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Abstract: This research investigates the static and cyclic characteristics of recycled glass (RG) as a
supplementary material with recycled concrete aggregate (RCA) in the rail track capping layer. RG
was blended by-weight with RCA in 10% increments up to 50% RG content. A performance-based
laboratory testing scheme was designed according to the field loading conditions of capping layers in
rail tracks. Basic geotechnical properties of RG + RCA blends were evaluated through their particle
size distribution, compaction properties, and California bearing ratio. Effect of flooding was assessed
with one-dimensional static and cyclic compression tests. Multistage triaxial compression tests were
performed to determine the effect of RG content on shear strength parameters. A new repeated
loading triaxial testing protocol was introduced for railway capping layer materials to assess the
stiffness of RG blends to cyclic loading. Long term performance of samples also was evaluated
through multistage cyclic permanent deformation tests. The shakedown concept was used to assess
the permanent deformation results of RG + RCA samples. Results indicated that RG can be used
effectively as a supplementary geomaterial in construction of rail track substructure.

Keywords: recycled glass; recycled concrete; demolition waste; recycling; railway; capping layer;
cyclic; shakedown; ground improvement

1. Introduction

The non-biodegradable nature of waste glass has become an environmental concern
worldwide. More than 10 million tonnes of waste glass are landfilled each year [1]. Most of
the developed and developing countries have a recycling rate of less than 60% and face
challenges in efficiently increasing their recycling rate [1]. Australia in particular has a
relatively constant recycling rate of below 60% with a landfilling amount of approximately
0.5 million tonnes per year over the past decade [2].

Recycled glass (RG) contains different types of materials with a variety of colors,
properties, and chemical components resulting in difficulties of reusing them in new glass
productions [3]. However, RG has shown promising results in the construction and build-
ing industry [4]. Other recycled materials such as recycled concrete aggregate (RCA)
with similar properties to quarry materials can also be used to address the environmen-
tal concerns [5]. Recent studies have focused on the geotechnical properties of both RG
and RCA [6]. However, limited studies have evaluated the performance of both recycled
materials, particularly RG, in rail track substructure [4]. The performance of RG and RCA
separately or in blends has been studied in applications other than railway substructure
including pavement layers, structural fills, and concrete materials [7–9]. RG has shown sim-
ilar geotechnical properties to those of natural sand and can be used as a viable alternative
for both structural and nonstructural construction purposes [6].
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The railway capping layer is placed between ballast and subgrade to enhance the
structural integrity of the rail track substructure [10]. This layer transfers the cyclic loading
applied by moving trains to allowable stress for subgrade soil [11]. The capping layer is
designed with a similar methodology employed for the road base/subbase layer. Therefore,
granular aggregates are often used with some amount of fine contents. However, the field
condition of capping layer is outstandingly different from road base/subbase layers. The
capping layer of ballasted rail track is exposed to the surface water and rainfall. This
layer also experiences a complex set of cyclic loadings with high deviator stresses at low
confinements [12]. Both conditions can result in undesirable local and overall instabilities.
Hence, it is essential to investigate the performance-based behavior of capping materials
properly. Recent research studies have focused on enhancing recycling and sustainability in
railway substructure [13,14]. Moreover, the application of recycled materials in the railway
capping layer has been investigated in several research studies [15–18].

The current guidelines and standards for the design and construction of rail track
substructure and capping layer are prepared based on both physical and strength properties
of quarry materials [19]. Nevertheless, the performance of capping layer geomaterials
should be characterized on the basis of their stiffness and deformation under cyclic loading
simulating the condition of moving trains. In addition, recycled materials can have different
physical characteristics to quarry materials. Therefore, the behavior of recycled materials
should be assessed based on their application. Previous studies have shown similar or even
superior stiffness and strength of recycled materials compared to those of conventional
quarry materials [4]. Thus, a performance-based testing procedure should be utilized to
assess the response of recycled materials [20].

In this research study, the performance-based responses of RG + RCA blends were
assessed under a comprehensive set of laboratory tests. RG was blended in different
percentages with RCA to determine the effect of RG content on the overall performance
of the RG + RCA blends. Basic geotechnical characteristics of RG + RCA blends were
initially investigated based on their particle size distribution, compaction properties, and
CBR values. The effect of flooding on RG blends was assessed by the means of one-
dimensional (1D) static and cyclic compression tests. Multistage triaxial compression tests
were conducted to measure the variation in shear strength of blends with RG content. The
results of this test were also used to link the shear strength of materials to their deformation
under cyclic loading.

The stiffness of RG + RCA samples was determined based on the repeated load tri-
axial (RLT) tests. A new testing protocol was designated based on the field stress levels
of rail track capping layer and the currently available testing protocols for pavement
base/subbase layers. Finally, the long-term behavior of samples was evaluated by con-
ducting multistage cyclic permanent deformation tests. A new permanent deformation
model was adopted, which takes into account the effect of both shear strength and applied
stress. The shakedown concept was also employed to rank the long-term performance of
RG + RCA samples.

