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A B S T R A C T

This study conducted a series of cyclic and monotonic triaxial tests on reconstituted landfill waste material from
a closed landfill site in Sydney, Australia, to assess its dynamic behaviour under various testing conditions.
Specifically, the effects of cyclic deviatoric stress, loading frequency, and effective confining stress on the cu-
mulative plastic axial strain, resilient modulus, and damping ratio under undrained cyclic loading conditions
were investigated. Results indicated that the plastic deformation, resilient modulus, and material damping are
significantly influenced by dynamic stress and confining stress, with a lesser impact from loading frequency.
Notably, as the number of loading cycles increased, the cumulative plastic axial strain and resilient modulus
exhibited an increase, whereas the damping ratio decreased. Furthermore, increasing cyclic deviatoric stress led
to an increase in both cumulative plastic axial strain and damping ratio, while an increase in confining stress
resulted in a decrease in these parameters. Conversely, the resilient modulus showed an increase with rising
cyclic deviatoric stress and confining stress. The influence of loading frequency on cumulative plastic axial strain
and resilient modulus was minor, and its effect on the damping ratio was rather negligible. The study observed
that initial loading cycles caused rearrangement and reorientation of waste components and the mobilisation of
fibres with tensile forces as loading progressed, suggesting that these landfill waste samples behaved comparably
to fibrous soil with randomly distributed fibres. Through nonlinear regression analysis, an empirical relationship
for cumulative plastic axial strain incorporating cyclic deviatoric stress, confining stress, number of cycles, and
frequency was derived. This research contributes valuable insights into the behaviour of compacted landfills as
railway subgrades, providing a foundation for informed decision-making in the design of transport infrastructure
over closed landfill sites.

1. Introduction

As a part of many infrastructure development initiatives, landfill
sites, formerly located at a considerable distance away from urban
centres, are now closer to or within urban areas, and authorities cannot
bypass them efficiently and thus are planning their strategic reuse.
Indeed, there are over 2800 landfill sites in Australia, including both
regulated and unregulated ones [1], and numerous transport infra-
structure projects are now under review or construction, such as West-
Connex St Peters Interchange and Moorebank Intermodal Terminal in
Sydney, which are partially positioned on closed landfills.

Construction of transport infrastructure over the closed landfills

presents various environmental and engineering challenges, including
structural stability, short-term and long-term settlement problems,
contamination of the surrounding environment and generation of toxic
gases. Environmental problems associated with waste and its incinera-
tion, remediation techniques and various waste management ap-
proaches have been of interest to several researchers [2–6]. The
heterogeneous and often unpredictable characteristics of the materials
discarded in landfills are the fundamental reasons behind the engi-
neering challenges. This heterogeneity creates uncertainty in the
response of the waste material under traffic/train loads in transport
infrastructure. Extensive research studies have been undertaken to
explore the properties of landfill waste, such as unit weight, moisture
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content, permeability, waste composition, and shear strength, in the past
few decades [7–20]. These geotechnical parameters are expected to
mitigate engineering design challenges, ensuring the sustainability and
resiliency of structures exposed under static loading. However, the
behaviour of the substructure of the railway track, such as the railway
subgrade, under traffic loads is governed by both static and dynamic
responses. In evaluating the potential integration of closed landfills into

railway expansion plans, it is imperative for railway engineers to better
understand both the static and cyclic response of landfill waste.

Numerous researchers have conducted investigations to evaluate the
performance of railway subgrade under repeated loading conditions
[21–25]. For example, a series of cyclic triaxial tests were conducted to
understand the cyclic behaviour of soft soil under diverse loading sce-
narios, number of cycles, loading frequency and confining stress

Fig. 1. (a) Composition of the landfill waste retrieved from a landfill site in Sydney, and (b) images of waste sample mix and various components.
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conditions, and the findings revealed that these parameters have a
notable impact on the response of the soil [26,27]. Various existing
literature has presented that the dynamic stress level and loading fre-
quency on the soil vary with train speed, impacting the accumulation of
the permanent deformation and the subgrade resilient modulus [28].
Furthermore, intensive research was also carried out to assess the cyclic
response of recycled waste materials such as recycled rubber and plastic
products, demolition waste and recycled glass in railway substructures,
enhancing the sustainability and resilience of the railway infrastructure,
proposing their addition into the railway substructure [29,30]. It can be
noted that the impacts of parameters like cyclic deviatoric stress, loading
frequency, and confining stress are substantial in determining the
behaviour of the subgrade material under cyclic loads on railway tracks.

While numerous studies have been carried out to understand the
dynamic response of various soil types and recycled waste materials,
there are limited research conducted to understand the behaviour of

landfill waste as the railway subgrade. However, various research
studies have been undertaken regarding the dynamic properties of
landfill materials relevant to the seismic analysis, focusing on wave
propagation characteristics of the material. Indeed, seismic parameters
like shear wave velocity (Vs), maximum shear modulus (Gmax), and the
damping ratio associated with energy dissipation have been areas of
interest for researchers over the past few decades [10,15,31–34].
Indeed, the waste composition and confining stress affect the maximum
shear modulus and the damping ratio. These effects are due to the
presence of fibrous waste, indicating the importance of the reinforce-
ment effect [35]. Likewise, consistent results presented across diverse
literature sources indicate a higher dynamic shear modulus value with a
progressive rise in confining stress [36]. Similarly, several researchers
agreed that the damping ratio shows marginal to notable variation with
increasing confining stress of municipal solid waste [33,37,38]. Studies
performed at a lower frequency range suggested that loading frequency
has a very modest influence on the shear modulus and damping ratio of
municipal solid waste [15].

