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ABSTRACT 
Reduction of damages to the structures due to the earthquake is being studied by various researchers with the help of 
various sizes of rubber from scrap tires mixed with sand. Higher content of rubber is required in the mixture to have the 
better performance against the earthquake loadings. It is observed from the literature that the higher content of 
Particulate Rubber (PR) of size 0.425 mm to 2 mm mixed with sand possesses low shear strength. Hence, the present 
study is intended to find out the effective material which can fully or partially replace the sand in the Particulate Rubber 
Sand Mixture (PRSM) to improve the shear strength of the mixture and to reduce the usage of sand. The mixture 
containing PR and sand of each 50% by weight is considered in this study. The sand in PRSM is progressively replaced 
by fly ash to obtain the various percentages of fly ash mixtures. Isotropically Consolidated Undrained (ICU) triaxial tests 
were carried out on the sample of sand, PR, and those mixtures prepared at 85% relative density with the confining 
pressure of 100 kPa and the strain rate of 0.5 mm per minute. The test results are interpreted in terms of undrained 
shear strength, stress path, and pore water pressure. It is found that the undrained shear strength is improved and the 
pore water pressure is reduced because of the replacement of sand in PRSM by fly ash. The findings of the performance 
of the mixtures are supported with the Scanning Electron Micrograph (SEM) images.  
 
 
 
1 INTRODUCTION 
 
Various researchers have reported that the mixture of 
rubber recycled from scrap tires and sand gives a viable 
solution to reduce the earthquake effects on structures 
(Tsang et al. 2012; Manohar et al. 2014; Boominathan et 
al. 2015; Bandyopadhyay et al. 2015). The addition of tire 
chips (size: 12 mm to 50 mm) and tire shreds (size: 50 
mm to 305 mm) from scrap tires to sand increases the 
shear strength up to a particular rubber content (Youwai 
and Bergado 2003; Zornberg et al. 2004; Rao and Dutta 
2006; Mashiri et al. 2015). Meanwhile, the tire chips and 
tire shreds exceeding certain content, approximately 40 to 
50% by weight of the mixtures, leads to the segregation of 
mixtures (Edil and Bosscher 1992; Kim and Santamarina 
2008; Anastasiadis 2011; Mashiri 2014 and 2015). 
However, it is observed in the laboratory tests and 
literature that the PR (i.e., ground rubber, size: 0.425 mm 
to 2 mm) and granulated rubber (size: 0.425 mm to 12 
mm) content of 50% and more by weight mixed with sand 
do not have the segregation (Feng and Sutter 2000; 
Hyodo et al. 2007; Cabalar 2011). Fig.1 shows the 
segregation of sand tire chips mixture observed by 
Mashiri (2014) in the dynamic triaxial test. The lighter 
rubber material floats in sand due to the segregation and 
forms a layer above the sand resulting increase in the 
acceleration amplitude (Kaneko et al. 2013). In addition, 
the formation of separate soft layer reduces the strength 
of the mixtures. Therefore, at higher rubber content, the 
segregation problem is more significant with larger rubber 
sizes. Based on the earlier studies, it can be summarized 
that the tire chips and shreds are effectively suitable for 
embankments where the motivation is to have lighter 
back-fill with higher shear strength. The PR is effectively 
suitable for reducing the earthquake effects on the 

structures where the motivation is to have higher rubber 
content with the adequate shear strength to isolate the 
dynamic loading. 