2. Materials and Methods

RG and RCA were sourced from a recycling facility in Australia. Both recycled materi-
als were processed with standard pulverization technics to create well-graded aggregates
following the local guidelines and standards [21]. Figure 1 presents the particle size distri-
bution of both materials. RG had the maximum particle size of 5 mm, while that of RCA
was at 20 mm. RG and RCA were classified as well-graded gravel and well-graded sand,
respectively [22]. RCA was produced to meet the maximum requirements of undesirable
and foreign materials specified in [21]. RCA had less than 2% high-density materials
including brick and ceramic, less than 0.5% low-density materials such as plastic, paper
and rubber, and less than 0.1% wood or other vegetables. RG was also produced from
recycling kerbside collection of bottles and glass containers with less than 2% contaminants
such as paper, corks, metals, and other harmful materials specified in [21]. RCA had a
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specific gravity of 2.7, whereas the specific gravity of RG was measured to be 2.47. Water
absorption of RCA was measured to be approximately 9%, while that of RG was recorded
to be less than 1% following the procedure outlined in [23,24]. RCA experienced a Los
Angeles Abrasion loss of 31 using grading B outlined in [25]. This value was lower than
the maximum limit set by Li et al. [10] for subballast materials.
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Figure 1. Particle size distribution of recycled glass (RG) and recycled concrete aggregate (RCA) blends.

RG was blended with RCA in 10% increments by weight to a maximum of 50%
replacement as presented in Table 1. RG percentages were chosen based on the previous
studies on the blends of RG with aggregates [7]. The particle size distribution lines of RG +
RCA are also shown in Figure 1 in comparison to the limits set for capping materials [19].
The particle size distribution lines of all blends were in the upper and lower limits, except
for the finer sand section with the diameter of 0.15 and 0.075 mm, which was just below
the lower limit.

Table 1. Compaction properties and California bearing ratio (CBR) of RG + RCA blends.

Blend Name RG Content (%) Maximum Dry
Density (Mg/m3)

Optimum Moisture
Content (%) CBR (%)

100% RCA 0 1.845 13.19 74.24
10% RG + 90% RCA 10 1.797 13.06 72.20
20% RG + 80% RCA 20 1.792 12.85 62.70
30% RG + 70% RCA 30 1.784 12.32 55.56
40% RG + 60% RCA 40 1.804 11.60 50.91
50% RG + 50% RCA 50 1.818 11.55 48

Compaction tests were conducted to determine the maximum dry density (MDD)
and optimum moisture content (OMC) of blends using standard Proctor energy [26]. The
compaction parameters of blends are presented in Table 1. The OMC of blends reduced
with the increase in RG content as shown in Figure 2. Nonetheless, between 40% and 50%
RG content, the OMC did not change significantly. MDD values also showed a decreasing
trend until 30% RG content, after which the MDD increased substantially with 40% and
50% RG percentages. The shift of PSD curves of blends in the coarse section toward the
finer values facilitated the densification of aggregates for the case of 40% and 50% RG



Sustainability 2021, 13, 2463 4 of 17

contents. This behavior is shown in Figure 2, which presents the plots of void ratio, e, at
MDD of blends with RG content. Void ratio of both blends with 40% and 50% RG content
was calculated to be less than the parent aggregates.
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Figure 2. Variation in void ratio, e, and optimum moisture content (OMC) of RG + RCA blends.

Table 2 summarizes the compressibility, stiffness, and strength tests carried out on
RG + RCA blends. Sample dimensions, compaction method, and loading conditions of
each test are also presented. California bearing ratio (CBR) tests were conducted following
the procedure outlined in [27]. Samples were submerged for four days with a surcharge
load of 9 kg and were tested with the loading rate of 1.27 mm/min as presented in Table 2.
For each blend, three samples were tested, and the average value is reported.

Conventional ballasted rail track substructures are exposed to groundwater level
fluctuations [28]. Therefore, new testing methods were implemented to capture the effect
of flooding on the one-dimensional (1D) compression behavior of RG + RCA blends under
both static and cyclic k0-loadings. Samples were compacted in a mold with a diameter of
152.4 ± 0.1 mm to the final height of 50.0 ± 1.0 mm in two layers using the dry tamping
method. The dry tamping method was chosen to evaluate the effect of flooding at the
worst-case field scenario in which the capping layer is compacted at a loose condition.
The sample dimensions were selected to yield a height-to-diameter ratio of less than unity,
a diameter-to-maximum particle size ratio of more than five, and a height-to-maximum
particle size of more than two. These ratios were chosen to minimize the frictional boundary
effects on the sample’s response based on the previous studies on the 1D compression
behavior of aggregates [29,30].