Reiterating the fact that most of the past research studies on landfill
waste primarily focused on dynamic characteristics for seismic analysis,
there is a great urgency to understand the response of the landfill waste
under cyclic load scenarios replicating the closed landfill sites as a
railway subgrade. This research aims to fill this gap by providing
comprehensive insight into cyclic loading response through laboratory
investigation. Eighteen cyclic triaxial tests have been conducted to un-
derstand the impact of cyclic deviatoric stress, loading frequency and
confining stress on cumulative plastic deformation, resilient modulus
and damping ratio of the landfill waste materials retrieved from a
landfill site in Sydney. This study seeks to foster an understanding of the
dynamic response of landfills, addressing the requirements of railway
designers and providing a reliable reference to make informed decisions
when designing and building railway track over closed landfill sites.

2. Laboratory experimental investigation

The laboratory investigation in this study primarily comprised of
analysing the waste composition from samples collected from a landfill
site in airtight barrels, preparing the reconstituted samples, and testing
the sample under cyclic triaxial loading in saturated conditions. The
following section provides a detailed explanation of sample preparation
and laboratory investigation.

2.1. Sample preparation

The material for the laboratory investigation was obtained from a
closed landfill site in Sydney, NSW, Australia, which had been in oper-
ation for 19 years before its closure. Waste material was collected from a
3m deep test pit and stored in airtight barrels to retain the field moisture
and then transferred to the geotechnology laboratory of the University
of Technology Sydney for testing. An initial visual screening of the waste
revealed the primary components as textile/cloth, paper/cardboard,
wood, plastic, glass, gravel, and soil-like components.

The adopted methodology of characterising waste material is com-
parable to the approach recommended by Zekkos [15] and Bray et al.
[7]. The landfill waste from the barrel was segregated using a 16 mm
sieve to determine the waste composition. The sieve size was chosen to
ensure that the maximum particle size remained at one-sixth of the
sample diameter of 100 mm to be used in the cyclic triaxial test. This
segregation was beneficial as the material smaller than 16 mm was
predominantly composed of soil, gravel, and some fraction of the waste
components such as wood, glass and plastics. Conversely, the materials
retained on the 16 mm sieve were largely composed of waste compo-
nents and gravels larger than 16 mm. The fraction of material passed
through the 16 mm sieve underwent further classification into soil-like
(less than 2.36 mm) and gravel (between 2.36 and 16 mm). Gravel
exceeding 16 mm in size was then mechanically reduced in size. For this

Fig. 2. (a) Compacted landfill waste sample ready for cyclic triaxial test, and
(b) sample sealed with rubber membrane.
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classification, the material passed through the 16 mm sieve was sieved
again through a 2.36 mm sieve after oven-drying.

Furthermore, the coarse fraction was segregated into textile/cloth,
plastic, paper/ cardboard, wood and glass and separated into two cat-
egories: (a) stiff materials like wood and glass and (b) fibrous materials
like textile/cloth, plastic, and paper/ cardboard. Stiff materials were
further reduced in size, ensuring that they pass through the 16mm sieve.
However, fibrous materials such as cloth, plastic and paper were

shredded up to a maximum particle size of 25 mm, considering their
tendency to fold during the sample preparation. In addition to this, a
minor portion of the waste, which included items such as small metal
pieces that could not be further reduced in size, was excluded from the
sample. This exclusion was necessary as these components do not pre-
cisely represent the overall volume of the waste, and the high unit
weight of such materials can occasionally lead to an inconsistent weight
percentage. Excluding these items ensured a more representative sample

Fig. 3. (a) Schematic diagram of the cyclic triaxial setup, and (b) GDS cyclic triaxial setup capacity (10kN and 10 Hz) used in this study (c) Three-dimensional
loading scheme adopted in this study.
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suitable for testing, as also recommended by Zekkos [15]. The compo-
sition of the waste material adopted in this study is presented in Fig. 1a.

Representative specimens were collected to assess the organic and
overall moisture content, adhering to ASTM D2216 and ASTM D2974
while segregating the waste [39,40]. The organic content of the waste
sample ranged from 20 % to 26 %, with an average value of 23 %. The
overall moisture content of this collected waste was measured to be 33.6
%. It should be noted that the moisture content of the different waste
components was measured as textile/cloth: 36 %, paper: 125 %, wood:
111 % and soil-like: 26 %. For measuring the moisture content, the oven
drying technique was used, and the oven temperature of 55 ◦C was
maintained to prevent the ignition of organic material [32]. The specific
gravity (Gs) was determined for the four representative samples,
resulting in measurements of 2.04, 2.13, 2.18, and 2.21, averaging at Gs
= 2.14.

For the preparation of the reconstituted sample, soil-like, gravel and
waste components were thoroughly mixed, maintaining the composition
of the waste and the field moisture condition as shown in Fig. 1b.
Deaired distilled water was supplemented to preserve the field moisture
content as needed. The unit weight of the reconstituted sample was
determined using a standard compaction method referring to ASTM

D698 [41]. The sample’s bulk and dry unit weights were measured from
the compaction test as 13.96 kN/m3 and 10.45 kN/m3, respectively. It
should be noted that a total of 22 reconstituted samples were prepared in
this study, and all specimens were compacted at the field moisture
content of 33.6 %, and subjected to standard compaction energy. For the
cyclic triaxial sample preparation, compaction of the specimen within a
mould with a height of 200 mm and an internal diameter of 100 mmwas
carried out in five layers of 40 mm each. The landfill mix prepared for
each sample was divided into five equal thicknesses, confirmed by
measuring the height continuously, resulting in the total compaction
energy of 600 kJ/m3 corresponding to the standard compaction energy
(Fig. 2a). It should be noted that efforts were made to ensure the uniform
distribution of the material composition in each compaction layer.