Various researchers have carried out the triaxial 
studies on PRSM to evaluate the behaviour of the 
mixtures under static loading. Masad et al. (1996) carried 
out consolidated drained triaxial tests on a mixture 
containing 30% and 70% of rubber (size of 4.75 mm) and 
sand, respectively, by volume along with pure rubber and 
pure sand. The samples are prepared at 90% relative 
density, and the relative density of the mixtures is based 
on the maximum unit weight obtained by the compaction 
method and the minimum unit weight obtained by the 
index density method. The result shows that the confining 
pressure has less influence on the shear strength of the 
pure rubber, but it has the higher influence on the shear 
strength of the mixtures. It is observed that the sand and 
the mixture dilates and pure rubber compresses. Kawata 
et al. (2007) studied the triaxial drained and undrained 
behaviour of PR of 2 mm diameter mixed with sand. It is 
found that the shear strength of sand decreases greatly 
by adding small quantity of PR. The mixture shows 
neither peak nor failure even at an axial strain of 20% in 
both drained and undrained tests. The volumetric 
behaviour of mixtures is compressive in nature due to the 
addition of rubber to sand. Sheikh et al. (2013) carried out 
the triaxial test on the mixtures having PR and ground 
rubber of various percentages. The result shows that the 
maximum deviatoric stress decreases with increase in the 
rubber content and the strain to attain the maximum 
deviatoric stress increases with increase in the rubber 
content. It is also observed that the increase in rubber 
content transforms the mixture from brittle to ductile. 
Fuchiyama et al. (2015) carried out the triaxial drained 
and undrained test on the rubber sand mixtures having 



 

 

two sizes of rubber (i.e., 0.5 mm and 2 mm). It is 
observed that the volumetric strain induced by shear 
loading recovered to zero during unloading. The shear 
strength of the mixtures decreases drastically when the 
rubber content exceeded 30% by volume. The induced 
pore water pressure in the undrained triaxial test of 
smaller size rubber mixture is higher than the larger size 
rubber mixture. Hong et al. (2015) carried out the triaxial 
undrained test on the PR of size 1.18 mm and 3.25 mm 
mixed with sand. The results show that the addition of PR 
decreases the undrained shear strength of the mixtures.  

After careful observation of the literature, it is decided 
to consider the PR of higher content (>40%) rather than 
tire shreds and tire chips in the mixtures to avoid the 
segregation problem. However, previous studies show 
that the PR of higher content mixed with sand possesses 
low shear strength (Sheikh et al. 2013; Fuchiyama et al. 
2015; Hong et al. 2015). So in the present study an 
attempt has been made to improve the shear strength of 
the PRSM by progressive replacement of sand in the 
mixture by fly ash. Isotropically consolidated undrained 
triaxial tests have been carried out on sand, PR, and 
mixtures of sand, PR, and fly ash. The findings of the 
tests are substantiated with the Scanning Electron 
Microscopy (SEM) images.  
 
 

 
 
Figure 1. Segregation of sand tire chips mixture (Mashiri 
2014) 
 
 
2 MATERIALS USED 
 
The river sand passing through 2 mm sieve is used in this 
study. Since the PR of size varying from 0.425 mm to 2 
mm is used, the sand is sieved through 2 mm to have the 
uniform particles in the mixtures. The PR ground from 
scrap tires after removal of the steel wires is used in this 

study. The fly ash of Class-F obtained from the Ennore 
thermal power plant, Chennai is used to replace the sand 
in PRSM. The grain size distribution of sand, PR, and 
PRSM is shown in Figure 2. 
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Figure 2. Grain size distribution of materials and mixture  
 
 

The basic properties of the materials and mixtures 
are given in Table 1. It is evident from Table 1 that the 
specific gravity of the pure rubber is more than the range 
of 1.02 to 1.3 mentioned by various researchers (e.g., Edil 
and Bosscher 1994; Ngo and Valdes 2007; Sheikh et al. 
2013). Perhaps it is due to the presence of inside lining of 
the tire with cotton fibers and the difficulty of separating it 
from the tire. It is also evident from Table 1 that the dry 
unit weight of the mixture increases with increase in the 
replacement of sand by fly ash. 

 
 

Table 1. Basic properties of materials and mixtures 
 

Material 
and 

Mixtures 

Specific 
gravity 

emin emax e@85% RD 
γ85% RD 
(kN/m

3
) 

Sand 2.66 0.48 0.75 0.52 17.18 

Fly ash 1.94 0.55 1.75 0.73 10.98 

PR 1.45 1.37 4.37 1.82 5.04 

0 (%) 1.93 1.08 2.79 1.33 8.11 

10 (%) 1.88 0.95 2.67 1.21 8.34 

30 (%) 1.85 0.90 2.58 1.16 8.42 

50 (%) 1.82 0.84 2.43 1.08 8.58 

 
 
Type of materials and mixtures used in this study are 

summarized in Table 2 and some of the typical images 
are shown in Figure 3. The percentages mentioned in 
Table 2 are the percentage by weight of the materials and 
mixtures. Hereafter the materials and the mixtures are 
named after the symbol given in the identification column. 