The vertical load was applied using a rigid plate with a diameter and thickness of
151.4 ± 0.1 and 20.0 ± 0.1 mm, respectively. Two-way drainage was maintained for the
sample with the use of two rigid porous disks with a thickness of 10 mm at the top and
bottom of the mold. Vertical stress of 5 kPa was initially imposed for 5 min to reduce
the effect of the sample’s top surface irregularities on the displacement readings. The
detailed loading condition of this test is presented in Table 2. The sample was flooded
from the bottom with a fully automated pump with a volume rate of 20 cm3 per minute
for at least 24 hours. The maximum pressure from the pump was also set to 2 kPa to
ensure the minimal effect of flooding on the movement of fine particles. After achieving the
submerged condition, the loading was continued with the vertical stress values presented
in Table 2.
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Table 2. Summary of loading condition applied in compressibility, stiffness, and strength tests on RG + RCA blends.

Test Sample Dimensions
(mm) Compaction Loading Condition

CBR D 1 = 152
H 1 = 116 MDD and OMC 2 Loading rate = 1.27 mm/min

Surcharge weight = 9 kg

1D static compression D = 152
H = 50 Dry tamping

Dry state vertical stress (kPa):
Loading = 25, 50, 100, 200
Unloading= 100, 50, 25
Reloading= 50, 100, 200
Flooding state vertical stress (kPa) = 200 kPa
Submerged state vertical stress (kPa):
Loading= 400, 800
Unloading= 400, 200, 100, 50, 25

1D cyclic compression D = 152
H = 50 Dry tamping

Dry state σvmax
3 = 25, 50, 100, 200

Flooding σvmax = 200 kPa Submerged state
σvmax = 200 kPa
σvmin

4 = 5 kPa
Haversine loading shape
Frequency = 5 Hz

Multistage triaxial
compression

D = 100
H = 200 MDD and OMC Loading rate = 1 mm/min

Confining pressures = 10, 40, 70 kPa

Repeated load triaxial
(RLT)

D = 100
H = 200 MDD and OMC

qmax
5 = Table 3

Confining pressures = 10, 40, 70 kPa
qmin

6 = 5 kPa
Haversine loading shape
Frequency = 5 Hz

Multistage cyclic
permanent deformation

D = 100
H = 200 MDD and OMC

qmax = 80, 160, 240 kPa
Confining pressure = 40
qmin = 5 kPa
Haversine loading shape
Frequency = 5 Hz
No. of loading cycles = 10,000

1 D = diameter and H = height; 2 Maximum dry density and optimum moisture content; 3 σvmax = maximum cyclic vertical stress; 4 σvmin =
minimum vertical stress.; 5 qmax = maximum cyclic deviator stress; 6 qmin = minimum deviator stress.

Table 3. RLT test loading regime developed for RG + RCA blends as rail track capping materials.

Loading
Sequence

Confining
Pressure, σ3

(kPa)

Cyclic Deviator
Stress, qcyc

(kPa)

Maximum
Deviator Stress,

qmax (kPa)

No.Loading
Cycles

Conditioning 40 155 160 1000
1 10 15 20 100
2 10 35 40 100
3 10 55 60 100
4 10 75 80 100
5 10 95 100 100
6 40 35 40 100
7 40 75 80 100
8 40 115 120 100
9 40 155 160 100
10 40 195 200 100
11 70 65 70 100
12 70 135 140 100
13 70 170 175 100
14 70 205 210 100
15 70 275 280 100
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Loading details for the 1D cyclic compression tests are presented in Table 2. The first
three stages with maximum vertical stress, σvmax , of 25, 50, and 100 kPa were applied for
1000 cycles at each stage. Stage four was continued with the σvmax of 200 kPa for 2000 cycles.
With the start of stage 5, the σvmax of 200 kPa was maintained, while the sample was flooded
from both top and bottom to reach the submerged condition. Although the 1D static
compression loading test can provide ample time for the sample to saturate after flooding,
the sample might not reach the saturated condition in 1D cyclic compression loading test
due to the high frequency of loading. However, 1D cyclic compression loading can still
simulate the field condition of railway track substructure under the moving load of trains.
In this condition, the substructure may experience settlements due to being submerged.

In order to determine the effect of RG inclusion on shear strength characteristics of
the blends, multistage triaxial compression tests were conducted with the loading rate of
1 mm/min following [31]. Samples were confined at the first confining pressure, σ3, of
10 kPa, and shearing continued until reaching a horizontal line of the stress–strain curve
where dq/dεa = 0. The confining pressure was then increased to the target pressure of
40 kPa while the loading was maintained. After reaching the dq/dεa = 0, the third stage of
shearing with the confinement of 70 kPa was performed until reaching an axial strain of
10%. Confining pressures were selected based on the previous studies on the shear strength
tests performed on subballast and capping materials [12,32,33].