2.2. Laboratory investigation

In this study, four monotonic triaxial tests and eighteen stress-
controlled consolidated-undrained dynamic triaxial tests were con-
ducted on the compacted landfill waste material employing the GDS
Enterprise Level Dynamic Triaxial Testing System (ELDYN) available in
the geotechnology laboratory at the University of Technology Sydney.

As shown in Fig. 3a and Fig. 3b, the adopted ELDYN setup comprised
of a triaxial cell supported on a loading frame, cell and back pressure
controllers, a pore pressure transducer, a loading ram attached to a

Fig. 3. (continued).

Table 1
Summary of the monotonic and cyclic triaxial tests performed on compacted
landfill waste material in this study.

Test
No.

Loading
Frequency, f
(Hz)

Confining
stress, σ’3
(kPa)

Cyclic
Deviatoric
Stress, σdc (kPa)

Number of
Cycles, N

M1 Monotonic 20 − −

M2 Monotonic 40 − −

M3 Monotonic 80 − −

M4 Monotonic 120 − −

S1 1 20 20 50,000
S2 1 20 40 50,000
S3 1 20 60 50,000
S4 1 20 80 50,000
S5 1 20 100 50,000
S6 2 20 20 50,000
S7 2 20 40 50,000
S8 2 20 60 50,000
S9 2 20 80 50,000
S10 2 20 100 50,000
S11 5 20 20 50,000
S12 5 20 40 50,000
S13 5 20 60 50,000
S14 5 20 80 50,000
S15 5 20 100 50,000
S16 2 40 40 50,000
S17 2 80 40 50,000
S18 2 120 40 50,000

Fig. 4. Result of monotonic triaxial testing conducted in this study.
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dynamic actuator and a data logger connected to a computer-equipped
with GDS software. Cell pressure was applied through the integrated
air compressor available at the laboratory, and back pressure was up-
held using a GDS enterprise pressure controller. The pore pressure
transducer was calibrated and utilised to record the excess pore water
pressure throughout the application of the cyclic load. The loading ca-
pacity of the load cell and frame was 10 kN with a maximum loading
frequency of 10 Hz.

Following the essential checks and calibration of the cyclic triaxial
setup, the compacted waste sample was positioned within the triaxial
cell, enclosed with a rubber membrane with a thickness of 0.3–0.4 mm,
and securely sealed with O-rings (Fig. 2b). The testing stages were
saturation and consolidation, followed by cyclic loading. During the
saturation stage, de-aired distilled water was supplied into the sample by
ramping up the cell pressure and back pressure at a rate of 1 kPa per
minute until a back pressure of 300 kPa was reached. A sample was
deemed saturated as Skempton’s B value of 0.95–0.98 was reached, and
the isotropic consolidation phase commenced immediately after. In this

study, the saturation stage took approximately 6 to 8 days, while the
consolidation stage, which was two-way drained, took approximately 4
to 6 days. Numerous scholars advocated for a low confining pressure
range of 15–60 kPa for investigating the behaviour of railway subgrade
[28,42,43]. Accordingly, an effective confining stress (σ3́) of 20 kPa was
adopted in this study for the bulk of experiments to simulate the shallow
depth conditions typically representing railway subgrade scenarios. In
addition, additional effective confining stresses (σ3́) of 40 kPa, 80 kPa
and 120 kPa were selected to study the response of the compacted waste
material under various consolidation conditions. The consolidation
phase was deemed concluded, once the volume change in the sample
became insignificant, monitored via the backpressure/volume
controller as the volume of water inflow was less than 1 % over a
duration of 30 min.

The fundamental parameters governing the cyclic loading phase are
loading frequency, cyclic deviatoric stress, and number of loading cy-
cles. The loading frequency of the moving train depends on train ve-
locity, axle distance and carriage length [44,45]. In general, the stress
pulse at the surface of the subgrade attenuates so quickly that the four
axles under two adjacent cars generate a single cycle of stress pulse [28].
Thus, a single load cycle represents the adjacent four axles while
investigating the dynamic response of the subgrade. Considering this
fact and incorporating the wide range of train velocities from 40 km/h to
250 km/h, the loading frequency (f) of 1, 2, and 5 Hz were adopted for
this study, which aligns with the loading frequency adopted in
numerous other studies for railway infrastructure assessment
[28,46,47]. As the train passes through the railway track, cyclic devia-
toric stress (σdc) is induced on the railway subgrade. The dynamic stress
amplitude varies based on multiple factors, including axle load, train
velocity, track structure, track irregularity, ballast depth, and the type of
train [48]. Considering all factors, a wide range of cyclic deviatoric
stress (σdc) 20, 40, 60, 80 and 100 kPa were adopted, covering the ex-
pected range from the passenger train to the freight train based on the
field measurements reported by Liu et al. [28]. A comparable range of
values were embraced by several other researchers working on stress
transfer from moving trains to subgrade [26,42,43,49]. The sinusoidal
cyclic load was applied to the sample covering 50,000 cycles with a
minimum deviatoric stress level of 5 kPa maintained throughout the
loading process. The three-dimensional loading scheme and stress tensor
for the laboratory testing are schematically presented in Fig. 3c. The
adopted cyclic testing scenarios used in this study are summarised in
Table 1.

