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Abstract

The elastoplastic behavior of Unbound Granular Materials (UGMs) under repeated loading plays a critical role in the per-
formance and longevity of flexible pavements. This paper presents a comprehensive review of the permanent deformation
modelling and factors considered in UGMs. The factors influencing resistance to permanent deformation such as stress
magnitude, moisture content, gradation, density, porosity, particle morphology, mineralogical composition, are discussed,
emphasizing their complex interdependence and impact on material behaviour. The study also examines the development
and evolution of mathematical and empirical models used to predict permanent deformation under cyclic loading, high-
lighting that most existing models, primarily derived from repeated load triaxial (RLT) tests, remain empirical in nature,
lack physical interpretation, and do not capture the true three-dimensional stress state experienced in the field. Rutting, the
predominant distress mode in flexible pavements, arises from the accumulation of both elastic and plastic deformations
across all pavement layers. Although numerous predictive models express accumulated strain as a function of load repeti-
tions and deviator stress, they often neglect critical influences such as environmental conditions and shear strength of the
subgrade. This review identifies limitations in current design practices and modeling approaches, provides insights into
modern concepts in rutting analysis, and outlines future research needs for developing more mechanistic and physically
meaningful models to predict the permanent deformation behavior of UGMs in pavements.
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1 Introduction

It is well established that in the Mechanistic-Empirical
(M-E) pavement design approach, the mechanical behav-
iour of unbound granular materials (UGMs) commonly
used in base, subbase, and subgrade layers is character-
ised primarily through permanent deformation (PD) testing
[1-3]. These tests are typically performed using a repeated
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of permanent deformations, which manifests as surface
rutting a major distress mode affecting serviceability and
structural integrity [10].

Despite the critical importance of accurately predict-
ing rutting behavior in UGMs, considerable gaps persist
in the scientific modeling of their permanent deformation
characteristics [13, 14]. These gaps are particularly pro-
nounced given the recent advancements in artificial intel-
ligence (AI) technologies, which offer promising avenues
for enhancing modeling accuracy. This study aims to pro-
vide a comprehensive review of existing literature on the
characterisation and modeling of permanent deformation
in UGMs. Furthermore, it seeks to identify current limi-
tations in conventional modeling approaches and propose
future research directions, with a focus on integrating Al-
based techniques to improve the predictive capabilities of
deformation models.

2 Cyclic Behaviour of Unbound Granular
Materials

The cyclic triaxial test is among the most widely adopted
laboratory methods for investigating the mechanical
behaviour of unbound granular materials (UGMs) [15—
17]. Its primary advantage lies in its ability to simulate
cyclic loading conditions representative of those encoun-
tered in the field, thereby enabling a more realistic assess-
ment of material performance under repeated traffic loads
[18-20]. Cyclic triaxial testing systems are now exten-
sively used across the globe [21, 22]; however, they vary
considerably in their design specifications, particularly
in terms of specimen dimensions, loading capabilities,

and control systems [10, 23]. The fundamental operat-
ing principle of the cyclic triaxial test is illustrated in
Fig. 1[10]. During testing with a repeated load triaxial
(RLT) apparatus, the specimen is subjected to a cyclic
axial stress (o1) and a cyclic confining stress (o3), both
of which vary simultaneously and in phase [10, 24]. This
loading configuration, referred to as variable confining
pressure (VCP) loading, more accurately replicates the
in-situ stress conditions experienced by pavement mate-
rials under moving vehicle loads. Alternatively, some tri-
axial systems are designed to apply only a cyclic axial
stress while maintaining a constant confining pressure an
approach known as constant confining pressure (CCP)
loading. While simpler in implementation, CCP loading
does not capture the full complexity of stress variations
experienced in the field as effectively as VCP loading.
Most UGM-related studies in pavement engineering rely
on CCP-based RLT tests due to their standardised nature
and ease of implementation. However, CCP testing pres-
ents certain limitations. It does not simulate horizontal
cyclic stresses and often overemphasizes the influence
of confining pressure. In contrast, VCP testing incorpo-
rates both vertical and horizontal cyclic stresses, offering
a more realistic representation of traffic-induced load-
ing, although it still excludes shear stresses [25]. Despite
these advantages, VCP testing is less commonly adopted
due to several practical constraints [25, 26]:

a) Limitations in current technologies restrict the load-
ing frequency, making VCP tests time-consuming.
Cyclic confining pressures are often limited to low
magnitudes.

b)

Fig. 1 Principle of cyclic loading stress
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c) Specialized equipment and instrumentation are
required for both axial and radial strain measurements.
VCP equipment is not widely available in most
laboratories.

