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Abstract
The major drawbacks of a railway track include noise, vibration, and aggravated track degradation. Resilient mats and

asphalt have been increasingly used in recent years to mitigate this noise and vibration. However, these materials are quite

expensive. Conventional asphalt is very stiff and brittle, making it more prone to cracking. The present work aims to

develop a novel material that can be used as a base layer in ballasted and slab tracks. The current research proposes a

sustainable and resilient base course layer comprising ground rubber (GR) and polyurethane foam adhesive (PFA). In this

study, the performance of GR embedded in the sand is investigated. The use of PFA-treated sand with and without GR is

then explored. The optimum dosage of PFA for soil and GR for treated and untreated soil is recommended based on static

direct simple shear (SDSS) and cyclic direct simple shear (CDSS) tests. SDSS tests were performed to evaluate the

monotonic performance of all mixtures. CDSS tests were performed to assess the long-term performance of these different

mixes under repeated cyclic loading (50,000 load cycles) and varying cyclic shear stress amplitude. It is shown that PFA

helps reduce the settlement and enhance soil shear strength, while GR increases the damping ratio of the soil. The optimum

dosage of PFA is recommended 10%. The optimum GR content for untreated and PFA-treated soil is recommended 5 and

10%, respectively.

Keywords Base layer � Cyclic direct simple shear � Polyurethane foam adhesive � Railway track � Scrap rubber �
Static direct simple shear

1 Introduction

The growth in the number of construction projects world-

wide has led to an increased use of natural resources, which

has attracted the interest of researchers in the development

of sustainable construction practices. One such approach

involves using scrap tyres (also known as recycled tyres/

tyre-derived aggregates (TDA)) as a construction material.

The stockpiling of these scrap tyres incurs high costs and

acts as a hazard to human and environmental health [29].

The benefits of using scrap tyres as a construction material

include low unit weight, free drainage, high thermal

insulation, high compressibility, and superior vibration

damping [2, 10]. These merits have led to the increased use

of TDA for subgrade, embankment and trench fill material

[1, 16, 45, 95]; a drainage layer in highway construction

[52, 59]; vibration damping material in railway tracks

[43, 91], the production of asphalt rubber [62, 70, 89],

subgrade insulation in roads [47, 77], among others. Scrap

tyres are believed to have the least influence on the quality

of soil and groundwater as these are produced using inert

chemicals.

Recently, scrap rubber has been used in railway engi-

neering to attenuate environmental vibrations from moving

trains [20, 85, 90]. Field trials of a ballasted track

embedded with a TDA layer below ballast layers suggest

that the efficacy of TDA to attenuate vibration is compa-

rable to ballast mats [28]. In another field study, TDA was

used as a replacement for subballast on a concrete railway

bridge which aided the reduction of the maximum accel-

eration of sleeper by 63% [26]. Drop-weight impact
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loading tests showed that the addition of crumb rubber

improved the damping properties of the ballast mixture

[55]. An experimental study by Fathali et al. [32] suggested

that on incorporating 10% TDA by weight (optimum

content), particle breakage and settlement reduced by 47

and 6%, respectively. The addition of higher TDA content,

viz. 20%, leads to a noticeable reduction in shear strength

and higher ballast settlement. Another study by Sol-Sán-

chez et al. [79] also reported a decrease in track settlement

on adding 10% of crumb rubber by volume of ballast.

However, some studies, for example, Esmaeili et al. [25]

reported an increase in the settlement of sand-fouled ballast

by 142, 280, and 633% on the respective inclusion of 5, 10,

and 15% of TDA (by weight), which suggests a need to

perform in-depth research on the use of rubber with gran-

ular soil.

A study involving large-scale direct shear testing and the

discrete element modelling of ballast–TDA mixture

revealed that incorporating 10% TDA reduced the shear

stress, dilation effect, and the ballast breakage index by

53% [40]. In another experiment by Song et al. [81], it was

observed that the damping ratio was enhanced while resi-

lient interface shear stiffness, peak shear stress, dilation

effect, cohesion strength, and internal friction angle of

ballast reduced on the addition of TDA to ballast. The

study recommended 5% as the optimum TDA dosage. The

use of scrap rubber has been shown to improve brittle

behaviour, reduce dilation, and enhance the energy dissi-

pation capability of bio-cemented sand [21]. The use of

granulated rubber with sand was explored for use as a new

railway subgrade filler material using static and cyclic

triaxial apparatus. An optimum rubber content of 10% was

recommended based on shear strength, dynamic pore water

pressure, shear modulus, and damping ratio [23]. A recent

study [3] on soil–clay mixtures also recommend 10% as

optimum rubber dosage. This optimum percentage of

granulated rubber was based on damping ratio [3] of the

mix. The use of waste rubber has also shown ability to

change the failure mode of clayey soil from brittle to

ductile and has the potential to be used as a suitable filler

for various geotechnical applications [24]. Recently, the

application of lime with clay–rubber mixture was explored

by Soltani et al. [80] and the soil–lime blend with 10%

TDA content was recommended suitable in terms of

reducing swelling potential and increasing the unconfined

compressive strength of the soil.

Polyurethanes (PU) are a category of flexible materials

used in various items, such as paints, insulation materials,

foams, etc. PU is produced as a result of a chemical

reaction between diisocyanate and polyester diol [4]. PU

possesses unique characteristics of metals and rubber in

terms of toughness and durability, respectively, which is

responsible for their popularity [69]. Despite PU being

used popularly in various industries in past decades, the

application of PU in the railway industry is recent

[50, 84]. Unfoamed PU has been used to stabilise railway

ballast and create stiff bonding between aggregates [22].

Foamed PU was also utilised by Keene et al. [53] and the

Chinese Academy of Railway Sciences (CARS) to

strengthen the ballasted track [50]. CARS employs a

spraying gun to spread PU uniformly over the ballast

layer; the PU flows through the voids and coats the ballast

particles. The initial strength enhancement starts within a

half-hour. The curing time for PU can be adjusted using

catalysts. The long-term strength gain could take up to a

month [50]. Keene et al. [53] used rigid polyurethane to

stabilise railway ballast. Cyclic triaxial tests revealed that

plastic strain reduced by fourteen times with PU com-

pared to clean ballast. However, the elastic modulus was

reduced to 100 MPa compared to 275 MPa for clean

ballast, which raised concern for the proper functioning of

the reinforced track.

The present work aims to develop a novel material that

can be used as a base layer in both ballasted and slab

tracks. In this paper, firstly, the performance of scrap

rubber in the form of ground rubber embedded in the sand

is investigated. Secondly, the use of polyurethane with

sand (treated sand), with and without ground rubber is also

explored. The use of rubber in the base course could aid in

alleviating the vibration, noise, and settlement problems

associated with it. The use of scrap rubber would lead the

way to sustainable construction practice. Furthermore, the

polyurethane would act as adhesive and can reduce the

deformation of the composite material.

There have been minimal studies on the use of scrap

rubber and epoxy/polyurethane resin. Ho et al. [44]

developed a new material, resilient bound ballast (RBB),

comprising ballast mixed with TDA bonded together using

a resilient epoxy binder. RBB showed improved strength

over traditional ballast and can be used below concrete ties,

which led to reduced abrasion and ballast fouling. Gómez

et al. [39] developed an eco-friendly material consisting of

rubber particles and single-component polyurethane resin,

which acts as a vibration and noise attenuator in a railway

track system with embedded rail. The use of crumb rubber

mixed with short fibre reinforcement and epoxy-based resin

was explored for railway sleeper application, and it was

concluded that the strength properties of the sleeper

decreased, but its flexibility improved [96]. Esmaeili and

Namaei [27] used rubber-coated ballast glued using poly-

urethane-based adhesive and observed up to 77.5%

reduction in Los Angeles abrasion and up to 60%

enhancement in damping ratio. The short-term settlement

increased by more than 24%, but the long-term settlement

was less than the untreated ballast [27]. As per the authors’

knowledge, no previous study gives a detailed overview of
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Table 1 Summary of past studies involving the cyclic response of soil–rubber mixtures

Test parameter Feng and Sutter [33] Hazarika

et al. [42]

Kaneko et al.