RLT tests were conducted to evaluate the resilient behavior of the blends. Existing RLT
testing protocols in literature are developed based on the loading conditions of pavement
base/subbase layers. As presented in Table 3, a new loading regime was designated to
capture the field condition of the rail track substructure based on the previous field and
laboratory studies on the rail track capping layer [4,5,34]. The testing procedure was
adopted from CEN EN 13286-7 [35] and AASHTO T307 [36], and it was performed in
15 stages. The conditioning phase was used to minimize the top and bottom irregularities
of the sample for 1000 cycles. Each stage of loading was repeated for 100 cycles, and
the average results of the last 10 cycles were reported as the resilient modulus of that
stage. Details of loading shape, frequency, minimum, and maximum deviator stresses are
presented in Tables 2 and 3.

The long term behavior of blends under cyclic loading was evaluated by conducting
multistage permanent deformation tests. The tests were performed at three stages with
qmax of 80, 160, and 240 kPa at a constant confining pressure of 40 kPa. The values of qmax
in three stages were calculated to impose cyclic stress ratios (CSR) of one, two, and three,
respectively. CSR was defined as the ratio of qmax to two times of confining pressure [37].
The applied CSR was also chosen to cover the range of values used in previous studies on
capping materials [12,38,39]. Each loading stage has been repeated for 10,000 cycles. Other
parameters of loading conditions are presented in Table 2.

3. Results and Discussions

The Australian Rail Track Corporation [19] specifies a CBR value of more than 50% as
the singular strength requirement for the granular materials to be acceptable for capping
layer construction. As presented in Table 1, the CBR value decreased with increasing the
RG content such that for 50% RG + 50% RCA, the value was measured to be below 50%.
Blend of 40% RG + 60% RCA had a CBR value of just above the limit, while RG + RCA
blends with up to 30% RG content had a CBR value similar to the conventional capping
materials reported in the literature [4].

1D compression responses of recycled blends under static and cyclic loading are
shown in Figures 3 and 4. 1D static compression results in Figure 3 consisted of five
distinguished sections, namely loading, unloading–reloading in the dry state, flooding,
and loading–unloading in the submerged state. The materials showed a nonlinear response
upon loading with decreasing the non-linearity upon unloading. Inclusion of RG changed
the recorded values of vertical strain among different samples, while the trend of stress–
strain response of all blends was almost similar. Moreover, Figure 4 illustrates the variation
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of permanent vertical strain, εpv, with the number of loading cycles under 1D cyclic
compression loading. Total vertical strain response of granular materials under one-way
haversine cyclic loading consisted of a resilient portion and a permanent response [32], the
latter of which is presented in Figure 4. Based on Figure 4, all samples experienced an initial
rise in their εpv with the increase in the applied σvmax . After approximately 500 cycles, the
rate of εpv accumulation reduced in all stages, and εpv values were increasing almost linearly
with the number of loading cycles. With the addition of water, the εpv experienced another
rise due to the facilitation of particles’ rearrangements and reduction of matric suction [40].
In both 1D compression tests, RG content did not have a clear trend of change on samples’
responses. However, RG + RCA blends with 40% and 50% RG content generally showed
a lower level of deformations under the k0-loading condition. This was due to the better
packing density (i.e., void ratio) of 40% RG + 60% RCA and 50% RG + 50% RCA compared
to the other blends (Figure 2).

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 18 
 

1D compression responses of recycled blends under static and cyclic loading are 
shown in Figures 3 and 4. 1D static compression results in Figure 3 consisted of five dis-
tinguished sections, namely loading, unloading–reloading in the dry state, flooding, and 
loading–unloading in the submerged state. The materials showed a nonlinear response 
upon loading with decreasing the non-linearity upon unloading. Inclusion of RG changed 
the recorded values of vertical strain among different samples, while the trend of stress–
strain response of all blends was almost similar. Moreover, Figure 4 illustrates the varia-
tion of permanent vertical strain, ɛpv, with the number of loading cycles under 1D cyclic 
compression loading. Total vertical strain response of granular materials under one-way 
haversine cyclic loading consisted of a resilient portion and a permanent response [32], 
the latter of which is presented in Figure 4. Based on Figure 4, all samples experienced an 
initial rise in their ɛpv with the increase in the applied . After approximately 500 cy-
cles, the rate of ɛpv accumulation reduced in all stages, and ɛpv values were increasing al-
most linearly with the number of loading cycles. With the addition of water, the ɛpv expe-
rienced another rise due to the facilitation of particles’ rearrangements and reduction of 
matric suction [40]. In both 1D compression tests, RG content did not have a clear trend 
of change on samples’ responses. However, RG + RCA blends with 40% and 50% RG con-
tent generally showed a lower level of deformations under the k0-loading condition. This 
was due to the better packing density (i.e., void ratio) of 40% RG + 60% RCA and 50% RG 
+ 50% RCA compared to the other blends (Figure 2). 