Results from VCP tests may exhibit high variability.

d)

e)

Several comparative studies highlight the differences
between CCP and VCP test results. Allen and Thompson
[27] observed that values from CCP tests are typically
similar to or slightly higher than those from VCP tests,
with differences diminishing as mean normal stress (60)
increases. Brown and Hyde [28] also reported compa-
rable values using both methods, though their study was
limited to a single stress path. Figure 2 presents a repre-
sentative example of stress—strain behavior observed dur-
ing permanent deformation testing using RLT equipment.
Despite variations in specimen size and loading con-
figurations among different apparatuses, repeated load
triaxial testing has consistently proven to be a reliable
and effective method for characterizing the permanent
deformation behavior of UGMs [29]. Numerous studies
have confirmed its suitability for evaluating permanent
deformation parameters in the laboratory, making it a
preferred tool in mechanistic-empirical pavement design
and material characterisation research [13, 24].

On other hand, determination of the stress levels to
be used in permanent deformation has been raised ques-
tions by researchers. Predetermined stress level/ deviator
stress which are presented in BS EN 13286-7 [30], are
not generalised to be applicable on all type of materi-

of the maximum deviatoric stress of each soil sample
obtained in the unconsolidated undrained triaxial tests [5,
6, 31]. This approach is to determine the shear strength
(Mohr circles) of the material using static tests at a range
of confining pressures prior to repeated load testing and
use this as a basis for defining the stress regimes to be
used for dynamic testing [6, 31, 32]. The primary objec-
tive of conducting static shear strength tests is to estab-
lish appropriate stress levels, expressed in terms of the
shear stress ratio (SSR), for use in PD testing [31]. SSR
is defined as the ratio of the induced shear stress to the
shear strength of a given UGMs [33]. To determine shear
strength parameters, monotonic triaxial tests can be per-
formed using triaxial equipment, with confining stresses
matching those anticipated in the subsequent resilient
modulus testing. The analysis follows the fundamental
state of stress based on the Mohr—Coulomb failure crite-
T‘;x originates

rion. Accordingly, the representation of
from the Mohr—Coulomb failure ¢pvelope as illustrated
in Fig. 3.

For a certain combination of confining pressure (o3)
and deviator stress (o4) applied during triaxial testing,
the mobilized normal pressure and shearing resistance
(represented by oy and 7¢, respectively) on the poten-
tial failure surface [32] (oriented at an angle of 45° + %
with the horizontal) can be computed. The applied stress

states on the failure plane to compute shear stress ratios
in Fig. 4 can be derived from the following Egs. (1-3):

Shear Stress Ratio (SSR) — Mobilised Shearing Resistance ¢

&)
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Fig. 2 Example of the stress—strain cycles obtained in repeated load triaxial test on UGMs [10]
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Fig. 3 Mohr—Coulomb representa- T
tion of shear strength and applied
stress [33]
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Fig.4 Development of PD at constant versus multiple stress levels [2]
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where 7; is the mobilised shearing resistance acting on fail-
ure plane; 7,4, is shear strength obtained through Mohr—
Coulomb failure criteria, Ty,q0 = ¢ + oytand; o is normal
stress acting on failure plane; o3 is minor principal stress
or confining pressure in this case; o4 is deviator stress,;
and @ is internal friction angle determined from shear
strength tests. The ratio between 7; and shear strength of
the material corresponding to that particular normal stress
(Tmaz = ¢+ ostand) is defined as the SSR. Lower SSR
values essentially mean that the material is less likely to
undergo bearing capacity type shear failure, whereas a unity
value of SSR (SSR=1.0) represents shear failure of the
material.