 



 

 

3 TEST SETUP, SAMPLE PREPARATION, AND 
TEST PROCEDURE 

 
The strain-controlled automated triaxial testing system 
(Make: VJ Tech, UK) available at Geotechnical 
Engineering Laboratory of Indian Institute of Technology 
Madras is shown in Figure 4. During the various stages of 
testing, the cell pressure and the backpressure are 
applied with help of the hydraulic system present inside 
the corresponding pressure volume controllers. The 
backpressure volume controller is also used to measure 
the volume changes of the sample during the 
consolidation stage. The axial load on the samples is 
measured with 10 kN load cell and the axial deformations 
are measured with 20 mm Linear Variable Differential 
Transducer (LVDT).  

The minimum and maximum void ratios of the sand 
are found out based on the index density method (ASTM 
D4253 and D4254). Meanwhile, the minimum void ratio of 
the PR and mixtures is found out with the mini compaction 
method (Sridharan and Sivapullaiah 2005) since the fly 
ash spills out of the mould used in index density method 
and the proctor compaction method. The maximum void 
ratio of the PR and mixtures is found out as per ASTM 
D4254. The minimum and maximum void ratio of the 
materials and mixtures are presented in Table 1.  
 
 
Table 2. Type of mixtures used 
 

Mix ratio PR (%) 
Sand 
(%) 

Fly 
ash 
(%) 

Identification 

0:100:0 0 100 0 S 

100:0:0 100 0 0 PR 

50:50:0 50 50 0 PRSM or 0% 

50:40:10 50 40 10 10% 

50:20:30 50 20 30 30% 

50:0:50 50 0 50 PRFM or 50% 

 
 

The test samples are prepared at 85% relative 
density. The unit weight of the materials and the mixtures 
corresponding to 85% relative density is presented in 
Table1. The required quantity of the mixture for the test is 
taken as per the unit weight of the mixture and the size of 
the sample i.e., 50 mm diameter and 100 mm height. This 
quantity is divided into five equal parts and each part is 
placed in the mould with zero drop height. Each layer has 
given adequate tamping to achieve the desired height of 
22 mm, 21 mm, 20 mm, 19 mm, and 18 mm respectively 
from the bottom to have the uniform density.   

The samples undergo three stages in the triaxial 
testing system, which are saturation, isotropic 
consolidation, and shearing. The saturation of the 
samples is done until achieving the B value of greater 
than 0.95 by applying the backpressure. The fully 
saturated samples are then allowed to isotropically 
consolidate followed by undrained shearing at a particular 

strain rate. The present study adopted the effective 
confining pressure of 100 kPa and the strain rate of 0.5% 
per minute for all the materials and mixtures. The samples 
are subjected to a maximum of 20% axial strain. 
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Figure 3. Images of (a) PR, (b) PR mixed with sand, and 
(c) PR mixed with sand and fly ash 
 
 

 

Figure 4. Triaxial test setup  
 
 

The imaging of the mixtures by SEM is done with the 
powder samples. The samples are prepared with the 
pinch of particles placed on the carbon tape, which is 
pasted on the stub. Theses stubs are placed inside the 
SEM and the images of the mixtures are obtained with 
backscattered electrons.     



 

 

4 RESULTS AND DISCUSSIONS 
 

The results of triaxial tests on materials and mixtures are 
discussed in terms of deviatoric stress versus axial strain, 
stress path, and dilative and contractive behaviour. The 
results are substantiated with the SEM imaging.  
 