Four monotonic triaxial tests were conducted at four distinct effec-
tive confining stresses, namely 20, 40, 80, and 120 kPa, following ASTM
D4767. The loading was continued until 15 % strain was attained, with
failure being reached if the stress did not peak before reaching this strain
threshold. Undrained confined modulus (Ecu) calculated for four
different confining stresses 20, 40, 80, and 120 kPa were 1.5 MPa, 2.9
MPa, 5.9 MPa, and 7.0 MPa, respectively. Additionally, the failure
deviatoric stresses (σdf ) at 15 % strain were 167 kPa, 205 kPa, 267 kPa,
and 325 kPa for each respective confining stress. Fig. 4 illustrates the
results of the monotonic triaxial tests conducted on the compacted
landfill waste in this study.

3. Results and discussion

3.1. Cyclic Stress-Strain response

Figs. 5 and 6 present cyclic stress–strain responses of tested landfill
waste materials. In particular, Fig. 5 presents the cyclic stress–strain
behaviour of reconstituted landfill waste specimens, tested under the
loading frequency of 5 Hz, effective confining pressure

(
σ3́
)
of 20 kPa

Fig. 5. Cyclic stress–strain curves for compacted landfill waste with loading
frequency (f) = 5 Hz (a) σdc = 40 kPa (b) σdc = 60 kPa.
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and cyclic deviatoric stresses (σdc) of 40 kPa and 60 kPa, respectively. It
is evident from Fig. 5 that the cyclic stress–strain response of recon-
stituted landfill waste material is characterised by the formation of
hysteresis loops due to distinct loading and unloading paths within a
given cycle. Fig. 6 illustrates samples of hysteresis loops of reconstituted
landfill waste specimens corresponding to different cycle numbers
ranging from 1 to 50000, tested under different loading frequencies and
cyclic deviatoric stresses. Referring to Figs. 5 and 6, it is evident that the
total axial strain within a hysteresis loop comprises two components: the
elastic axial strain and the plastic axial strain. Here, the elastic portion of
the axial strain rebounds during the unloading phase, whereas the
plastic component remains irrecoverable. Moreover, Figs. 5 and 6
demonstrate the increase in plastic axial strain as the loading cycles
progress, albeit at a decreasing accumulation rate. Furthermore, as the
cyclic loading progresses across all tested conditions, the hysteresis
loops transition from a sparse configuration to a denser arrangement
(see Fig. 6), demonstrating cyclic interlocking and fibre mobilisation of
the landfill waste material under cyclic loading. Approximately 80–90%
of the strain was observed within the initial 10,000 cycles, with the
remaining strain occurring over the subsequent 40,000 cycles.

Moreover, as anticipated, it was observed that the accumulated axial
strain at the end of the 50,000 cycle increases with the higher values of
cyclic deviatoric stress for a given confining pressure and loading fre-
quency (see Figs. 5, 6a, 6c and 6d). This indicates that the increase in
cyclic deviatoric stress notably influences the development of perma-
nent deformation in landfill waste, irrespective of the other testing

parameters. Conversely, when maintaining the same cyclic deviatoric
stress and confining pressure, an inverse relationship is observed with
frequency, as the accumulated axial strain decreases slightly with the
increase in loading frequency, as evident in Figs. 5 and 6.

3.2. Cumulative plastic axial strain

As outlined in the previous section (Section 3.1), the irrecoverable
component of the axial strain within a given cycle is denoted as the
plastic axial strain. Figs. 7 - 9 present the evolution of cumulative plastic
axial strain (εp1) in the reconstituted landfill waste samples with loading
cycles and for different cyclic deviatoric stresses, confining pressures,
and loading frequencies. Moreover, the variation of cumulative plastic
axial strain (εp1) corresponding to different cycles during cyclic loading is
illustrated in Fig. 10, while Fig. 11 presents the variation of cumulative
plastic axial strain at the end of the cyclic loading (N = 50000). The
cumulative plastic axial strain of the reconstituted landfill waste speci-
mens increases under all tested conditions as the number of cycles
progresses, as presented in Figs. 7 - 9. The plastic axial strain accumu-
lates at a significant rate, particularly up to around 10,000 loading cy-
cles, after which its rate gradually diminishes. The rapid increase in the
accumulation of plastic axial strain during the initial cycles of loading
can be attributed to the rearrangement of the different waste compo-
nents, such as wood, fibre, glass and gravel within the sample, and the
gradual reduction in the strain accumulation rate after certain cycles of
loading can be ascribed to the increased interlocking between the

Fig. 6. Hysteresis loops for compacted landfill waste at different number of cycles with (a) σdc = 60 kPa and f = 1 Hz, (b) σdc = 60 kPa and f = 5 Hz, (c) σdc = 80 kPa
and f = 1 Hz, (d) σdc = 100 kPa and f = 1 Hz.
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particles as a result of reorientation due to shearing and the mobilisation
of the fibres providing reinforcement effect. Fig. 4 illustrates that as the
strain increases inmonotonic testing, the deviatoric stress does not reach
a peak value, indicating the hardening behavior of the material and the
reinforcement effect of the fibers at higher strain. In monotonic testing,
the stress at 15 % strain is considered the failure stress. In comparison,
the sample subjected to 100 kPa cyclic load at a frequency of 1 Hz
attained 15.38 % permanent strain after 50,000 cycles. It should be
noted that comparable trends were observed by other researchers for
fibre-reinforced soils subjected to cyclic loading conditions [50–52].

