape was noticed. Based on the results presented in Fig. 
14, the bond stress-slip curve of SCC can be categorized as 
tri-linear curve, while for SCRC containing 30% CR, it can 
be categorized as a bi-linear curve, as presented in Fig. 15. 
The first part of the curves represents the micro-slip 
corresponding to elastic deformation of the cementitious 
matrix present between the steel bar lugs as shown in 
Fig.16. The second part of the curve (as for SCC) 
corresponds to the stage of cracking/damage evolution 
along the failure surface (Fig. 16). Up to the end of the 
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Fig. 14 Bond stress-slip curves of SCC and SCRC
 
 

 
(a) Tri-linear curve (b) Bi-linear curve

Fig. 15 Trend of bond stress-slip curve 
 
 

 
Fig. 16 Element of reinforced concrete 

(Hameed et al. 2013) 
 
 

second stage, which corresponds to maximum bond stress, 
bond stress development is mainly attributed to mechanical 
interlocking action that includes adhesive bond and shear 
bond (Hong and Park 2012). After the peak bond stress, the 
shearing off stage, as indicated in Fig. 17, starts and bond 
stress gradually decreases along with a significant increase 
in slip value. Finally, pulling out of steel bar at a constant 
small value of bond stress is started where the main role is 
played by the frictional bond between steel re-bar and 
concrete. It is quite clear in the bond stress-slip curves of 
SCC and SCRCs in Fig. 14 that the range of the second 
stage of the tri-linear curve of SCC is gradually decreased 
with the increasing content of CR and finally leads to bi-
linear curve exhibited by SCRC with 5% CR. It indicates 

Fig. 17 Typical bond-stress slip relationship 
(Hong and Park 2012) 

 
 

Fig. 18 Normalized bond stress-slip curves of SCC and 
SCRC

 
 
that the development and propagation of damage along the 
oriented failure surface are more rapid with less resistance 
and this rate of damage development is increased with the 
increase of CR content in the concrete matrix. The presence 
of crumb rubber aggregate on the crack path also causes 
crack path elongation resulting in stress relaxation (Hall and 
Najim 2014). In the case of SCRC with 30%CR, the rapid 
development of distinct failure path at the steel/concrete 
interface due to the presence of more rubber particles in the 
matrix results in lesser peak bond stress and early start of 
shearing off stage with almost zero slip (Fig. 14). As far as 
the failure mode of the test specimen is concerned, in all the 
cases, pull-out failure was observed without any cracking in 
the two blocks of beam specimen. 

Internal confinement due to concrete present around the 
steel re-bar is an important factor that significantly affects 
the bond strength, and it is dependent on the compressive 
strength of the concrete. To allow for direct comparison of 
the bond stress-slip response of SCC and SCRCs without 
silica fume, bond stress was normalized with the square root 
of the compressive strength of each concrete mix and the 
results are presented in Fig. 18. It is clear in this figure that 
the peak value for all SCRCs was close to each other and 
also almost similar to that of control concrete (SCC). 
However, the slip value corresponding to peak for all 
SCRCs was less as compared to the value of the control mix 
(SCC). The post-peak behavior of SCRC containing 5% CR 
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(SCRC-5CR) was approximately similar to that of SCC; 
however, normalized values of bond stress in the post-peak 
region for all other SCRCs containing 10% or more CR 
were on the lower side in comparison of SCC. 

In Fig. 19 bond stress-slip response curves of SCRCs 
with SF are presented along with similar response curves of 
control mix (SCC) and corresponding SCRC without SF. It 
is clear from these response curves that the substitution of 
cement by SF (12% by weight) considerably improves the 
bond behavior of SCRC. In case of SCRC containing 5% 
CR, bond stress-slip response up to the peak was observed 
to be even better than as exhibited by control mix (SCC) 
and in the post peak region, up to 10 mm slip the response 
close to that of SCC and after this slip value, an 
improvement in the residual bond stress value compared to 
SCC was observed. In case of SCRC containing 10% CR, 
results indicate that SF made it possible to recover 
noticeable percentage of the lost bond stress due to CR. For 
SCRCs containing 15%, 20% and 30% CR, presence of SF 
improved the bond strength and also residual bond strength 
in the post peak region but the values remained less than 
that of control mix (SCC). 