4.1 Deviatoric stress versus axial strain 
 
The plot of deviatoric stress versus axial strain for sand, 
PR, and mixtures is shown in Figure 5a and only PR and 
mixtures is shown in Figure 5b. It is evident from Figure 
5a that the sand gains strength with increase in the axial 
strain up to 8% and then the strength shows the 
decreasing trend due to the failure of the sample. 
However, PR shows the increase in the strength with axial 
strain up to 20% without showing any failure. All other 
mixtures also show the increasing deviatoric stress with 
the increase in the axial strain up to 20%. Until then, 
failure is not observed in the sample. At the end of the 
test, the 50% mixture as in Table 2, attains the constant 
strength, however other mixtures shows increasing trend 
as it is evident from Figure 5b. It is interesting to note that 
the 1/3

rd
 of the maximum strength of all the mixtures is 

attained at an axial strain less than 3%. It is evident from 
Figure 5b that the deviatoric stress at particular axial 
strain increases with increase in the replacement of sand 
in the mixtures by fly ash.  

The influence of fly ash on the shear strength of the 
PRSM is analyzed in terms of normalized maximum 
deviatoric stress, i.e., the maximum deviatoric stress of 
the mixtures divided by the maximum deviatoric stress of 
the sand and PR. The variation of the normalized 
maximum deviatoric stress with respect to the fly ash 
percentage is shown in Figure 6. It is evident from Figure 
6 that the normalized maximum deviatoric stress of PRSM 
with PR is almost one, which shows that there is no 
significant increase in the shear strength of the PR due to 
the addition of 50% sand by weight to it. However, the 
normalized maximum deviatoric stress of PRSM with 
sand is less than 0.1, which shows the drastic decrease in 
the shear strength of the sand as observed by Hong et al. 
2015 due to the addition of 50% PR by weight to it.  
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Figure 5. Variation of deviatoric stress with axial strain 
obtained from the triaxial tests (a) sand, PR, and mixtures 
and (b) PR and mixtures 
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Figure 6. Variation of normalized maximum deviatoric 
stress with the fly ash percentage 
 
 

It is also evident from Figure 6 that the normalized 
shear strength of the PRSM increases exponentially with 
the increase in the replacement of sand by fly ash. Among 
all the mixtures PRFM increases the shear strength twice 
as much as PRSM. 

It is observed during the triaxial test that the PR and 
mixtures of sand, PR, and fly ash regain their original 
shape once the load is removed. The samples are also 
intact, and there is no shear failure until the end of the 
test. However, the sand sample fails at the end of the test. 
This observation clearly shows that the PR mixtures are 
ductile in nature and can be subjected to reloading, but 
the sand samples are brittle in nature and not possible to 
reload once it fails. This observation also shows that the 
residual deformation is zero for mixtures due to its elastic 
behaviour and for sand it is significant. This residual 
deformation of the mixtures is expected to be less than 
the sand in case of dynamic loading. Though the sand 
has higher shear strength than the mixture, it will show 



 

 

instability due to the irrecoverable residual deformation, 
which is the main governing factor in earthquake analysis. 
Further, it is understood that the material, which 
possesses lesser residual deformation, always preferred 
for performance-based design (Priestley 2000). Hence, 
the PR mixture especially PRFM, which possess 
increased shear strength than PRSM without 
compromising the elastic behaviour, can utilize for 
earthquake geotechnical engineering applications such as 
base isolation for low-rise buildings, lightly loaded 
foundations, etc. 

 
4.2 Total and effective stress path 
 

Variation of deviatoric stress (q’) with respect to total 
and effective mean stress (p and p’) for sand is shown in 
Figure 7a and only PR and mixtures is shown in Figure 
7b.  
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Figure 7. Variation of deviatoric stress (q’) with the total 
and effective mean stress (p and p’) (a) sand and (b) PR 
and mixtures 
 
 
It is evident from Figure 7a and 7b that the total stress 
path for all the materials and mixtures coincides and has 
the typical slope of 1H : 3V. The effective stress path of 
sand initially moves left of its origin and then moves 
towards the right. It is the typical stress path for dilative 

sand. In Figure 7b, the stress path of PR and its mixtures, 
except for the PR sample, initially move left of their origin 
and then move right at the end of the test. The mixture 
containing 30% and 50% fly ash moves beyond its origin 
of stress path i.e., 100 kPa (see Figure 7b). It shows that 
the PR completely compresses, and other mixtures show 
little dilation at the end of test except for 30% and 50% fly 
ash samples, which shows the bulging during the test 
itself. 
 