Furthermore, referring to Figs. 7 and 10a, it is evident that as the
cyclic deviatoric stress increases, the cumulative plastic axial strain in-
creases. Moreover, it is noteworthy that the accumulation of plastic
strain occurs at a considerably larger rate at higher cyclic deviatoric
stress levels (i.e., 80 kPa and 100 kPa) compared to the smaller cyclic
deviatoric stress levels (i.e., 20 kPa and 40 kPa). The significant influ-
ence of higher cyclic stress on the accumulation of the strain can be
attributed to the more pronounced rearrangement of the waste com-
ponents under higher stress levels. However, as the confining pressure
increases, the cumulative plastic axial strain exhibits a significant
decline for a given cyclic deviatoric stress and loading frequency, as
depicted in Figs. 8 and 10b. For instance, at lower confining pressures of

20 kPa and 40 kPa, the accumulation rate of plastic axial strain is
notably higher than that observed at higher confining pressures of 80
kPa and 120 kPa. This behaviour can be explained by the elevated
confining stresses imposing increased pressure uniformly on the landfill
waste specimen, resulting in enhanced friction between particles,
interlocking and waste-fibre matrix interaction as well as reduced void
ratio as a result of higher consolidation pressures. Furthermore, as the
loading frequency increased, the cumulative plastic axial strain
demonstrated a slight decrease, as illustrated in Figs. 9 and 10c. This
decline in the cumulative plastic axial strain is particularly noticeable at
higher cyclic deviatoric stresses (i.e., 100 kPa) compared to the lower
cyclic deviatoric stresses (i.e., 20 kPa). Moreover, Fig. 10c and 11
demonstrate that this reduction is more pronounced in the lower fre-
quency range of 1 Hz to 2 Hz compared to the higher frequency range of
2 Hz to 5 Hz. This behaviour can likely be attributed to time-dependent
creep during cyclic loading of the reconstituted landfill waste sample.
Higher-frequency cyclic loading results in a shorter reaction time,
causing less exposure time to the applied load. However, prolonged
exposure at lower frequencies may lead to a greater degree of defor-
mation compared to loading at higher frequencies, which aligns with
findings reported in various research studies investigating different
types of soil subjected to cyclic loading [53–55].

Fig. 7. Results of cumulative plastic axial strain (εp1) vs number of cycles (N) under different cyclic deviatoric stresses (σdc) (a) f = 1 Hz,(b) f = 2 Hz,(c) f = 5 Hz.
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3.3. Prediction of cumulative plastic axial strain

Over the past decades, researchers have formulated numerous
empirical and analytical models to predict the cumulative deformation
of various geomaterials subjected to cyclic loading conditions. Notably,
the power equation that Monismith et al. [56] introduced has emerged
as a widely accepted model in predicting the cumulative plastic defor-
mation of various geomaterials. As presented in Figs. 7, 8 and 9, the
cumulative plastic axial strain curves of the reconstituted landfill waste
specimens exhibited a direct correlation with the cyclic deviatoric stress
and the number of cycles, while demonstrating an inverse correlation
with loading frequency and confining pressure. Based on all experi-
mental results in this study, an empirical relationship was formulated to
predict the plastic axial strain (εp1), as presented in Equation (1).

εp1 = α
(

N
R0.5

f

)β(
Rq

0.5

tanh(1+ 1/CSR)

)γ

(1a)

Rq =
σdc

σdf
(1b)

Rf =
f
fref

(1c)

CSR =
σdc

2σ́ 3
(1d)

where, N is the cycle number, CSR is the cyclic stress ratio, Rq is the
normalised cyclic deviatoric stress ratio, Rf is the normalised frequency
ratio, σdc is the applied cyclic deviatoric stress, σ́ 3 is the effective
confining pressure, σdf is the failure deviatoric stress encountered in
monotonic triaxial test at 15 % of strain, f is the loading frequency, and
fref is the reference frequency, set as 1 Hz in this study. Moreover, the
empirical coefficients α, β and γ were obtained via a data fitting pro-
cedure, reflecting the specific attributes of the various constituents in
the reconstituted landfill waste specimens. In this study, these co-
efficients were determined to be α = 7.8161, β = 0.1102, and γ =

2.7038 through a nonlinear regression process conducted in MATLAB,
employing the Nonlinear Least Square method along with the Trust
Region Algorithm. The Nonlinear Least Squares method with the Trust
Region Algorithm fits models to data by minimising the sum of squared
differences between observed and predicted values. The Trust Region

Algorithm iteratively updates estimated parameters α, β and γ, as
defined in Equation (1a), by approximating the model function within a
dynamically adjusted region. This involves solving a quadratic model
and adjusting the region size based on residual reduction until conver-
gence criteria are met, making it effective for complex nonlinear models
[57].Fig. 12 depicts the predicted plastic axial strains from Equation (1)
compared with the data obtained from laboratory investigations within
the 3D space. It is apparent from Fig. 12 that the proposed empirical
equation demonstrates acceptable predictions, as supported by the co-
efficient of regression (R2) value of 0.9581. Furthermore, the empirical
model for cumulative plastic strain has been validated against the lab-
oratory data from tests with cyclic deviatoric stress 40 kPa and 60 kPa
with loading frequencies 1 Hz and 2 Hz, respectively, as presented in
Fig. 13 (it should be noted that these data were not used to calibrate the
model in Equation (1), thus could be readily used for validation pur-
poses). It is evident that the values computed from the developed
empirical Equation (1) align reasonably well with those obtained from
the laboratory investigation, validating the accuracy of the proposed
model.

Fig. 8. Results of cumulative plastic axial strain (εp1) vs number of cycles (N) at
different effective confining stresses (σ3́) under cyclic deviatoric stress (σdc) of
40 kPa.