 
 

 
 
3.2.4 Bond strength 
Values of bond strength obtained by SCC and SCRCs 

with and without SF are shown in Fig. 20 which reveals that 
replacement of sand with 5%, 10%, 15%, 20%, and 30% 
CR in concrete caused gradual drop in bond strength of 9%, 
15.6%, 20.2%, 25.2%, and 38.1%, respectively. It is clear 
that partial substitution of cement by SF enhanced the bond 
strength of SCRCs. Like other mechanical properties, 
SCRC with 10% CR and 12% SF developed bond strength 
close to the value exhibited by SCC. Due to SF, 
enhancement in bond strength of 16.8%, 19.3%, 16.8%, 
14.8%, 16.3% and 20.9% was observed for concrete mixes 
containing 0%, 5%, 10%, 15%, 20% and 30% CR, 
respectively. As mentioned earlier, improvement in the bond 
strength due to SF is mainly attributed to the better 
cementing effects because of SF which improved the ITZ 
between rubber particle and cement paste and 
microstructure of rubberized concrete. 

 
3.2.5 Slip at peak bond stress 
Slip values corresponding to peak bond stress of SCC 

and SCRCs with and without SF are presented in Fig. 21. It 
appears in this figure that slip corresponding to peak bond 
stress is decreased significantly for SCRCs in comparison to 

 

 

Fig. 19 Bond stress-slip curves of SCC and SCRCs
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Fig. 20 Variation in bond strength with different percentages 
of CR 

 
 

Fig. 21 Slip values at peak bond stress 
 
 

SCC. Decrease in slip value due to the presence of CR in 
concrete is mainly attributed to low strength and stiffness of 
CR which induced low fracture energy at the interface 
between concrete and steel re-bar. As a result of 5% sand 
replacement with CR, the slip was reduced by 62.4% in 
comparison to SCC. With the increase of CR content in the 
concrete from 5% to 30%, the slip at peak bond stress was 
slightly decreased gradually. It can be noticed that a slight 
increase in the slip at peak bond stress was obtained due to 
SF in the concrete. 

 
3.2.6 Stiffness 
Stiffness is defined here as the pull-out force required to 

produce unit slip of steel re-bar and it is mainly dependent 
on the mechanical characteristics (particularly elastic 
modulus) of the concrete matrix present around the steel re-
bar (Fig. 16). In this study, stiffness has been calculated for 
the part of the bond stress-slip curve before peak as shown 
in Fig. 22, which corresponds to initiation and propagation 
of cracking/damage in the concrete matrix around the steel 
bar. The values of stiffness obtained for each concrete mix 
are presented in Fig. 23, where the negative effect of CR on 
stiffness is apparent. Reduction in stiffness is mainly 
attributed to the low modulus of elasticity of the rubberized 
concrete. Results presented in Fig. 23 reveal that 
replacement of sand with 5%, 10%, 15%, 20% and 30% CR 
in concrete resulted in drop in stiffness value of 25%, 

 
Fig. 22 Stiffness calculation 

 
 

Fig. 23 Initial stiffness values 
 
 

Fig. 24 Bond toughness values 
 
 

44.8%, 49.3%, 58.8% and 63.9%, respectively. It is evident 
that the substitution of cement by SF improved the stiffness 
by 18.4%, 15.7%, 22.5%, 14.1%, 10.7% and 12.2% for 
concrete mixes containing 0%, 5%, 10%, 15%, 20% and 
30% CR, respectively. 