[51]

Kurt and

Akbulut [57]

McCartney

et al. [64]

Fox et al. [35]

Item Unit

Test type – Resonant column-

torsional shear

Cyclic

triaxial

Cyclic

simple

shear

Dynamic

simple shear

Cyclic simple

shear

Direct shear/

simple shear

Mixture Ottawa sand and

granulated rubber

Sand and

tyre chips

Sand and

tyre chips

Clay and

rubber

TDA TDA

TDA type – Granulated rubber Tyre chips Tyre chips Rubber

powder

Type B* TDA Type B* TDA

TDA specific gravity – 1.11 1.15 1.15 1.15–1.20 1.15 1.15

Specimen shape – Cylindrical Cylindrical Cylindrical Cylindrical Rectangular Rectangular

Specimen diameter/

length 9 width

mm 70 50 60 63.6 3048 9 1219 3048 9 1220

Specimen height mm 150 100 40 24 1400 1830

Maximum TDA

particle size

mm 4.76 1 1.1 – 300 300

Saturation conditions Dry Saturated Saturated Unsaturated Unsaturated Air-dry

Confining stress range kPa 69–483 100 37.6–43.7 – – –

Cyclic control Strain controlled Strain

controlled

Strain

controlled

Strain

controlled

Strain

controlled

Strain controlled

Strain rate mm/

min

– – – – – 10

Cyclic strain range % 0.003–0.1 2.5 2.7–4.4 2.5 0.1–10.0 0.1–10.0

Cyclic shear stress

amplitude

kPa – – – – – –

Damping ratio % 4.2–6.0 10.0 15.0–24.0 9.1–21.4 16.0–26.8 18.0–21.0

Shear modulus kPa 1100–2800 1484 160–200 2048–3360 200–2386 403–2386

Test parameter Madhusudhan

et al. [63]

Akbarimehr and

Fakharian [3]

Ding et al. [23] Ghazavi and

Kavandi [38]

Present study

Item Unit

Test type – Simple shear Cyclic triaxial Cyclic triaxial Cyclic triaxial Static direct simple shear1 and

Cyclic direct simple shear

Mixture Sand and tyre

chips

Clay and rubber Sand and

granulated

rubber

Sand and tyre

grains

Sand, ground rubber and PFA

TDA type – Tyre chips Granulated rubber

and rubber powder

Granulated

rubber

Tyre grain Ground rubber

TDA specific

gravity

– 1.14 1.1 1.1 1.16 1.165

Specimen shape – Cylindrical Cylindrical Cylindrical Cylindrical Cylindrical

Specimen diameter/

length 9 width

mm 70 71 39.1 50 63.5

Specimen height mm 28 142 80 100 25.5

Maximum TDA

particle size

mm 2 5 2 10 2.36

Saturation

conditions

Saturated Unsaturated Saturated Unsaturated Dry

Confining stress

range

kPa 50–200 200 50–150 100–300 –

Cyclic control Strain

controlled

Strain controlled Strain

controlled

Strain

controlled

Strain/stress controlled

Strain rate mm/

min

– – 4.8 – 0.6

Cyclic strain range % 0.15–3 0.05–1 – *1–15 –
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performance comparisons of soil mixed with different

proportions of polyurethane and scrap rubber. The novelty

of the present study is rigorous laboratory investigation of

performance verification of sand mixed with different

proportions of polyurethane and scrap rubber. The same

has been attempted using static and cyclic direct simple

shear apparatus in the present study. The previous literature

on cyclic response of sand–rubber and clay–rubber mix-

tures is shown in Table 1. It can be seen in Table 1 that all

the previous cyclic studies on soil–rubber have been strain-

controlled. In the present study, stress-controlled cyclic

control was used in CDSS testing to better simulate traffic

loading conditions.

2 Direct simple shear apparatus

Triaxial and direct shear tests are extensively adopted to

obtain shear strength parameters of the soil, but most of

the geotechnical applications resemble simple shear

states, which can be applied using equipment, viz. hol-

low cylinder (HC) and cyclic direct simple shear

(CDSS). In addition, principal stress rotation occurs in

these HC and CDSS tests due to the application of hor-

izontal shear stress, which is not possible in triaxial tests.

Of the HC and CDSS, the relative ease in sample

preparation and simpler testing procedure makes CDSS

an obvious choice.

The relevance of various geotechnical laboratory tests to

field applications and the stress state of triaxial and direct

simple shear is illustrated in Fig. 1. In the triaxial test, the

Mohr’s circle can be drawn using the major principal stress

[r1] and minor principal stress [r3] which are represented

by axial and radial stress, respectively. The angle of

internal friction [/] of soil can then be computed as shown

in Fig. 1. In the DSS test, normal stress [rx] and shear

stress [sxn] on the vertical plane cannot be measured and

only stress state on the horizontal plane (i.e., rn; snx) can be

computed. Hence, assumptions are required for the con-

struction of Mohr’s circle and the computation of the

mobilised friction angle [/m] on the plane of maximum

stress obliquity, defined in Eq. 1[69].

/m ¼ sin�1 r1 � r3
r1 þ r3

� �
ð1Þ

The following two assumptions are used to calculate the

mobilised friction angle [13, 74]:

(i) If the maximum shear stress is assumed to act on

the horizontal plane, then mobilised friction angle

[/a� is given by Eq. 2

/a ¼ sin�1 snx
rn

� �
ð2Þ

(ii) If the horizontal plane is assumed to be the plane of

maximum stress obliquity, then mobilised friction

angle [/b� is given by Eq. 3

/b ¼ tan�1 snx
rn

� �
ð3Þ

Al Tarhouni et al. [5] showed that assumption (i) (Eq. 2)

might overestimate the friction angle at low-stress levels. On

the contrary, Atkinson et al. [13] showed that the friction

angle calculated based on assumption (ii) (Eq. 3) is lower

than the friction angle obtained from the triaxial test, and the

difference depends on the ratio of horizontal to vertical

stresses. Furthermore, assumption (ii) was validated for

constant stress direct simple shear tests on loose to medium

dense sand [54]. Hence, the mobilised friction angles

reported for treated and untreated soil (with and without

ground rubber), shown in Fig. 12, were based on assumption

(ii) due to the loose-medium state of the sand chosen in the

present study. However, for illustration, mobilised friction

angles (i.e., /m;/a;/b) calculated using different methods

(Eqs. 1–3) for treated soil (soil ? 10% PFA) are presented

in the latter parts of the paper (Fig. 11d). The calculation of

mobilised friction angle [/m] using Eq. 1 is shown in

Fig. 12, assuming a horizontal plane as the failure plane.

Half Mohr’s circles were drawn, and r1 and r3 were cal-

culated from respective Mohr’s circles.

Table 1 (continued)

Test parameter Madhusudhan

et al. [63]

Akbarimehr and

Fakharian [3]

Ding et al. [23] Ghazavi and

Kavandi [38]

Present study

Item Unit

Cyclic shear stress

amplitude

kPa – – – – 50–200

Damping ratio % 6–25 6–25 2–27 2.8–34.8 18–26

Shear modulus kPa 500–8000 950–85,000 2–85 2–50.1 3918–8547

*150–305 mm in size
1Static direct simple shear testing was strain-controlled monotonic loading
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3 Experimental program

3.1 Test material

The material, sand, scrap rubber (in the form of ground

rubber) and polyurethane foam adhesive (PFA) was pro-

cured from suppliers in Australia. The source of scrap

rubber used in the present study comprises a truck tyre, off-

the-road tyre, and passenger car tyre. The scrap rubber used

in the present study is metal-free. All the tests on the

materials were performed as per relevant standards (AS

1289.3.5.1, AS 1289.5.5.1 and ASTM D6270). The speci-

men size was 63.5 mm in diameter and 24 mm in height.

The particle size distribution (PSD) of the track base course

or subballast adopted by previous studies

[14, 41, 68, 72, 75, 86] is shown in Fig. 2(a). The PSD for

the base course material with 13.2 mm as the nominal

particle size as specified in RMS-NSW specification [49]

was adopted for the present study, as shown in Fig. 2.

Considering the restriction of sample size ratio for SDSS

and CDSS testing, 4.75 and 2.36 mm were adopted as

maximum particle sizes for soil and ground rubber,

respectively. PSD for the sand and GR was selected using

the parallel gradation technique. The soil was classified as

well-graded sand (SW) as per ASTM D2487 [9]. The

sample size ratio of SDSS and CDSS testing was 13.4,

larger than 6 as specified in ASTM D7181-11 [12]. The

specific gravity of coarse sand (CS) and ground rubber

(GR) was obtained as 2.74 and 1.165, respectively,

according to AS 1289.3.5.1 [7]. The tensile strength and

elongation at break of GR (with particle size less than

3.5 mm) are 0.6–1.1 MPa and 22–84%, respectively

[34, 71]. GR was added in the proportion of 2.5, 5, 10, 15,

20, and 25% by mass of soil. This range for rubber was

adopted in line with the recommended 5% optimum TDA

dosage in previous studies [25, 81].