Fig. 9. Influence of loading frequency on cumulative plastic axial strain (εp1)
(a)(σdc) = 20 kPa and 40 kPa, (b)(σdc) = 60 kPa and 100 kPa.
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Fig. 10. Influence of (a) cyclic deviatoric stress (σdc), (b) effective confining stresses (σ3́), and (c) loading frequency (f) on cumulative plastic axial strain (εp1) at
different cycles during cyclic loading.
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3.4. Resilient modulus

The resilient modulus (MR) is a parameter extensively utilised to
elucidate the elastic deformation characteristics of a material exhibited
during the unloading phase of cyclic loading and is defined as follows:

MR =
σdc

ε1,rec
(2)

where σdc denotes the cyclic deviatoric stress also termed as cyclic stress
amplitude, which is calculated as the difference between maximum and
minimum cyclic deviatoric stresses, i.e. from the initial loading point to
the subsequent unloading point, and ε1,rec represents elastic axial strain,
recovered during unloading as schematically illustrated in Fig. 14.
Figs. 15 - 17 illustrate the behaviour of resilient moduli of the recon-
stituted landfill waste specimens with loading cycles tested under
different cyclic deviatoric stresses, confining pressures, and loading
frequencies. Furthermore, the variation of resilient moduli correspond-
ing to different cycle numbers with cyclic deviatoric stress, confining
pressure, and loading frequency is depicted in Fig. 18. Fig. 19 presents
the variation of resilient modulus at the last loading cycle with cyclic
deviatoric stress and loading frequency. As the number of cycles in-
creases, the resilient moduli of the reconstituted landfill waste speci-
mens increase under all the tested conditions, as shown in Figs. 15 - 18.
The resilient moduli exhibit a notable increase up to approximately
10,000 loading cycles, following which its rate gradually reduces. This
behaviour is comparably more prominent under higher cyclic deviatoric
stresses of 80 kPa and 100 kPa, whereas it is less pronounced under
lower cyclic stress levels. Furthermore, referring to Figs. 15, 18a and 19,
the resilient modulus increases with increasing deviatoric stress for a
given confining pressure and loading frequency.

The observed resilient moduli response can be partly attributed to
the rearrangement and reorientation of the waste components, resulting
in the increased interlocking of the waste components over the course of
multiple cycles. Interlocking of the waste components helps to distribute
the applied load more effectively and simultaneously increases the
mechanical properties of the landfill waste. Additionally, the fibrous
material within the sample mobilises progressively as the strain in-
creases and acts as reinforcement under tension, resulting in increased
stiffness of the sample as the sample shears more. Indeed, the rein-
forcement effect of the fibrous material at higher strain values in static
tests has been discussed by Zekkos [15]. Similar behaviour of MR has
been observed in the literature regarding the cyclic behaviour of fibre-
reinforced soil, granular soil, and granular soil with the inclusion of
rubber waste, as reported by Narani et al. [58], Bian et al. [59], and Qi
et al. [60]. Correspondingly, with an increase in the confining pressure,
the resilient moduli exhibit a significant escalation under the same cyclic
deviatoric stress and loading frequency, as depicted in Figs. 16 and 18b.
As discussed in the previous section, increasing confining stress leads to
a significant reduction in the plastic deformation, as presented in Fig. 8,
attributed to the bolstered waste-fibre matrix interaction resulting in the
increased stiffness of the material, which in turn reduced the recoverable
strain during the cyclic loading and consequently elevating the resilient
modulus of the sample.

Furthermore, as the loading frequency increased, the resilient
moduli demonstrated a slight increase for a given cyclic deviatoric stress
and confining pressure, as illustrated in Figs. 17, 18c and 19. Moreover,
referring to Fig. 18c and 19, it is apparent that the increase in the
resilient moduli across different cycle numbers, as the frequency in-
creases from 1 Hz to 2 Hz, is more pronounced than the increase
observed from 2 Hz to 5 Hz. This observation is very much in line with
the more pronounced decrease in cumulative plastic deformation in the
lower frequency range from 1 Hz to 2 Hz, as discussed earlier and
depicted in Fig. 9. Comparable trends have been observed by Keramati
et al. [37] and Rawat et al. [61] in studies exploring the dynamic
characteristics of municipal solid waste specimens subjected to cyclic

Fig. 11. Cumulative plastic axial strain (εp1) observed at the end of the
50,000 cycles.

Fig. 12. Comparison of predicted cumulative plastic axial strain surface with
laboratory data.

Fig. 13. Validation of the cumulative plastic axial strain predicted from the
model with laboratory data.

S. Bhandari et al. International Journal of Fatigue 189 (2024) 108550 

11 



Fig. 14. Schematic illustration for resilient modulus calculation.

Fig. 15. Results of resilient modulus (MR) vs number of cycles (N) under different cyclic deviatoric stresses (σdc) (a) f = 1 Hz, (b) f = 2 Hz, (c) f = 5 Hz.
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loading. Zekkos [15] reported that the effect of the frequency on the
stiffness of the landfill waste is rather negligible compared to the in-
fluence of the other parameters.

Based on the experimental results, variations of the resilient modulus
with the cyclic deviatoric stress (σdc) are presented in Figs. 15 and 18a.
Confirming this upward trend, an empirical relation was formulated
between the normalised resilient modulus (RM) (i.e. the ratio of the
resilient modulus MR to the undrained confined modulus Ecu), and the
normalised cyclic deviatoric stress ratio (Rq), as presented in Fig. 20.
This observed correlation serves as valuable information for practising
engineers, enabling them to tentatively estimate the range of resilient
modulus values of landfill waste materials based on the monotopic
triaxial test results.