 
3.2.7 Bond toughness 
Bond toughness is one of the important properties of 

reinforced concrete with respect to its application in seismic 
resistant structures and it is the ability of a material to 
absorb energy. In this study, the bond toughness was 
computed as area under the load-slip curve up to 15 mm 
slip. The values of bond toughness of SCC and SCRCs with 
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and without SF are presented in Fig. 24 where the negative 
effect of CR on the bond toughness is apparent. Bond 
toughness was decreased by 9.2%, 31.3%, 36.6%, 43.1%, 
and 49.7% when sand was replaced with 5%, 10%, 15%, 
20%, and 30%, respectively. Like other mechanical 
properties discussed above in this paper, bond toughness 
was also improved in the presence of SF in the mix. It is 
pertinent to mention here that the concrete mix SCRC-
10CR-SF exhibited almost similar value of bond toughness 
as that of the control mix (SCC). Substitution of cement by 
SF improved the bond toughness by 14.9%, 17.9%, 42.3%, 
45.4%, 44.2% and 30.5% for concrete mixes containing 
0%, 5%, 10%, 15%, 20% and 30% CR, respectively. 

 
 

4. Conclusions 
 
This study aimed to investigate the influence of the 

partial replacement of fine aggregates with crumb rubber 
and cement with silica fume on the self-compacting 
concrete’s fresh and hardened properties and bond with 
steel reinforcement. The following conclusions are drawn 
from the detailed experimental investigation carried out in 
this study: 

 
● Replacement of sand with crumb rubber aggregates 

exhibited negative influence on the fresh properties 
of SFRC and by substituting cement with silica 
fume, the fresh properties are further decreased. For 
the w/c ratio and silica fume dosage used in this 
study, the maximum replacement level of sand with 
crumb rubber aggregates to satisfy the flow diameter 
and V-funnel time limits of EFNARC guidelines is 
20% when replaced in combination with SF. 

● Presence of crumb rubber aggregates in SCC has 
negative effect on its compressive strength and 
splitting tensile strength. The loss in these strength 
values is found to be more pronounced at higher 
crumb rubber contents. The replacement of cement 
with silica fume appeared to have slightly improved 
the compressive and indirect tensile strengths of 
SCRC. 

● Local bond stress – slip response of deformed steel 
re-bar embedded in SCC was negatively affected by 
using crumb rubber and this effect was noticed to be 
more pronounced at higher content of CR in the 
concrete mix. After the elastic deformation limit, 
initiation and propagation of cracking at the steel-
concrete interface were more rapid in the presence of 
crumb rubber aggregates resulting in lesser bond 
strength. In the case of SCRC with 5% CR, bond 
behavior normalized by compressive strength was 
almost similar to that of control SCC, however, a 
maximum decrease of 38.1% was exhibited by 
SCRC containing 30% CR. 

● It is possible to reduce the detrimental effect of CR 
on the bond stress-slip response by the use of SF. 
The positive influence of SF on the bond strength of 
SCRCs is evident from the results and it is mainly 
due to the improved mechanical properties of the 
concrete matrix because of the filling and pozzolanic 

effect of SF. SCRC with 10% CR and 12% SF 
developed nearly the same bond strength as that of 
control SCC. 

● A significant reduction in the slip value at peak bond 
stress occurred as a result of replacing 5% sand with 
CR. With the increase of CR content in the mix from 
5% to 30%, a slight but gradual decrease in the slip 
value at peak bond stress was also obvious. Partial 
replacement of cement with SF resulted in a 
noticeable increase in the slip value corresponding to 
peak bond stress for SCRC with the maximum 
increase observed for the case of SCRC containing 
30% CR. 

● The stiffness and bond toughness of the composite in 
the bond test was adversely affected by the presence 
of CR in the concrete matrix and it was observed to 
be gradually decreased with the increasing content of 
CR from 5% to 30%. However, the substitution of 
cement by SF made it possible to recover the loss in 
stiffness and bond toughness due to CR up to a 
certain percentage but no SCRC mixture with SF 
was able to develop stiffness equal to that of the 
control SCC. On the other hand, it was possible to 
get almost the same value of bond toughness as 
exhibited by control SCC with SCRC containing 
10% CR. 

 
Hence, the use of SCRC containing crumb rubber 

aggregates as a partial replacement of sand by volume and 
silica fume as partial substitution of cement by weight as 
structural concrete is promising, and this will certainly 
bring noticeable environmental and sustainability benefits. 
Further, it will also contribute to developing or enhancing 
the circular economy. 
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