Fig. 1 Relevance of various geotechnical laboratory tests to field application of slab tracks and stress states in triaxial and CDSS specimen
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The maximum and minimum dry density of sand with

varying GR content was determined as per AS 1289.5.5.1

[8], shown in Fig. 3. For the soil compaction test, a mould

with a nominal capacity of 1000 cm3 and a surcharge

weight of 5 kg was utilised. Loose pouring (dry placement

method) and vibratory compaction (wet placement method)

were performed on sand with varying GR to obtain the

minimum and maximum dry densities, respectively. The

dry densities of the test sample combined with different GR

contents are also shown in Fig. 3. As evident from Fig. 3,

the dry density decreased as the GR content increased. This

is primarily because GR has a lower specific gravity (Gs-

= 1.165) than sand (Gs = 2.74). Other studies report sim-

ilar reduction in density by increasing rubber content in

sand [6, 37].

3.2 Loading conditions

In the CDSS test, two high-speed precision micro stepper

motors control the loading mechanism for the vertical and

horizontal load. The horizontal load can be applied as

stress-controlled or strain-controlled. In the present study,

stress-controlled cyclic control was used to simulate traffic

loading. As per UIC [87], the axle load for train speeds up

to 300 km/h is between 11 to 17 tonnes, and for the present

study, an axle load of 20 tonnes has been considered. The

numerical model of slab track previously developed by

authors [30] was used to determine the vertical and shear

stress on the top of the base layer (hydraulically bonded

layer). The maximum vertical and shear stress due to axle

load of 20 tonne on the top of the base layer was 300 and

60 kPa, respectively.

A shear stress of 16 kPa was deemed appropriate for the

supporting layer of a slab track [83]. As per Yang et al.

[94], the shear stress below ballast is approximately one-

fifth of the vertical stress. Hence, considering the stress

amplitude ratio (ratio of horizontal to vertical stress) of 1/5,

the shear stress would be 60 kPa for vertical stress of

300 kPa. Hence, shear stresses of 50, 100, and 200 kPa

were considered in the present study to cover a wide range

of loading conditions. The constant normal stress of

300 kPa was adopted for the entire CDSS testing plan.

3.3 Sample preparation

The soil was sieved into individual size fractions of 4.75,

2.36, 1.18, 0.6, 0.3, and 0.075 mm. The ground rubber

(GR) was sieved into individual size fractions of 2.36, 1.18,

0.6, 0.425, 0.3, and 0.15 mm. The proportion of each size

fraction was determined to achieve the target particle size

distribution of soil and GR. Sample preparation involved

three series, as shown in Fig. 4. A total of 68 DSS tests

under constant (normal) stress were conducted: 17

Fig. 2 a PSD of base course/subballast adopted by previous studies

b PSD adopted for the present study

Fig. 3 Variation of maximum and minimum dry density of sand with

ground rubber content
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monotonic (SDSS) and 51 constant stress amplitude cyclic

loading conditions (CDSS). Series-1 consisted of GR and

coarse sand (CS) mixed in various proportions by weight

(0, 2.5, 5, 10, 15, 20, and 25% GR by weight). Series-2

comprised CS and PFA mixed in various proportions by

weight (5, 10, 15, and 20% PFA by weight). The optimum

dosage of PFA was obtained from Series-2 testing, and this

optimum PFA content was used in Series-3 testing. Series-

3 involved CS, GR (0–25%), and PFA (10%).

The latex membrane was placed on the bottom platen

and a stack of Teflon coated aluminium rings were placed

around the membrane. A split mould was then mounted on

top of the stack of rings. A suction was applied to stretch

the membrane against the inner surface of stack rings. The

ingredients were mixed with utmost care so that the mix-

ture would be as homogeneous as possible. The mixture

was compacted in a dry state in three layers using under-

compaction technique developed by Ladd [58] at a relative

density of 40% using a vibratory compactor inside the split

mould, as shown in Fig. 5.

This nonlinear undercompaction criterion helps to

achieve uniform density test specimens and ensures

repeatability in the tests. The per cent undercompaction in

the layer being considered was calculated using Eq. 4 [58].

In this study, undercompaction of 6% was considered for

the first layer. The vibration method of compaction pro-

duced uniform soil–rubber mixtures and is recommended

for cohesionless soils as per AS 1289.5.5.1 [8]. This uni-

form soil–rubber mixture was achieved by use of well-

graded PSDs for soil and GR, with PSD of GR being finer.

Due to the finer PSD, the rubber particles were entrapped in

the void space of soil and according to ocular observation,

segregation of the rubber particles during compaction did

not occur. Owing to the hydrophobic nature of PFA,

specimens were prepared in a dry state. During sample

preparation, water was not added to the soil/soil–rubber

Fig. 4 Experimental plan for static direct simple shear (monotonic) and cyclic direct simple shear testing
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mixture to allow for more accurate comparisons between

untreated and treated specimens. Continuous height mea-

surements were taken until the required density was

achieved. The selection of relative density of 40% was

based on the assessment by Wang and Leung [88] that

loose state helps to minimise the variability in

Fig. 5 Sample preparation for CDSS testing a untreated soil b treated soil c soil mixed with different PFA contents
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differentiating the influence of cementation on dilatancy

from that due to grain packing. The top layer of specimen

was levelled, and the top cap fixed with porous stone was

placed. Split mould was removed, and the specimen was

put on the CDSS apparatus and compressed for 1 h under

constant normal stress of 300 kPa. This relative low time

period for compression was considered as SDDS and

CDSS tests were carried out in unsaturated condition. The

specimen was then sheared (stress-controlled) for 50,000

cycles at a cyclic frequency of 1 Hz under constant normal

load conditions with a cyclic shear stress amplitude (double

amplitude) of 50, 100, and 200 kPa.

The PFA used in the study was a two-component, sili-

cate modified, solvent-free, semi-flexible non-foaming

polyurethane resin. The properties of components A and B

as supplied by the manufacturer are shown in Table 2. The

two components, A and B, were mixed in the volume ratio

of 1:1 (100:82 by weight at 25 �C). After a few seconds of

vigorous stirring at normal room temperature, the reaction

between two components of PFA took place. The mixture

was agitated for 30 s before being mixed with soil/soil–

rubber mixture for 2 min. In case of PFA-treated speci-

mens, the top surface of each layer was scrapped before

placing the next layer to ensure proper bonding and spec-

imen integrity. The compressive strength, bending strength,

and flexural adhesive strength of PFA was greater than 40,

15, and 5 MPa, respectively.

Un ¼ Uni � ½ Uni � Untð Þ
nt � 1

� ðn� 1Þ� ð4Þ

where Uni is the per cent undercompaction selected for first

layer; Unt is the per cent undercompaction selected for the

final layer (usually zero); n is the number of layer being

considered; nt is the total number of layers (three in our

case).

3.4 Equipment and testing details

The static and cyclic testing was performed using CDSS

apparatus. Currently, there is no international standard

related to consolidated drained cyclic direct simple testing.

Hence, the appropriate approach outlined in ASTM D8296

[11] was used in this study. This study utilised CDSS

equipment with horizontal and vertical loading capacities

of 4.5 and 11 kN, respectively. The equipment has a

maximum horizontal displacement limit of 25 and 10% for

monotonic and cyclic peak-to-peak strain, respectively.

The vertical displacement limit is 50 mm. The typical test

range for cyclic frequency is 0.033 to 2 Hz [36]. Fig-

ure 6(a) and (b) illustrates some of the key parts of this

apparatus. The CDSS test generates a fairly homogenous

state of shear stress throughout the specimen, which pro-

vides the initial stress condition, stress path, and defor-

mation configuration that models numerous field loading

conditions more closely than any other test system, such as

triaxial. The apparatus can be used to perform monotonic

(SDSS) and cyclic (CDSS) tests on different soil types at

drained and undrained conditions. Drained and undrained

conditions are represented by constant normal stress and

constant volume (also called constant height), respectively.

The testing consists of two parts: static direct simple shear

(SDSS) and CDSS test. SDSS tests were performed to

evaluate the peak shear strength of the material in terms of

cohesion [c] and friction angle [/]. CDSS tests were per-

formed to assess the cyclic response (elastic and plastic

strain [ea
e, ea

p]) of material for a large number of load

cycles (50,000 cycles), and to assess the shear modulus

[G] and damping ratio [DR] of the material. The selection

of 50,000 load cycles in this study was based on logistical

reasons (time/resources) and existing research on cyclic

testing of railway track material. For instance, Brown [17]

performed cyclic testing on granular railway material (that

is, ballast) and found that the ballast reached a stable state

after about 10,000 load cycles. Leshchinsky and Ling [61]

investigated the effectiveness of geocell confinement on a

ballasted track using 50,000 load cycles. Another study on

cyclic performance of ballast and subballast employed

20,000 load cycles [15]. SDSS and CDSS testing was

performed with horizontal control as strain and stress

controlled, respectively. The strain rate of 0.01 mm/s was

adopted for SDSS testing. Both SDSS and CDSS testing

was performed under constant normal stress conditions.