4.3 Dilative and contractive behaviour 
 

The pore water pressure variation with respect to axial 
strain for sand, PR and mixtures is shown in Figure 8a 
and only PR and mixtures is shown in Figure 8b to 
observe the clear variations.  
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Figure 8. Variation of pore water pressure with axial strain 
(a) sand, PR, and mixtures and (b) PR and mixtures 
 
 
It is evident from Figure 8a that the sand develops initially 
positive and then negative pore water pressure due to its 
dilatancy behaviour. However, PR develops entirely 
positive pore water pressure up to the end of the test, 
which shows the contractive behaviour of PR. It shows 
increasing trend even at the end of the test as is evident 
from Figure 8b. The mixtures show increasing positive 

p & p’ 
origin 



 

 

pore water pressure with the increase in the axial strain. 
At the large strain, all the mixtures except for the 50% fly 
ash mixture attain a constant value, which clearly shows 
the contractive behaviour of mixtures, but little less than 
the PR at large strain. The 50% fly ash mixture shows 
initially increase followed by decrease in pore water 
pressure at low strains and it could even become negative 
at higher axial strains as it is evident from Figure 8b. It 
clearly shows that the 50% fly ash mixture (PRFM) 
changes its behaviour from contractive to dilative at low 
strain. 

 
4.4 Micro-structural study 
 
The effect of fly ash on the increase in shear strength of 
PRSM is also studied by SEM imaging. Figure 9a and 9b 
shows the SEM images of PR mixed with sand and PR 
mixed with fly ash respectively.  
 

 

 
 

(a) 
 

 
                

(b) 
 

Figure 9. SEM images of PR mixed with (a) sand and (b) 
fly ash 
 

 
It is evident from Figure 9a and Figure 9b that the 

contact area between the PR and sand is less than that of 
PR and fly ash. Figure 9a shows that the uneven surface 

of the PR can accommodate the fly ash particles more 
easily than sand. Figure 9b shows that the rounded fly 
ash particles spread over the PR and fills the uneven 
surface. In addition, the fly ash fills more voids present in 
PR mixtures. It has been observed from the result of 
triaxial test that PR and PRSM possess almost similar 
strength even though the addition of 50% sand to PR. It is 
due to the passive contact between the sand when higher 
PR content present in the mixture as it is evident from 
Figure 9a. However, the developed friction between fly 
ash and PR and between the fly ash particles transfers 
the load effectively in PRFM, resulting in an increase in 
the shear strength of mixtures.  

 
 

5 CONCLUSION 
 
The undrained shear strength study of PRSM mixed with 
fly ash leads to the following outcomes: 

(i) The shear strength of the PRSM is increase with an 
increase in the replacement content of sand in PRSM by 
fly ash. The shear strength of the PRFM increases by 
more than 100% compared to the PRSM. In addition, the 
PRFM shows similar ductile behaviour as PRSM, which is 
essential for earthquake geotechnical engineering 
applications. 

(ii) With the increase of fly ash content in the mixture, 
the contractive behaviour of PR changes to the dilative at 
large strain. However, higher content fly ash mixture, i.e., 
PRFM, dilates at low strain.  

(iii) The pore water pressure of the mixtures decreases 
with the increase in the replacement content of sand by fly 
ash. 

(iv) SEM images substantiate the triaxial test results of 
the mixtures. SEM study shows that the contact between 
sand in the mixtures having the higher PR content is 
passive. Meanwhile, the mixture of PR and fly ash has 
active contact between each other which increases the 
shear strength. 

(v) The increase in shear strength and the decrease in 
pore water pressure of the PRFM shows that it is a 
promising material for the earthquake geotechnical 
engineering applications. 
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