 
Figure 3. Stress–strain responses of RG + RCA blends under 1D static compression loading. 

Expected level of vertical 
stress in capping layer

0

1

2

3

4

5

6

7

8

9

0 100 200 300 400 500 600 700 800 900

Ve
rt

ic
al

 s
tr

ai
n,

 ɛ
v

(%
)

Vertical stress, σv (kPa)

100%RCA
10%RG + 90%RCA
20%RG + 80%RCA
30%RG + 70%RCA
40%RG + 60%RCA
50%RG + 50%RCAFlooding

Loading
Dry state

Loading-unloading
Dry state

Loading
Submerged state

Unloading
Submerged state

Figure 3. Stress–strain responses of RG + RCA blends under 1D static compression loading.

The effect of RG on shear strength and stress–strain responses’ RG + RCA blends is
shown in Figure 5. The strain-softening behavior associated with the reduction of deviator
stress after reaching the peak deviator stress, qpeak, can be observed in Figure 5a. Addition
of RG had a noticeable effect on the stress–strain behavior of RCA. The qpeak of recycled
blends decreased at all three confining pressures with increasing the RG content. This
was due to the lower shear strength of RG particles compared to that of RCA. However,
the axial strain corresponding to the qpeak increased at each confinement with the increase
in RG percentage. This was related to the low level of strain-softening of RG at low to
high confining pressures [41]. Therefore, the increase in RG content reduced the brittle
response of RCA toward more ductility due to the increase in RG particles interaction
in the samples’ force chain skeleton. Volumetric strain responses in Figure 5b indicate
minimal compression of recycled blends at the first confinement of 10 kPa with the limited
effect of RG content on the results. However, dilation of blends decreased noticeably with
increasing the RG percentage due to lower dilation of RG compared with that of RCA.
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Figure 5. Multistage triaxial compression behavior of RG + RCA blends: (a) deviator stress versus the axial strain;
(b) volumetric strain versus the axial strain; and (c) Mohr–Coulomb failure envelopes.

Shear strength of granular materials can be assessed based on their Mohr–Coulomb
strength envelope. Figure 5c shows the variation in the shear failure envelopes of recycled
blends with the change in RG content. The slope, m, corresponds to the frictional resistance
of the soil matrix, while the intersection, s, is related to the cohesion. With the inclusion of
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RG, the intersection of RCA with the vertical axis decreased due to the non-cohesive nature
of RG particles as presented in Figure 5c. In contrast, the parameter m was higher for
samples with up to 30% RG content compared to that of RCA. The considerable reduction in
cohesion resulted in a slight anticlockwise rotation of the Mohr–Columb failure envelopes
of blends with the addition of up to 30% RG. This effect was reversed for samples with
40% and 50% RG content, where the RG to RG particles contact forces were found to be
dominant in the soil matrix.

The stiffness of capping layer materials under cyclic loading is the governing factor
in designing the thickness of this layer [11]. The stiffness of granular materials can be
assessed by measuring their resilient modulus, Mr, at different loading conditions. Mr is
defined as the ratio of qmax to the corresponding recoverable axial strain [35]. Figure 6a
illustrates the variation in Mr with the loading sequences of the proposed testing protocol
for the rail track capping layer. The general upward trend of all samples was related to
the stress-dependency nature of Mr with both increasing confining pressure and qmax. The
highest Mr values were recorded for 10% RG + 90% RCA followed by 20% RG + 80%
RCA. These two samples had noticeably higher frictional resistance (Figure 5c) than RCA,
which contributed to higher inter-particle contacts and lower recovery of axial strain under
cyclic loading. Moreover, all the samples showed higher Mr values than the minimum
requirement for capping materials, between 55 and 105 MPa specified in [10]. The RG
blends also had similar or superior stiffness responses compared to the conventional or
alternative subballast capping materials [4,12].
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Figure 6. RLT test responses of RG + RCA blends: (a) Mr values and (b) predicted versus measured Mr values.

Stress-dependency relation of Mr with confining pressure and qmax can be correlated
with the following equation [42]:

Mr = k1Pa(
σ3

Pa
)

K2
(

qmax

Pa
+ 1)

K3
, (1)

where Pa is atmospheric pressure (= 100 kPa) and k1, k2, and k3 are regression parameters
presented in Table 4. The performance of Equation (1) was assessed in Figure 6b by using
the coefficient of determination, R2, and the ratio of standard error, Se/Sy. This ratio is
defined as the ratio of the standard deviation of the errors, Se, to the standard deviation of
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the measured permanent strain of the sample, Sy [4]. Witczak [43] considered the goodness
of fit as “excellent” when Se/Sy ≤ 0.35 and R2 ≥ 0.90, “good” when 0.36 ≤ Se/Sy ≤ 0.55
0.70 ≤ R2 ≤ 0.89, and “fair” when 0.56 ≤ Se/Sy ≤ 0.75 and 0.40 ≤ R2 ≤ 0.69. According to
the results presented in Table 4, the prediction model performance in Equation (1) can be
considered as “excellent”.