The frequency of 1 Hz was used for CDSS testing with

frequency conditioning of 0.1 Hz for the first ten load

cycles.

4 Results and discussion

4.1 SDSS (monotonic) test results

4.1.1 Stress–strain response

Figures 7, 8, and 9 show the variation of shear stress [s]
with shear strain [c] for Series-1, Series-2, and Series-3 of

the experimental plan, respectively. The tests were

Table 2 Technical data of components A and B of PFA

Property Component A Component B

Colour Clear, light straw Dark brown

Density at 20 �C, q20 (g/cm3) 1.30–1.50 1.15–1.25

Flash point, TF (�C) [ 200 [ 200

Viscosity, l (mPa.s) 120–350 50–300
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performed under normal stress [rn] of 50, 100, and

200 kPa. It can be seen from Fig. 7 that GR incorporation

up to 5% shows a slight influence on the stress–strain

response of the soil, with the highest s at 5% GR content.

With an increase in GR content, s decreased for rn of 50

and 100 kPa. At rn of 200 kPa, the stress–strain behaviour

of soil–GR mixtures with more than 10% GR content

showed marginal variation.

From Fig. 8, it is evident that the addition of PFA

increased the s of the soil, which was due to the

enhancement of the cohesion of the soil. At a PFA content

of 5%, s under rn of 100 kPa was lower than untreated soil.

Figure 9 illustrates the shear stress variation with the

shear strain of treated soil (soil mixed with optimum PFA

content, viz. 10%) and varying GR content. This 10%

optimum PFA content was based on shear strength

Fig. 6 a Photograph of CDSS equipment b Schematic diagram of CDSS apparatus
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Fig. 7 Variation of shear stress with shear strain for soil mixed with

varying GR content, sheared under normal stress a rn = 50 kPa

b rn = 100 kPa c rn = 200 kPa

Fig. 8 Variation of shear stress with shear strain for soil mixed with

varying PFA content, sheared under normal stress a rn= 50 kPa b rn
= 100 kPa c rn= 200 kPa

Acta Geotechnica

123



parameters obtained from SDSS testing and cyclic response

(elastic and plastic strain, shear modulus, and damping

ratio) obtained from CDSS testing, explained in the latter

part of the paper. Generally, it was observed that treated

soil with 5% GR showed ultimate shear stress [sult� under
the entire range of rn (50–200 kPa). The s of treated soil

with a GR content of up to 15% was higher than the treated

soil without GR.

Figure 10(a) shows the sult values at different PFA

content for rn of 50–200 kPa. It is seen from Fig. 10 that

there was a marginal increase in sult of soil on addition of

5% PFA. A sharp rise in sult was observed for PFA contents

higher than 5%. Above 15% PFA content, the sult of soil
either remained constant or reduced. For example, the sult
of soil (under rn of 50 kPa) reduced after reaching a

maximum value of 51.5 kPa, advocating limiting the PFA

Fig. 9 Variation of shear stress with shear strain for treated soil mixed

with varying GR, sheared under normal stress a rn= 50 kPa b rn =

100 kPa c rn= 200 kPa

Fig. 10 Peak shear stress at varying a PFA content b GR content for

PFA-treated and untreated soil

Acta Geotechnica

123



content below 15%. Figure 10(b) compares sult at varying
GR content for treated and untreated soil. It is seen that

the highest sult for both treated and untreated soil was

observed at 5% GR content and reduced with a further GR

addition. The sult for treated soil was 218.7, 114.2, and

61.4 kPa under rn of 50, 100, and 200 kPa, respectively, at

5% GR content. The maximum improvement in sult on

addition of PFA to soil was observed with 10% GR content

tested under rn of 50 kPa. Overall, it is seen that at 10%

GR content, there is a substantial increase in sult under the
entire range of rn for treated soil. Based on the above

discussion, using up to 10% GR for untreated and treated

soil is advisable.

4.1.2 Effect of normal stress on monotonic behaviour

Figure 11 shows the test results of the monotonic test

performed on treated soil (soil ? 10% PFA) compressed

under a varying range of rn, viz. 50–300 kPa. The strain

rate of 0.01 mm/s was used under constant rn to shear the

specimen. The shearing rate may significantly influence the

drainage of saturated soil; nevertheless, the present study

involved dry sand. The s increased with c and reached a

maximum value at c = 15–25%. No peak or critical state

was observed due to the loose-medium state of sand; hence,

shear stress attained at the end of the test is referred to as

ultimate shear stress in this paper. Also, this study could

not report peak and critical state friction angles. Fig-

ure 11(b) shows a comparison of stress ratio with c. The
maximum value of stress ratio reduced with an increase in

rn. Al Tarhouni [5] reported a reduction in the maximum

stress ratio from * 1.4 for rn of 12.5 kPa to 0.62–0.65 for

rn of 100–400 kPa. Similarly, Stroud [82] reported a

reduction in the maximum stress ratio from * 1.0 for rn of
13.8 kPa to * 0.9 for rn of 172 kPa. In the present study,

the maximum stress ratio was reduced from 0.92 at rn of

50 kPa to 0.55 at rn of 300 kPa. It is important to note that

similar values of stress ratio were observed for rn of

50 kPa and 100 kPa till c of 22.5%, which may be due to

binding provided by PFA. Figure 11(c) illustrates the

variation of axial strain ½ea� with c at different rn. It was
observed that all the specimens showed dilation with initial

compression occurring only at rn of 50 kPa. At rn of

300 kPa, the dilation started at c of 10%. The rate of

dilation started to reduce at c ffi 20% for rn of 50 and

100 kPa. The variation of mobilised friction angle

[/m;/a;/b] with c under rn of 50–300 kPa calculated

using different methods is shown in Fig. 11(d). The /m,

/a; and /b were calculated using Eqs. 1, 2 and 3, respec-

tively. Constant values of /m with varying c are shown as

these were calculated at particular rn and do not vary with

c. The methodology for the calculation of /m is explained

in Sect. 4.1.3. Almost similar values of /a and /b were

obtained under rn of 50 and 100 kPa; however, lower

values of /b were obtained at rn of 300 kPa.

4.1.3 Cohesion and friction angle

The sult values at different rn were used to calculate the

ultimate friction angle [/ult] and cohesion [c] of soil using

the Mohr–Coulomb failure envelope. The friction angles

are reported as /ult as no peak behaviour was obtained for

the soil due to its loose-medium state. Figure 12(a) shows a

plot of a typical example for calculating /ult and mobilised

ultimate friction angle [/m] of untreated soil mixed with

10% GR. Mohr’s circle was drawn to obtain the major

principal stress [r1] and minor principal stress [r3], and the

/m of the soil was calculated. It is known that c for

cohesionless soil (viz. sand) is zero. Hence, the fitting line

was shifted to pass through the origin and was then used to

calculate /ult of the untreated soil. Similarly, Fig. 12(b)

shows a typical example for the calculation of c, /ult, and

/m of the treated soil (soil mixed with 10% PFA).

An asymptotic model (Eq. 5) and logistic model (Eq. 6)

were proposed in this study for a nonlinear failure envelope

of untreated soil (soil–rubber mixtures) and treated soil

(soil–PFA or soil–PFA–rubber mixtures), respectively, as

shown in Fig. 12(a) and (b). These equations can predict

the sult under different rn.

sult ¼ a� b� crn ð5Þ

where sult is the ultimate shear stress, rn is the normal

stress.

The values of constants a, b, and c for untreated soil

with 0% GR content were obtained by curve fitting as

235.48, 234.71, and 0.99641, respectively. Similarly, the

values of constants a, b, and c for untreated soil with 25%

GR content were 198.92, 199.53, and 0.99738,

respectively.

sult ¼ A2þ A1� A2

1þ rn
x0

� �p� � ð6Þ

where sult is the ultimate shear stress, rn is the normal

stress, A1 = 30.4, and p = 3.

The values of constants A2 and x0 (logistic model) for

treated soil with 5% PFA content were 180 and 150.4,

respectively. Similarly, the values of constants A2 and x0

for treated soil with 20% PFA content were 215 and 115.4,

respectively.