3.5. Damping ratio

The damping ratio (ξ) is a parameter extensively utilised to elucidate
the damping characteristics of a material subjected to cyclic loading and
is defined as the energy dissipation ratio that represents the proportion
of energy that is dissipated compared to the maximum elastic energy
stored during a loading–unloading cycle. As per ASTM-D3999 guidelines
[62], the damping ratio for a particular hysteresis loop during cyclic
loading can be determined as follows:

ξ =
AL

πAT
(3)

where, AL is the area enclosed by the hysteresis loop representing the
energy dissipated by the specimen when subjected to a cyclic loa-
ding–unloading process and AT is the area of the highlighted triangle
representing the maximum elastic energy stored during the unloading,
as schematically illustrated in Fig. 21. Figs. 22 - 24 present the variation
of damping ratio per loading cycle values of the reconstituted landfill
specimens with corresponding loading cycles tested under different
cyclic deviatoric stresses, confining pressures, and loading frequencies.
Furthermore, the variation of damping ratio per load cycle corre-
sponding to different cycle numbers with cyclic deviatoric stress,
confining pressure, and loading frequency is depicted in Fig. 25. As
shown in Figs. 22 - 24, the damping ratio per load cycle values of the
reconstituted landfill waste specimens decreases as the number of cycles
increases for all the testing conditions. Comparable trends have been
noted by Rawat et al. [61] in studies investigating the dynamic char-
acteristics of municipal solid waste specimens and by Narani et al. [58]
in the case of fibre-reinforced soil subjected to cyclic loading. Moreover,
the rate of reduction of the damping ratio values was notably higher, up
to approximately 10,000 loading cycles, following which the rate
gradually reduced (refer to Figs. 22 - 24). The notable decline observed
in the damping ratio of reconstituted waste specimens during the initial
loading cycles can be elucidated by the observed increment in the plastic
axial strain accumulation, as observed in Figs. 7 and 8. This behaviour
could be primarily due to the particle rearrangement/reorientation,
leading to increased energy dissipation alongside reduced energy stor-
age. Nonetheless, as the plastic axial strain accumulation decelerates
due to the increased interlocking between the waste components and the
reinforcement effect due to the tension mobilisation of the fibres, the
rate of energy dissipation correspondingly reduces, leading to the
deceleration of the rate of damping ratio reduction as observed in
Figs. 22 and 23.

Furthermore, referring to Figs. 22 and 25a, it is apparent that with an
increase in the cyclic deviatoric stress, the damping ratio values in-
crease. This behaviour can be attributed to the increased plastic axial
strain occurring due to the application of elevated cyclic stresses,
thereby increasing the dissipation of energy and leading to a subsequent
increase in the damping ratio. Conversely, with an increase in the
confining pressure, the damping ratio values exhibit a reduction, as
depicted in Figs. 23 and 25b. The possible explanation for this response
is that higher confining stresses facilitate a denser arrangement with
enhanced bonding between the waste particles, thereby limiting their
ability to deform, which is illustrated by the reduction in the cumulative
plastic deformation presented in Fig. 8. Consequently, this reduces the
dissipation of energy and, subsequently, lowers the damping ratios.
Comparable trends for the damping ratio have been observed by Yuan
et al. [34], and Zekkos et al. [35], where the damping ratio decreased at
larger strains as the fibrous waste content increased and when tested
under higher confining stresses. This effect is also partially attributed to

Fig. 16. Results of resilient modulus (MR) vs number of cycles (N) under
different effective confining stresses (σ3́) under cyclic deviatoric stress (σdc) of
40 kPa.

Fig. 17. Influence of loading frequency on resilient modulus (MR), σdc= 20 kPa
and 100 kPa.
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Fig. 18. Influence of (a) cyclic deviatoric stress (σdc), (b) effective confining stresses (σ3́), and loading frequency (f) on resilient modulus (MR) at different cycles
during cyclic loading.
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the orientation of the particles. In general, increasing the amounts of
organic materials, rubber, and wood chips can amplify the damping and
energy absorption of landfill waste. Furthermore, the damping ratio of
the compacted landfill waste is insignificantly influenced by the loading
frequency, as illustrated in Figs. 24 and 25c, which is in line with
observed variations of the plastic strain reported in Figs. 9 and 10c.

3.6. Residual excess pore water pressure

When soil is subjected to cyclic loading, such as from traffic or train
loads, pore water undergoes pressure changes. During the loading phase,
the pore water pressure increases as the total stress increases and the soil
tends to compress, and upon unloading, as the total stress decreases and
soil tends to rebound, and thus, part of the excess pore water pressure

would remain. This remaining pore water pressure at the end of
unloading is known as residual excess pore water pressure (Δuex).
Fig. 26 presents the Δuex of the reconstituted landfill waste specimens
under different cyclic deviatoric stresses and loading frequencies. It is
evident that the Δuex rises rapidly within the first few cycles, with a
decreasing rate as the cyclic loading progresses. After 10,000 cycles, the
residual excess pore water pressure Δuex stabilised in most cases, with a
slight decrease observed in some of the tested samples. In addition, as
indicated in Fig. 26, it is evident that as the cyclic deviatoric stress in-
creases, the Δuex value also rises simultaneously under identical
confining pressure and loading frequency conditions. The observed in-
crease in the excess pore water pressure in this undrained cyclic triaxial
loading can be attributed to the contractive response of the landfill
sample. As the loading cycle progresses, the excess pore water pressure
stabilises after a certain number of cycles, indicating that the sample is
attaining the dynamic equilibrium where the rearrangement and
orientation of the particles reaches to the state with no contraction or
dilation tendency of the sample. This notion is further reinforced by the
response of plastic deformation observed in Fig. 7. During the initial
loading cycles, the rate of plastic deformation was notable, but as the
loading cycle progressed, the rate of plastic deformation accumulation
per loading cycle decreased significantly as evident in Fig. 7. Similar
trends in excess pore water pressure have been observed by others while
conducting dynamic testing on waste used as embankment material and
peaty soil used as the foundation for railways [54,61].