Table 4. Regression parameters of Mr prediction model (Equation (1)) and permanent axial deformation model (Equation (7)).

Sample
RLT Test Cyclic Permanent Deformation Test

k1 k2 k3 R2 Se/Sy Stage a b c R2 Se/Sy

100% RCA 2.176 0.2573 0.2068 0.9667 0.21 1 4850 0.0695 0.5724 0.9932 0.09
2 3285 0.0788 0.1011
3 4414 0.1105 0.4490

10% RG + 90% RCA 2.602 0.2236 0.1966 0.9848 0.14 1 1814 0.0410 0.1472 0.9923 0.09
2 3443 0.1250 0.7685
3 3443 0.1002 0.3888

20% RG + 80% RCA 2.469 0.2842 0.2167 0.9754 0.18 1 3215 0.0301 0.3068 0.9924 0.10
2 3216 0.0662 0.1488
3 4591 0.0776 0.6311

30% RG + 70% RCA 2.446 0.4472 0.1875 0.9928 0.10 1 3469 0.0438 0.4453 0.9939 0.08
2 4290 0.0888 0.7859
3 4646 0.0867 0.8729

40%RG + 60% RCA 2.218 0.3391 0.2803 0.9883 0.12 1 4625 0.0827 0.9744 0.9905 0.10
2 4540 0.1168 1.2580
3 5201 0.1096 1.6540

50% RG + 50% RCA 1.765 0.3604 0.4157 0.9892 0.12 1 2104 0.0606 0.3393 0.9893 0.11
2 3117 0.1054 0.1621
3 6491 0.1336 2.764

Based on the test results, RG + RCA blends showed a reasonably high stiffness and
strength under different loading conditions. However, their cyclic behavior should be
further assessed under long-term loading conditions. Figure 7a,b present the development
of permanent axial deformation, εpa, and Mr of RG + RCA blends under cyclic loading.
At the first stage of loading with qmax of 80 kPa, the εpa of all samples reached almost a
constant value after the first 1000 cycles at similar axial strain levels. In contrast, there was
a significant difference in Mr values of samples at the first stage. RG + RCA blends with 10
and 20% RG content had higher Mr values than other samples, similarly to the RLT test
results (Figure 6). This was related to the higher frictional resistance of these two blends
compared to other samples, presented as parameter m in Figure 5. At the second stage of
loading, the εpa curves started to scatter with the lowest and highest values being recorded
for 10% RG + 90% RCA and 50% RG + 50% RCA samples, respectively. Stage three was
followed by a noticeable rise in the εpa of 40% RG + 60% RCA and 50% RG + 50% RCA. The
Mr values of blends were also on an increasing trend with the number of loading cycles
after passing the first 100 cycles.
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Considering the effects of applied stress and shear resistance on the deformation of
granular materials, Chow et al. [44] proposed the concept of shear stress ratio, SSR, which
is defined as the ratio of mobilized shear stress, τn, to the effective shear strength, τf , on
the shear failure plane [44]:

SSR =
Applied shear stress

Shear strength
=

τn

τf
, (2)

where [45]:

τn =
σdcos(φ)

2
, (3)

and

τf = c + σntan(φ) = c +
(

σ3 +
σd(1− sin(φ))

2

)
tan(φ), (4)

where σn is the normal stress on the failure plane, φ and c are friction angle and cohe-
sion, respectively.

Based on the concept of SSR, an existing permanent deformation model proposed by
Erlingsson et al. [46] was modified. Parameter Sf, which only accounted for the applied
stress in the original equation proposed by Erlingsson et al. [46], was replaced with the
parameter SSR. The regression parameter c was also added as a power to SSR to enhance
the flexibility of the model:

εpa = aNbSSRc
SSRc, (5)

Equation (5) can only be used for the results of single-stage permanent deformation tests.
Erlingsson et al. [46] proposed a time-hardening approach to predict the permanent defor-
mation of granular materials under multistage cyclic loading. In this method, an equivalent
number of loading cycle, Neq

i , is introduced at each loading stage, i, to generate the same
amount of permanent axial strain as the previous stage (i − 1, εi−1

pa ). Therefore, parameter
N in Equation (5) should be changed to the effective number of loading cycles, N′i [46]:

N′i = N − Ni−1 + Neq
i , (6)
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where Ni−1 is the total number of loading cycles from the beginning of the test. Using the
time hardening approach, Equation (5) can be further modified for multistage testing results:

εpa = aN′i
bSSRc

SSRc = a
(

N − Ni−1 + Neq
i

)bSSRc

SSRc, (7)

where

Neq
i =

( εpi−1

aSSRc

) 1
bSSRc

(8)

Figure 8 demonstrates the predicted versus measured permanent deformation data
of RG + RCA blends with regression parameters being presented in Table 4. The model
performed reasonably accurately in predicting the permanent deformation responses
of blends. Both regression coefficients of R2 and Se/Sy were categorized as “excellent”
according to Witczak [43] classification in Table 4. The noticeable difference between the
measured and predicted results could be observed for RG + RCA blends with 40% and
50% RG content at stage 3 of loading. This could be due to the noticeable increase in
the measured permanent deformation values of these samples, particularly at stage 3 of
loading. However, the differences between predicted and measured values were still well
below 0.2% strain.
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The long-term cyclic behavior of granular materials can be evaluated with the appli-
cation of shakedown theory [32,39]. According to this concept, three ranges of responses,
namely Range A (plastic shakedown), Range B (plastic creep), and Range C (incremental
collapse), can be observed based on the applied level of cyclic loading [47]. Range A is
associated with reaching a stable level of permanent deformation and thereby showing a
limited accumulation of εpa. At Range C, however, the εpa increases substantially toward
failure with the increase in the number of loading cycles. Therefore, the rate of permanent
strain accumulation either increases noticeably or does not decrease. Range B is considered
as an intermediate state between Ranges A and C. At Range B, the rate of permanent
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deformation accumulation reduces to a low or constant value [39]. After a large number of
cycles, permanent deformation may increase significantly toward Range C of response [47].

The main advantage of the shakedown theory is its ability to rank the performance
of materials based on their trend of responses rather than the actual values [32]. In fact,
it is possible for a sample to experience values of permanent deformation and resilient
modulus below the requirements at the end of a test while showing a relatively high rate
of permanent deformation accumulation. Therefore, Werkmeister et al. [47] proposed
evaluating the variation in permanent deformation rate versus permanent deformation as
an indicator of the shakedown response of materials as shown in Figure 9. Werkmeister [48]
also proposed the following criteria to rank the shakedown responses of granular materials:

Range A : εpa5000
− εpa3000

≤ 4.5× 10−5

Range B : 4.5× 10−5 < εpa5000
− εpa3000

≤ 4.0× 10−4

Range C : 4.0× 10−4 > εpa5000
− εpa3000

,
(9)

where εpa5000
and εpa3000

are the εpa at loading cycles of 5000 and 3000, respectively.
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At the first stage of loading in Figure 9a, all blends showed an almost vertical shape
of decline in permanent strain rate with permanent strain. Therefore, the responses were
categorized at Range A according to the classifications provided in [39]. At stage two
(Figure 9b) and three (Figure 9c), the εpa rate decreased nonlinearly with the increase in
εpa. At Range C of response, it is expected that εpa rate either stops decreasing or increases
rapidly [39]. However, none of the samples showed these trends of responses at stages two
and three of loading. Therefore, the responses of blends at stages two and three of loading
were categorized as Range B.

The shakedown ranking of RG + RCA blends according to the Werkmeister [48]
criteria in Equation (9) was compared with the authors’ ranking as presented in Figure 9.
Conflicting results were obtained in terms of shakedown ranking of 50% RG + 50% RCA at
stages one and three. At the first stage of loading, the εpa rate of 50% RG + 50% RCA was
similar to other samples, which were categorized at Range A based on Werkmeister [48]
criteria. Therefore, the ranking of Range A was selected for this stage. Additionally, at
stage three the εpa rate of 50% RG + 50% RCA was recorded to be on a decreasing trend,
although with a lower rate than other samples. The εpa rate did not cease to decrease or
rapidly increase at this stage. Therefore, the ranking of Range B was selected for the sample
similar to other blends.
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Inclusion of RG and its percentage increase showed a different trend of responses
according to the testing method and the applied loading regime. Therefore, the effect
of RG content on different aspects of geotechnical characteristics of RG + RCA blends
is summarized in Figure 10. The summary of results obtained from 1D static and cyclic
compression loadings are presented in Figure 10a,b. The presence of between 10% and
30% RG resulted in higher maximum vertical strains than that of 100%RCA in Figure 10a.
Nonetheless, samples with 40% and 50% RG content had values fairly similar to or slightly
lower than the parent aggregate. The trend of responses has created a bell-shaped curve
with maximum values belonging to samples with 10% to 30% RG content. A similar trend
of response was observed for the collapse potential of materials, depicted in Figure 10b.
Collapse potential was defined as the difference in the vertical strain before and after the
addition of water. All the RG + RCA blends experienced a collapse of less than 1% from
both tests except for 50% RG + 50% RCA in 1D cyclic compression loading. Additionally,
the sample with 40% RG content showed the lowest collapse potential among the blends in
both 1D compression tests.
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Figure 10. Effect of RG content on deformability, stiffness, and strength of RG + RCA blends: (a) maximum deformation
and (b) collapse potential under 1D compression loading; (c) peak deviator stress and (d) shear strength parameters under
multistage triaxial compression loading; (e) resilient modulus and (f) permanent axial strain under cyclic triaxial loading.