The values of constants A2 and x0 (logistic model) for

treated soil–rubber mixture with 0% GR content (PFA =

10%) were 185 and 118.12, respectively. Similarly, the

values of constants A2 and x0 for treated soil–rubber
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mixture with 25% GR content (PFA = 10%) were 155 and

108.31, respectively.

The maximum value of mobilised friction angle calcu-

lated using Eq. 3 is referred to as mobilised ultimate fric-

tion angle [/b;ult] and is plotted in Fig. 13 to compare soil

Fig. 11 Influence of normal stress on monotonic tests (SDSS): a stress–strain b stress ratio c axial strain d mobilised friction angle
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mixed with different GR and PFA contents. From

Fig. 13(a), we can see that the addition of GR (up to 5%) to

soil had less influence on both /ult and /b;ult of the soil.

The /ult of soil was 31.2� for up to 5% GR content and

reduced to 26.9� on the addition of 10% GR. Above 15%

GR content, the /ult remained constant at approximately

22�. Similarly, the /b;ult of soil remained constant after

15% GR content. The /b;ult of soil reduced with an increase

in rn. Hence, it is recommended to use up to 5% GR

(shown by the green shaded portion in Fig. 13a) based on

the shear strength of soil (/ult and /b;ult). Previous studies

also recommend 5% TDA as optimum dosage based on

Fig. 12 a Calculation of ultimate friction angle and mobilised friction angle of sand mixed with 10% GR (untreated soil) b Calculation of

cohesion, ultimate friction angle and mobilised friction angle of treated sand (sand mixed with 10% PFA)
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breakage and stiffness [25] and based on peak shear stress,

dilation, cohesion strength, and internal friction angle [81].

Figure 13(b) illustrates the variation of c, /ult and /b;ult

of soil mixed with varying dosage of PFA. It can be

observed that the addition of 5% PFA increased the c of

soil by 20 kPa but reduced the /ult from 31.2� to 26.6�.
This increase in cohesion without affecting friction angle

on incorporation of PFA was also reported by Xiao et al.

[92]. In this study sand was used wherein slight decrease in

the friction angle was observed due to reduced relative

Fig. 13 a Variation of friction angle with varying GR content for untreated soil; Variation of cohesion and friction angle with b PFA content

c GR content for treated soil
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mobility between particles and subsequent reduction in the

frictional interlock of sand particles caused by the PFA

treatment. Above 5% PFA, c and /ult increased steadily

with a maximum value of 32.3 kPa and 32.4�, respectively,
at 15% PFA content. The /b;ult steadily increased from

27.4� to 34.1� with 0 to 20% PFA content, respectively, at

rn of 200 kPa. The reduction in rn increased the /b;ult, but

the trend was similar to rn of 200 kPa. Hence, the optimum

PFA content can be recommended as 7.5–12.5% (shown as

the green shaded area) based on c and friction angle (/ult

and /b;ult). Previous studies report optimum PFA dosages

as 5–14% [60], 2–8% [93], 5–10% [46], 3–6% [18]. This

variation in the optimum dosage of PFA was due to dif-

ference in the type of soil and PFA used. In the present

study non-foaming type PFA was used that coated surface

of soil/rubber sufficiently to bind them together improving

integrity of the mix but did not fill the voids. In the present

study, the optimum PFA content of 10% was adopted to

prepare treated soil samples with varying GR content

(0–25%).

Figure 13(c) shows the variation of c and friction angle

(/ult and /b) for soil mixed with varying GR content (0–

25%) and mixed with 10% PFA. Both c and friction angle

(/ult and /b;ult) increased with the addition of GR up to 5%

with maximum c and /ult of 41.6 kPa and 34.3�, respec-
tively. The maximum /b;ult under rn of 50, 100, and

200 kPa were 50.8�, 48.8� and 36.1�, respectively. The

above 5% GR content, c, /ult, and /b reduced with

increasing GR content. The optimum GR content for

treated soil–rubber mixtures is recommended in the range

of 5–10% (shown as the green shaded area in Fig. 13c).

4.1.4 Dilation angle

The dilation angle ½w� was calculated using Eq. 7 and was

based on the assumption that the horizontal plane in the

shear box is a zero extension line [78].

tanw ¼ � dea
dc

ð7Þ

where ea and c are vertical compressive strain and shear

strain, respectively. The negative sign is required to

accommodate the anomalous convention that compressive

strains are positive, while w is positive for volumetric

increases.

No dilation was observed for soil–rubber mixtures due

to the loose-medium state of the mix. Figure 14(a) illus-

trates the variation of w of soil mixed with varying PFA

content. It can be seen that the w rose exponentially from

0� at 0% PFA to 8�, 5�, and 3� under rn of 50, 100, and

300 kPa, respectively, at 10% PFA content; after this, it

remained steady. This increase in w on the addition of 10%

PFA justifies the gain in strength of soil due to dilation.

Similar significant increase in dilatancy due to 8% PFA

Fig. 13 continued
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incorporation was observed by Xiao et al. [93]. In the

present study, this strength gain is attributed to PFA

cementation and not grain packing due to loose-medium

state of the sample (relative density of 40%) which is

similar to Xiao et al. [93], who used loose state specimens

for triaxial testing (relative density of 25%). Similar rec-

ommendation to adopt loose state for cemented specimens

was given by Wang and Leung [88]. Figure 14(b) shows

the variation of w of soil mixed with 10% PFA and varying

GR content. The addition of GR up to 10% reduced the w
of treated soil considerably, and after this, it remained

constant. The effect of rn on the w of treated soil reduced

remarkably after 20% GR content, and the w of treated soil

with 25% GR was the same under the entire range of rn.

4.2 CDSS test results

Mostly, liquefaction studies at constant stress amplitude

cyclic DSS test are performed in undrained (or constant

height/volume) conditions [5]. However, the present study

involved a performance comparison of treated and

untreated soil under a large number of load cycles and it

was observed that limiting values of shear strain (c = 15%)

were reached within a few load cycles, especially at higher

CSR. Hence, drained (or constant normal stress) conditions

were chosen in the present study to evaluate the long-term

performance of treated and untreated soil–rubber mixtures.

4.2.1 Cyclic stress–strain response

Figure 15 illustrates the cyclic stress ratio (CSR = s=rn)
versus shear strain [c] plots for three CDSS tests performed

on sand with cyclic shear stress amplitude [scyc] varying
between 50 and 200 kPa under constant rn of 300 kPa.

Generally, the size of the hysteresis loop increased with an

increase in scyc. The shear stress [s] increased with c up to

CSR (= 0.07, 0.15 and 0.27 for scyc of 50, 100 and

300 kPa, respectively), reversed direction, and then swit-

ched direction again at CSR of -0.07, -0.15 and -0.27

for scyc of 50, 100 and 300 kPa, respectively. In addition, c
required to reach a particular CSR reduced with increasing

load cycle; for instance, at scyc of 200 kPa, CSR was 0.27

at c of 2.8% for the first load cycle, while the c required to

achieve the same CSR for the second and third load cycle

was 2.2 and 2%, respectively.

4.2.2 Axial elastic and plastic strain for untreated soil

Figure 16(a) represents the loading pattern that was adop-

ted for the CDSS testing. All the CDSS tests were per-

formed under rn of 300 kPa. Soil samples were sheared

under cyclic shear stress amplitude [scyc] of 50, 100, and
200 kPa for 50,000 load cycles. Frequency conditioning

was used with 0.1 Hz for the first ten load cycles, followed

by 1 Hz for the remaining load cycles.

Figure 16(b) shows the variation of axial strain [ea] with
time (and number of load cycles [N]) of the untreated soil

when sheared at scyc of 50–200 kPa. It can be seen that

with an increase in N, the elastic strain amplitude ½ee� and
plastic strain/irrecoverable plastic strain ½ep� increased for

the entire range of scyc. At the end of 50,000 load cycles,

the ep for scyc of 50, 100, and 200 kPa was 1.14, 2.48, and

5.51%, respectively. The same methodology was adopted

for the entire CDSS testing plan and the calculation of ee
and ep reported in this paper.

Fig. 14 Variation of dilation angle at different normal stress for a soil

mixed with different PFA content b treated soil mixed varying GR

content

Acta Geotechnica

123



4.2.3 Axial strain of PFA-treated soil

The variation of ea with N of soil mixed with varying PFA

content and sheared at scyc of 50–200 kPa is represented in

Fig. 17(a)–(c). Overall, ea increased with N for soil mixed

with varying PFA content. The initial rate of change of ea
for untreated soil was significantly higher than treated soil.

The ea of PFA-treated soil stabilised within 10,000 load

cycles; however, the ea of untreated soil continued to rise.