4. Conclusions

This study experimentally assessed the dynamic characteristics of
landfill waste, replicating conditions similar to a railway subgrade. The
investigated parameters included cumulative plastic deformation,
resilient modulus, and damping ratio, all of which were investigated
using a cyclic triaxial setup. Drawing from experimental observations
and analysis of results, several conclusions can be drawn regarding
compacted landfill waste, which are summarized below.

Fig. 20. Relationship established normalised resilient modulus (MO) and the
normalised cyclic deviatoric stress ratio (Rq).

Fig. 21. Schematic illustration for damping ratio (ξ) calculation.Fig. 19. Resilient modulus (MR) observed at the end of the 50,000 cycles.
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Fig. 22. Results of damping ratio (ξ) vs number of cycles (N) under different cyclic deviatoric stresses (σdc) (a) f = 1 Hz, (b) f = 2 Hz, (c) f = 5 Hz.

Fig. 23. Results of damping ratio (ξ) vs number of cycles (N) under different
effective confining stresses (σ3́) under cyclic deviatoric stress (σdc) of 40 kPa.

Fig. 24. Influence of loading frequency on damping ratio (ξ), σdc= 20 kPa and
100 kPa.
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Fig. 25. Influence of (a) cyclic deviatoric stress (σdc), (b) effective confining stresses (σ3́), and loading frequency (f) on damping ratio (ξ) at different cycles during
cyclic loading.
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• The cumulative plastic axial strain (εp1) consistently increased across
all tested conditions throughout the loading cycles. As the cyclic
deviatoric stress increased, the strain escalated for a given confining
pressure and loading frequency. Moreover, the increase in confining
stress showed a discernible decrease in plastic strain accumulation.
However, the loading frequency imposed an insignificant impact
compared to other investigated parameters.

• The cumulative plastic axial strain (εp1) exhibited a rapid increase
during the initial phase of the loading cycle. However, after
approximately 10,000 cycles, the rate of increase in plastic strain
notably decreased, indicating the attainment of a relatively stable
state by the sample. A similar response has been observed in the case
of residual excess pore water pressure, which increased significantly
during the initial few loading cycles before reaching a stable condi-
tion. Additionally, this observed behaviour is also reflected in the
stress–strain hysteresis loops, which initially appeared sparse but
gradually became denser as the loading cycle progressed. A
nonlinear regression analysis was conducted employing the
nonlinear least square method along with the trust region algorithm
to develop an empirical relation for cumulative plastic axial strain
(εp1) incorporating key parameters, including cyclic deviatoric stress,
confining stress, number of cycles and frequency. This empirical

relationship reported in Equation (1) enables design engineers to
estimate the cumulative plastic deformation, resulting on permanent
settlement of railway tracks built over the closed landfill sites.

• As the loading cycles progressed, the resilient modulus (MR) of the
reconstituted landfill waste specimens exhibited a noticeable in-
crease across all tested conditions. This increase was particularly
dominant during the initial 10,000 cycles, after which it either
increased at a very small rate or remained almost constant. More-
over, the resilient modulus demonstrated a significant rise with
confining pressure. However, its increment was comparatively minor
with frequency compared to cyclic deviatoric stress and confining
stress.

• The damping ratio (ξ) per load cycle of the reconstituted landfill
waste specimens decreased as the number of cycles increased across
all tested samples. Notably, there was a high rate of reduction in the
damping ratio values up to approximately 10,000 loading cycles,
after which this rate gradually diminished. Additionally, an increase
in the cyclic deviatoric stress led to a subsequent increase in the
damping ratio values. Conversely, for a given cyclic deviatoric stress
and loading frequency, an increase in the confining pressure reduced
the damping ratio. Interestingly, the loading frequency had a rather

Fig. 26. Response of residual excess pore water pressure (Δuex) vs number of cycles (N) under different cyclic deviatoric stresses (σdc) (a) f = 1 Hz, (b) f = 2 Hz, (c) f
= 5 Hz.
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insignificant influence on the damping ratio of the compacted
landfill waste.

• The dynamic behaviour of landfill materials is significantly influ-
enced by the rearrangement and reorientation of waste components
occurring during the initial shear loading cycles. This rearrangement
enhances the interlocking between waste components, consequently
increasing the stiffness of the sample and aiding in resisting further
deformation under similar loading conditions. Moreover, as the
loading cycle progresses, fibre mobilisation occurs at higher strain
levels, and the mobilised tensioned fibres serve as reinforcement,
providing mechanical stiffening to the sample, similar to the
behaviour observed in fibre-reinforced soils.

Overall, this research provides valuable insights into dynamic pa-
rameters essential for designing transport infrastructure, particularly
when railway alignments intersect closed landfill sites, offering an op-
portunity to utilise the compacted landfill material as a railway track
subgrade. By delving into the behaviour of landfill waste, the findings of
this study contribute to a deeper understanding of how such landfill
waste materials respond to dynamic loading conditions induced by
moving trains. The findings empower design engineers and authorities
with the essential knowledge required to predict the deformation of
railway subgrade and deciding on any improvements and mitigation
strategies required in case of excessive deformations and unsatisfactory
performance.
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