Figure 10c,d illustrate the effect of RG content on shear strength parameters of recycled
samples obtained from multistage triaxial tests. At all confinements, qpeak of samples
decreased with increasing the RG content from 10% to 40%, while the qpeak values of 40%
RG + 60% RCA and 50% RG + 50% RCA were close to each other (Figure 10c). This could
be due to the contact separation of RCA gravel particles and the dominancy of sand-sized
RCA and RG particles in the matrix. Based on Figure 10d, friction angles of blends with
10% to 30% RG content were higher than RCA, while the other two samples had values of
just above 40◦. Cohesion, on the other hand, was on a noticeable decreasing trend with
increasing RG content. The presence of RG reduced the possibility of cementitious bond
developments among the RCA particles in the sample matrix.
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The summary of RG + RCA blends responses under multistage cyclic triaxial loading
is shown in Figure 10e,f. The average values of Mr obtained from both RLT and cyclic
permanent deformation tests are plotted against the RG content in Figure 10e. Both RLT and
cyclic permanent deformation tests resulted in fairly close values of Mr. It should be noted
that the differences in values obtained from these tests were related to the applied stress
histories and the number of loading cycles. The values obtained from the RLT test were
used to evaluate the stress-dependent stiffness of the materials [4]. The results from the
multistage cyclic permanent deformation test were measured to evaluate the variation in
stiffness with the number of cycles and stability of materials using shakedown theory [32].
Moreover, RG + RCA blends showed a similar trend of Mr values to friction angles versus
the RG content shown in Figure 10d, indicating the governing effect of friction angle on
Mr values. Sample 10% RG + 90% RCA had the highest Mr value. The Mr value showed a
decreasing trend after 10% RG content with 50% RG + 50% RCA having a lower Mr than
that of RCA.

The lowest permanent axial deformation at all three stages of cyclic permanent de-
formation testing was also observed at 10% RG content in Figure 10f. The values of εpa
increased with RG content after 10% RG content. This was in contradiction with the trend
of results in Figure 10a,b under k0–loading conditions. Therefore, the inclusion of RG and
increasing RG samples illustrated different trends of responses according to the testing
method and the applied loading regime. Considering all the parameters presented in
Figure 10, samples with between 10% and 20% of RG content provided reasonable levels
of deformation and strength compared to the other samples. 10% RG + 90% RCA and
20% RG + 80% RCA can therefore be proposed as suitable recycled blends for the railway
capping layer.

4. Conclusions

This research study was focused on the application of RG blends with RCA as alter-
native geomaterials in rail track capping layers. A detailed series of laboratory tests were
proposed and conducted to evaluate the behavior of RG + RCA blends as rail track capping
materials. Geotechnical properties of RG blends were assessed under loading conditions of
1D compression, multistage triaxial, RLT, and multistage cyclic permanent deformation
tests. The following conclusions were made accordingly:

• The inclusion of RG increased the sand content and reduced the maximum dry density
of RCA for up to 30% RG content. However, as the RG content increased, the required
moisture content to reach the maximum dry density decreased. Additionally, CBR
values of RG + RCA blends decreased with increasing the RG content. Up to 40% RG
can be used with RCA to meet the minimum requirement of local railway authorities.

• RG percentage was a governing factor in responses of blends under 1D compression
loading. Samples with 40% and 50% RG content could present even lower deforma-
tions than the parent aggregates, RCA. However, the collapse potential of blends did
not significantly alter with the addition of RG particles. Moreover, the presence of
RG increased the ductility of RCA and reduced the shear strength parameters of RCA
under multistage triaxial compression loading. A reduction in dilatancy of the blends
was observed for samples with higher RG content.

• The highest Mr values were measured for 10% RG + 90% RCA blend from both RLT
and multistage cyclic permanent deformation tests. Nonetheless, a decreasing trend
in Mr values was observed from 10% to 50% RG content. Furthermore, the differences
in permanent deformation responses of RG + RCA blends increased with increasing
the RG content.

• A permanent deformation model was modified to incorporate the effect of both
applied cyclic stress and shear strength of the materials. The model could perform
satisfactorily in predicting the results of RG + RCA samples.
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• The permanent deformation rate of RG + RCA blends and their shakedown ranking
revealed that none of the samples experienced incremental collapse under the applied
range of cyclic loading.
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