Across the range of scyc, the minimum ea was shown by

soil treated with 10% PFA followed by soil treated with 5%

PFA. At PFA content of 5%, the PFA was insufficient to

completely coat the surface of soil/rubber particles leading

to improper bonding between particles. This improper

bonding led to lowered strength and higher ea. Further

addition of PFA above 10%, led to increased ea. At lower
scyc of 50–100 kPa, the progression of ea with N of soil

treated with PFA content of 15 and 20% was almost sim-

ilar. However, at higher scyc of 200 kPa, there was signif-

icant variation between ea of 15 and 20% PFA mix. The ep
of soil mixed with different PFA content at the end of 50,

000 load cycles is shown in Fig. 18(a). It is seen that with

the addition of 5% PFA, ep reduced from 1.14, 2.48, and

5.51% to 0.51, 1.00, and 1.92% at scyc of 50, 100, and

200 kPa, respectively. Chen et al. [18] recorded similar

reduction in axial strain of PFA solidified calcareous sand

when subjected to cyclic loading. In this study, the ep
further reduced with an increase in PFA dosage of up to

10% and after this, ep either increased marginally or

remained constant. The reason behind the increase in ep for
PFA dosage above 10% was due to the cracking of PFA

filling in the voids of the soil specimen when subjected to a

large number of load cycles. However, the optimum PFA

content provided a coating on soil particles which was

sufficient to bind these soil particles together without filling

the voids in the soil. The per cent reduction in ep of soil

mixed with different PFA content at the end of cyclic

loading (i.e., 50,000 load cycles) is shown in Fig. 18(b). It

is observed that the maximum reduction in ep was 65.8,

63.4 and 68.3% at scyc of 50, 100, and 200 kPa, respec-

tively, on the addition of 10% PFA to soil. Based on this

analysis, the recommended optimum PFA content is

7.5–12.5%.

4.2.4 Axial strain of PFA-treated soil mixed with varying GR

Figure 19 illustrates the variation of ep with GR content for

untreated and treated soil sheared under scyc of 50–

200 kPa. The ep values are reported at the end of 50,000

load cycles. The ep of treated soil–GR mixtures was con-

sistently lower compared to untreated soil–GR mixtures. It

is seen that at scyc of 50, 100 and 200 kPa, ep kept on

reducing for untreated soil with increasing GR content of

up to 5% and then increased. The ep of treated soil at low

scyc of 50 kPa increased continuously with an increase in

GR, but low values of ep were recorded. However, at scyc
of 100 and 200 kPa, ep of treated soil remained nearly

constant till GR content of 15% and then started to rise.

The maximum percentage reduction in ep after soil treat-

ment was obtained at 0% GR content as 65.8, 63.4 and

68.3% at scyc of 50, 100, and 200 kPa, respectively. Con-

versely, the minimum percentage reduction in ep after soil

treatment was obtained at 25% GR content as 17.8, 46.7

and 24.7% at scyc of 50, 100, and 200 kPa, respectively.

Hence, it is concluded that the suitable GR content based

on ep at the end of cyclic loading for untreated and treated

soil is up to 5 and 15%, respectively.

4.2.5 Shear modulus and damping ratio

The shear modulus [G] and damping ratio [DR] for each

cycle were determined using Eqs. 8 and 9 [36], respec-

tively, based on the hysteresis loop shown in Fig. 20. The

G for each cycle was calculated by the ratio of the peak-to-

peak shear stress and the peak-to-peak shear strain. The DR

was calculated for each loading cycle using the hysteresis

loop area and the area of the right triangle that forms under

the maximum shear stress and maximum shear strain [56].

G ¼ scyc
ccyc

ð8Þ

where scyc is the cyclic shear stress amplitude (peak-to-

peak shear stress for the cycle) and ccyc is the cyclic shear

strain amplitude (peak-to-peak shear strain for the cycle).

Fig. 15 Stress–strain response of sand for first 10 load cycles at

different cyclic shear stress amplitude
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Fig. 16 a Application of load cycles in CDSS b Variation of axial strain with load cycles for soil subjected to different cyclic shear stress

amplitude
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DR ¼
PN

i¼2 0:5� si þ si�1ð Þ � ci þ ci�1ð Þ
4� p� 0:5� smax � cmax

ð9Þ

where N is the number of points per cycle.

Figure 21(a), (b) and (c) shows a three-dimensional

representation of the variation of G with scyc and PFA

content, scyc and GR content for untreated soil, and scyc and
GR content for treated soil, respectively. Generally, G

increased with an increase in scyc. It is observed from

Fig. 21(a) that G increased on the addition of PFA up to 5–

10% and then started to reduce with the addition of further

PFA. Similarly, increased soil modulus on addition of PFA

was reported by Chen et al. [18]. In the present study the

modulus reduction was observed when PFA content

exceeded 10%. This reduction in modulus was triggered by

Fig. 17 Variation of axial strain with load cycles of soil mixed with

varying PFA, subjected to cyclic shear stress amplitude a scyc=
50 kPa b scyc= 100 kPa c scyc= 200 kPa

Fig. 18 a Total plastic strain at the end of 50,000 load cycles of soil

mixed with varying PFA content sheared at different values of cyclic

shear stress amplitude b Per cent reduction in plastic strain for

different treated mixes at the end of 50,000 load cycles
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the disintegration of excessive PFA filling the voids. The

maximum G at scyc of 50, 100, and 200 kPa was 7418,

7340 and 7800 kPa, respectively. It can be seen from

Fig. 21(b) that for untreated soil, G showed a fluctuating

trend at scyc of 50 kPa. G increased from 5544 kPa at 0%

GR to 8547 kPa at 15% GR and then started to reduce

again and reached a value of 5267 kPa at 25% GR. At scyc
of 100 and 200 kPa, G continuously reduced with an

increase in GR content. The maximum G (soil ? 0% GR)

at scyc of 100 and 200 kPa was 6588 and 7242 kPa,

respectively and the minimum G (soil ? 25% GR) at scyc
of 100 and 200 kPa was 4679 and 4980 kPa, respectively.

From Fig. 21(c), it is seen that treated soil–rubber mixtures

showed a similar trend for G at different scyc as untreated
soil–rubber mixtures, although lower G values are recorded

compared to untreated mixtures. The maximum G of soil at

scyc of 50, 100, and 200 kPa was 7500 (with 15% GR),

6318 (with 2.5% GR) and 6300 kPa (with 0% GR),

respectively.

Hence, based on G, it was very difficult to fix an opti-

mum dosage of PFA and GR due to the large variability of

G at different scyc. However, we can consider 5–10% PFA

dosage as optimum that covers maximum G over wide

range of scyc. Similarly, GR content of 10% for untreated

and treated soil can be regarded as optimum, covering

maximum G over the entire range of scyc.
Figure 22 shows a three-dimensional contour plot of the

variation of DR with scyc and PFA content, scyc and GR

content for untreated soil, and scyc and GR content for

treated soil, respectively. Generally, the DR reduced with

an increase in scyc. It is observed from Fig. 22(a) that the

DR reduced with an increase in PFA content for the entire

range of scyc. This was due to the increased stiffness of the

soil. The maximum DR (soil ? 0% PFA) at scyc of 50, 100
and 200 kPa was 23.7, 19.4, and 18.9%, respectively, and

the minimum DR (soil ? 20% PFA) at scyc of 50, 100 and

200 kPa was 19.4, 18.9, and 18.0%, respectively. Previous

Fig. 19 Variation of ep at the end of 50,000 load cycles with GR

content for treated and untreated soil sheared at cyclic shear stress

amplitude a scyc = 50 kPa b scyc = 100 kPa c scyc = 200 kPa

Fig. 20 Hysteresis loop for calculation of damping ratio and shear

modulus
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study by Chen et al. [18] also observed reduction in DR on

PFA treatment of sand. Up to 32.8% reduction in DR was

observed for PFA-treated calcareous sand (PFA = 6%)

Fig. 21 Variation of shear modulus with cyclic shear stress amplitude

and a PFA content b GR content for untreated c GR content for

treated soil

Fig. 22 Variation of damping ratio with cyclic shear stress amplitude

and a PFA content b GR content c GR content for PFA bound soil
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compared to virgin calcareous sand. Figure 22(b) repre-

sents the variation of DR at different scyc and GR content. It

is seen that DR decreased with an increase in scyc and DR

increased with increasing GR content. The maximum DR

(soil ? 25% GR) at scyc of 50, 100, and 200 kPa was 26,

23, and 21%, respectively. Similarly, from Fig. 22(c), a

similar trend in terms of DR was observed for treated soil–

rubber mixtures but with lower DR values compared to

untreated mixtures. The maximum DR at scyc of 50, 100,

and 200 kPa was 22% (soil ? 20% GR), 21.2% (soil ?

20% GR), and 20.7% (soil ? 25% GR), respectively.

To conclude, although the DR continuously reduced with

increasing PFA content, the optimum PFA dosage can be

considered in the range of 5–10%. Similarly, the optimum

GR content for treated soil can be considered in the range

of 10–20%. At these PFA and GR contents, maximum

advantages are obtained in terms of improved damping

with least influence on other properties, viz. c, /, and G.

Figure 23 compares the maximum and minimum DR of

soil and TDA reported by various studies. The DR for all

the strain-controlled tests performed by various authors

[19, 64, 66, 73, 76] was evaluated at shear strains of 0.1%

as their studies focussed on earthquake engineering, and

the dominant shear strains generated within soil due to

seismic waves are relatively small. The present study was

stress-controlled to replicate traffic loading, and the mini-

mum and maximum DR correspond to maximum and

minimum scyc, respectively. It is shown that the highest DR

is shown by soil ? 10% GR mix followed by soil ? 10%

GR ? 10% PFA mix. The addition of 10% PFA has a very

insignificant influence on the DR of untreated soil.

5 Conclusions

An experimental study is presented to assess the perfor-

mance of untreated soil (soil ? GR mixture) and treated

soil (soil ? PFA and soil ? GR ? PFA) using SDSS and

CDSS testing. SDSS (monotonic) tests were performed to

evaluate the monotonic performance of all mixtures in

Fig. 23 Comparison of damping ratio of present study with previous studies
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terms of cohesion, ultimate friction angle, mobilised fric-

tion angle, and dilation angle. CDSS (cyclic) tests were

performed to assess the long-term performance of these

different mixes under repeated cyclic loading (50,000 load

cycles) and varying cyclic shear stress amplitude [scyc�.
The following conclusions are drawn from the present

study:

• Empirical models were proposed in this study that can

predict the ultimate shear strength of untreated and

treated soil–rubber mixtures. These models, viz. asymp-

totic model (Eq. 5) and logistic model (Eq. 6), can

predict the nonlinear failure envelopes of untreated soil

and treated soil–rubber mixtures, respectively.

• The strength of untreated soil was least impacted by

addition of low amount of GR (up to 5%). A significant

drop in strength was observed after that. On the

contrary, the strength of the soil improved with PFA

treatment. This strength gain was reflected through

mobilisation of cohesion and increase in the friction

angle (ultimate and mobilised) of the soil. The strength

improvement was significant for PFA content of

7.5–12.5% and after that further PFA addition led to

marginal strength improvement. The addition of GR up

to 5% led to further improvement in the strength of

treated soil. Above 10% GR content, the strength of

treated soil started to reduce. The increase in normal

stress reduced the mobilised friction angle of the soil.

• Dilative behaviour was not observed for soil–rubber

mixtures due to the loose-medium state of the soil. The

PFA treatment of soil and soil–rubber mixture triggered

dilative behaviour. Maximum dilation was observed at

10% PFA content, and after that further PFA addition

showed insignificant changes in the dilative behaviour

of the soil. The maximum dilation angle [w] of 8.7�
under normal stress of 50 kPa was recorded. This

maximum w was responsible for the highest shear

strength of soil with 10% PFA content. But the

incorporation of 10% GR to treated soil reduced the

w to less than 3�.
• The effect of normal stress [rn] on strength of

untreated and treated soil–rubber mixture was also

studied. Overall, it was observed that increase in rn
reduced the cohesion, friction angles (ultimate and

mobilised), and dilation in the soil. This reduction was

more significant for untreated soil compared to treated

soil.

• Under cyclic loading, the performance of the untreated

and treated soil with varying GR content was assessed

based on the axial strain ½ea�, shear modulus [G] and

damping ratio [DR] over range of scyc. Generally, it
was observed that with an increase in scyc (increase in

CSR), the ea increased and the DR decreased. G

showed non-uniform trend but mostly increased with

increasing scyc. The permanent axial strain (or plastic

strain at the end of 50,000 load cycles) ½ep� was

calculated which relates to the irrecoverable settle-

ment of the track.

The addition of PFA up to a certain dosage (7.5–

12.5%) reduced the ep of soil substantially across the

range of scyc. The addition of GR up to 5% showed a

reduction in the ep of the untreated soil across the

range of scyc. For instance, at highest scyc = 200 kPa,

the ep of untreated soil mixed with 5% GR content was

36.5% lower than the untreated soil (with 0% GR),

signifying the importance of GR in reducing settle-

ment at higher CSR. Although the same reduction in ep
with GR incorporation was not observed for treated

soil, the ep for treated soil with varying GR was

significantly lower than untreated soil.

For treated soil, at lower scyc, ep rose with an

increase in GR content of up to 20% but ep values were
low at less than 1%. However, at scyc of 100 and

200 kPa, ep remained constant with the addition of up

to 15% GR and then started to rise exponentially with

further GR incorporation. Hence, it was concluded that

the suitable GR content for untreated and treated soil is

up to 5 and 15%, respectively.

• Based on G, it was difficult to fix an optimum dosage of

PFA and GR as G showed large variability at different

scyc. However, we can consider a PFA dosage of 5–10%

and GR dosage of 10% for untreated and treated soil as

optimum, which covers maximum G over the range of

scyc considered in the present study.

The addition of GR increased the DR and PFA

treatment reduced the DR of the soil. This study rec-

ommends optimum PFA dosage of 5–10% and opti-

mum GR content of 10–20% for treated soil to obtain

desirable DR with least impact on other properties.

To conclude, based on output of detailed monotonic and

cyclic testing, the PFA optimum dosage is recommended as

10% for soil. Furthermore, the optimum GR content for

untreated and treated soil is recommended as 5 and 10%,

respectively.

6 Limitations, future scope,
and environmental implications

The scanning electron microscope (SEM) analysis was not

performed in the present study. SEM could provide an

additional insight in the microscopic analysis of PFA-

treated soil–rubber mixtures and is recommended to be

performed in the future studies. This study also
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recommends to evaluate the performance of untreated and

treated soil–rubber mixtures at higher loading frequency

and under confining pressure relevant to railway track.

The recycling of scrap tyre into tyre-derived aggregates

(TDA) is frequently viewed as a sustainable solution due to

the advantages of conservation of landfill space, creation of

beneficial products, prevention of the spread of diseases as

well as prevention of fires and pollution [31]. However,

certain environmental and health implications must be

addressed. These environmental effects can be assessed

through vital environmental testing including leachate

studies on toxic organic compounds. This would ensure

that recycling of waste tyre has minimum environmental

impact [65]. Humphrey and Swett [48] found that the

amount of metal leaching was insignificant according to

primary drinking water standards. In the present work,

metal-free TDA was used implying its adequacy as a

construction material in view of reduced leaching. The

research aims to use TDA as a base layer of a railway track

under dry (non-submerged) condition. In addition, the

inclusion of PFA to the soil–rubber mixture would aid in

preventing the rubber degradation. The hydrophobic nature

of PFA would transform the entire mix (soil ? GR ?

PFA) into hydrophobic, which would have the least impact

on the contamination of ground water.
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39. Gómez J, Casado JA, Carrascal IA et al (2019) Experimental

validation of a new antivibration elastomeric material fabricated

from end-of-life tires for slab track systems with embedded rail.

J Test Eval. https://doi.org/10.1520/JTE20180804

40. Gong H, Song W, Huang B et al (2019) Direct shear properties of

railway ballast mixed with tire derived aggregates: experimental

and numerical investigations. Constr Build Mater 200:465–473.

https://doi.org/10.1016/j.conbuildmat.2018.11.284

41. Haque A, Bouazza A, Kodikara J (2004) Filtration behaviour of

cohesionless soils under dynamic loading. In: Proceesings of the

9th ANZ conference in Geomechanics. Auckland, New Zealand,

pp 867–873

42. Hazarika H, Hyodo M, Yasuhara K (2010) Investigation of tire

chips-sand mixtures as preventive measure against liquefaction.

In: GeoShanghai international conference, ASCE. pp 34–41

43. Hidalgo-Signes C, Garzón-Roca J, Grima-Palop JM, Insa-Franco

R (2017) Use of rubber shreds to enhance attenuation of railway

sub-ballast layers made of unbound aggregates. Mater Con-

strucción 67:115. https://doi.org/10.3989/mc.2017.00316

44. Ho C, Humphrey D, Hyslip J, Moorhead W (2013) Use of

recycled tire rubber to modify track-substructure interaction.

Transp Res Rec. https://doi.org/10.3141/2374-14

45. Hoppe EJ (1998) Field study of shredded-tire embankment.

Transp Res Rec J Transp Res Board 1619:47–54. https://doi.org/

10.3141/1619-06

46. Huang J, Su Q, Cheng YM et al (2019) Improved performance of

the subgrade bed under the slab track of high-speed railway using

polyurethane adhesive. Constr Build Mater 208:710–722. https://

doi.org/10.1016/j.conbuildmat.2019.03.020

47. Humphrey D, Nickels WL (1994) Tire chips as subgrade insu-

lation and lighweight fill. In: In: 18th Annual Meeting of the

Asphalt Recycling and Reclaiming Association. Maryland,

pp 83–105

48. Humphrey DN, Swett M (2006) Literature review of the water

quality effects of tire derived aggregate and rubber modified

asphalt pavement. Rep US EPA

49. IC-QA-3051 (2018) Granular pavement base and subbase mate-

rials. Road Marit Serv NSW

50. Jing G, Qie L, Markine V, Jia W (2019) Polyurethane reinforced

ballasted track: review, innovation and challenge. Constr Build

Mater 208:734–748. https://doi.org/10.1016/j.conbuildmat.2019.

03.031

51. Kaneko T, Orense RP, Hyodo M, Yoshimoto N (2013) Seismic

response characteristics of saturated sand deposits mixed with tire

chips. J Geotech Geoenvironmental Eng 139:633–643. https://

doi.org/10.1061/(ASCE)GT.1943-5606.0000752

52. Kaushik MK, Kumar A, Bansal A (2015) Performance assess-

ment of gravel–tire chips mixes as drainage layer materials using

real active MSW landfill leachate. Geotech Geol Eng

33:1081–1098. https://doi.org/10.1007/s10706-015-9889-1

53. Keene A, Edil T, Fratta D, Tinjum J (2013) Modeling the effect

of polyurethane stabilization on rail track response. Geotech Spec

Publ. https://doi.org/10.1061/9780784412787.141

Acta Geotechnica

123

https://doi.org/10.1016/j.trgeo.2021.100640
https://doi.org/10.1016/j.trgeo.2021.100640
https://doi.org/10.1080/13632469.2017.1387200
https://doi.org/10.1080/13632469.2017.1387200
https://doi.org/10.1007/s11440-021-01176-y
https://doi.org/10.1007/s11440-021-01176-y
https://doi.org/10.1016/j.conbuildmat.2020.121955
https://doi.org/10.1016/j.conbuildmat.2021.125274
https://doi.org/10.1016/j.conbuildmat.2021.125274
https://doi.org/10.1080/23248378.2019.1613938
https://doi.org/10.1016/j.conbuildmat.2021.126106
https://doi.org/10.1002/stc.2444
https://doi.org/10.1002/stc.2444
https://doi.org/10.1520/jte20170746
https://doi.org/10.1016/j.compgeo.2021.104220
https://doi.org/10.1016/j.compgeo.2021.104220
https://doi.org/10.3390/su141811715
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001702
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001702
https://doi.org/10.1520/gtj11055j
https://doi.org/10.1520/gtj11055j
https://doi.org/10.1520/GTJ20160245
https://doi.org/10.1520/GTJ20160245
https://doi.org/10.1023/B:GEGE.0000025035.74092.6c
https://doi.org/10.1023/B:GEGE.0000025035.74092.6c
https://doi.org/10.1016/j.soildyn.2022.107412
https://doi.org/10.1016/j.soildyn.2022.107412
https://doi.org/10.1520/JTE20180804
https://doi.org/10.1016/j.conbuildmat.2018.11.284
https://doi.org/10.3989/mc.2017.00316
https://doi.org/10.3141/2374-14
https://doi.org/10.3141/1619-06
https://doi.org/10.3141/1619-06
https://doi.org/10.1016/j.conbuildmat.2019.03.020
https://doi.org/10.1016/j.conbuildmat.2019.03.020
https://doi.org/10.1016/j.conbuildmat.2019.03.031
https://doi.org/10.1016/j.conbuildmat.2019.03.031
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000752
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000752
https://doi.org/10.1007/s10706-015-9889-1
https://doi.org/10.1061/9780784412787.141


54. Klar A, Roed M, Rocchi I, Paegle I (2019) Evaluation of hori-

zontal stresses in soil during direct simple shear by high-resolu-

tion distributed fiber optic sensing. Sensors 19:3684. https://doi.

org/10.3390/s19173684

55. Koohmishi M, Azarhoosh A (2022) Stiffness and damping

properties of railway ballast aggregate considering influence of

degradation of aggregate and incorporation of crumb rubber. Soil

Dyn Earthq Eng 155:107177. https://doi.org/10.1016/j.soildyn.

2022.107177

56. Kramer S (1996) Geotechnical earthquake engineering. Prentice

Hall, Upper Saddle River, N.J.

57. Kurt ZN, Akbulut S (2014) The dynamic shear modulus and

damping ratio of clay nanocomposites. Clays Clay Miner

62:313–323. https://doi.org/10.1346/CCMN.2014.0620405

58. Ladd RS (1978) Preparing test specimens using undercom-

paction. Geotechincal Test J 1:16–23

59. Lawrence B, Humphrey D, Chen LH (1999) Field trial of tire

shreds as insulation for paved roads. Present Tenth Int Conf Cold

Reg Eng Putt Res into Pract Hanover, NJ, ASCE, Reston, VA

428–439

60. Lee SH, Lee SJ, Park JG, Choi YT (2017) An experimental study

on the characteristics of polyurethane-mixed coarse aggregates by

large-scale triaxial test. Constr Build Mater 145:117–125. https://

doi.org/10.1016/j.conbuildmat.2017.03.107

61. Leshchinsky B, Ling H (2013) Effects of geocell confinement on

strength and deformation behavior of gravel. J Geotech Geoen-

vironmental Eng 139:340–352. https://doi.org/10.1061/

(ASCE)GT.1943-5606.0000757

62. Lo PD (2013) Recycled tyre rubber modified bitumens for road

asphalt mixtures: a literature review. Constr Build Mater

49:863–881. https://doi.org/10.1016/j.conbuildmat.2013.09.007

63. Madhusudhan BR, Boominathan A, Banerjee S (2020) Cyclic

simple shear response of sand–rubber tire chip mixtures. Int J

Geomech 20:04020136. https://doi.org/10.1061/(asce)gm.1943-

5622.0001761

64. McCartney JS, Ghaaowd I, Fox PJ et al (2017) Shearing behavior

of tire-derived aggregate with large particle size. II: cyclic simple

shear. J Geotech Geoenvironmental Eng 143:1–10. https://doi.

org/10.1061/(ASCE)GT.1943-5606.0001781

65. Mohajerani A, Kurmus H, Conti D et al (2022) Environmental

impacts and leachate analysis of waste rubber incorporated in

construction and road materials: a review. Sci Total Environ

835:155269. https://doi.org/10.1016/j.scitotenv.2022.155269

66. Moussa A, El Naggar H (2021) Dynamic characterization of tire

derived aggregates. J Mater Civ Eng 33:04020471. https://doi.

org/10.1061/(asce)mt.1943-5533.0003583

67. Nadai A (1950) Theory of flow and fracture of solids. McGraq

Hill, New york

68. Nimbalkar S, Indraratna B (2016) Improved performance of

ballasted rail track using geosynthetics and rubber shockmat.

J Geotech Geoenvironmental Eng 142:04016031. https://doi.org/

10.1061/(ASCE)GT.1943-5606.0001491

69. Prisacariu C (2011) Polyurethane elastomers. Springer Vienna,

Vienna

70. Qassim WA-S (2020) Using crumb rubber to improve the bitu-

minous mixes: experimental investigation of rutting behavior of

flexible asphalt mix for road construction. J Phys Conf Ser

1527:012015. https://doi.org/10.1088/1742-6596/1527/1/012015

71. Quadrini F, Bellisario D, Santo L, Hren I (2013) Direct moulding

of rubber granules and powders from tyre recycling. Appl Mech

Mater 371:315–319. https://doi.org/10.4028/www.scientific.net/

AMM.371.315

72. Radampola S. (2006) Evaluation and modelling performance of

capping layer in rail track substructure. PhD Thesis. Central

Queensland University

73. Rollins KM, Evans MD, Diehl NB, III WDD (1998) Shear

modulus and damping relationships for gravels. J Geotech

Geoenvironmental Eng 124:396–405. https://doi.org/10.1061/

(ASCE)1090-0241(1998)124:5(396)

74. Roscoe KH (1970) The influence of strains in soil mechanics.
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