3)
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Previous research has emphasised that obtaining accu-
rate measurements of axial strain during laboratory testing
requires a well-designed arrangement of Linear Variable
Differential Transformers (LVDTs) [29]. In existing tri-
axial testing systems for cyclic loading, LVDTs are typi-
cally installed either externally or internally. However, this
variation in placement often raises questions about the reli-
ability and comparability of the test results. Some research-
ers have suggested equipping triaxial systems with locally
mounted LVDTs to improve measurement accuracy. While
this approach can enhance data quality, it also increases the
complexity of the testing process and makes it more diffi-
cult to achieve consistent and repeatable results. Therefore,
to establish a standardised and repeatable testing protocol,
current studies should focus on developing an improved tri-
axial testing setup capable of accurately capturing the cyclic
behavior of UGMs. This setup should be designed to main-
tain data reliability while remaining simple, cost-effective,
and practical enough for routine use in the construction
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industry, rather than being limited to specialised research
applications.

3 Factors Affecting Permanent Deformation
Response

A substantial body of research has focused on identifying
the factors that influence the PD of UGMs. According to
existing studies, the PD of granular materials is affected by
various parameters, including stress level, density, particle
grading, fines content, maximum grain size, aggregate type,
particle shape, moisture content, stress history, and the num-
ber of load applications [3, 16, 34—41]

3.1 Stress Levels

The literature available shows that stress level is one of
the most important factors affecting the development of
permanent deformation in granular materials [8, 34, 42].
Early repeated load triaxial tests, reported by Morgan [43],
showed clearly that accumulation of axial permanent strain
is directly related to deviator stress and inversely related
to confining pressure. Since then, several researchers have
reported that permanent deformation in granular materials
is principally governed by some form of stress ratio con-
sisting of both deviatoric and confining stresses [43—45].
Lashine et al. [46] conducted repeated load triaxial tests on
a crushed stone in a partially saturated and drained condi-
tion, and found that the measured permanent axial strain
settled down to a constant value directly related to the ratio
of deviator stress to confining pressure. Similar results
were reported by Brown and Hyde [28], who studied the
response of crushed stone under repeated triaxial loading
conditions with constant confinement. Brown and Hyde
further stated that similar results are obtained in tests with
variable confining pressure, if the mean value of the applied
confining stress is used in the analysis. Other researchers
[38, 47, 48] have attempted to explain permanent strain
behavior under repeated loading using the ultimate shear
strength of the material. In this approach, the static failure
line is considered as a boundary for permanent strain under
repeated loading. This has been questioned by Lekarp and
Dawson [49] who argue that failure in granular materials
under repeated loading is a gradual process and not a sudden
collapse as in static failure tests. Therefore, ultimate shear
strength and stress levels that cause sudden failure are of
no great interest for analysis of material behavior when the
increase in permanent strain is incremental. On other hand,
Stress history also plays a critical role in PD behaviour [2,
6, 50]. Previous loading events tend to reduce further PD
accumulation under similar subsequent load applications

[50]. A typical PD progression under cyclic loading at a
constant stress level is shown in Fig. 4 (Fig. 4a). However,
in real pavement conditions, where stress levels vary dur-
ing service, PD develops differently due to fluctuating loads
and the influence of prior loading this behavior is shown
in Fig. 4b. The constant stress case is typically simulated
using a Single Stage (SS) Repeated Load Triaxial (RLT)
test, while the varying stress scenario is captured by the
Multi Stage (MS) RLT test [2]. The incorporation of static
shear strength into permanent deformation (PD) modeling
has long been a subject of debate in the literature [5, 49].
Recent developments, however, have seen the emergence of
models that explicitly integrate static shear strength within
PD frameworks [5, 33]. Despite these advancements, sub-
stantial gaps persist in understanding the extent to which
static shear strength influences PD behavior. This issue war-
rants further rigorous and comprehensive investigation to
establish a clearer mechanistic basis. Future research should
therefore focus on examining the role of shear strength in
governing the PD response of unbound granular materials
(UGMs). Moreover, comparative analyses of long-term
deformation behavior under multi-stage and single-stage
loading conditions are essential to elucidate the influence of
loading history on the cumulative deformation characteris-
tics of UGMs.

3.2 Number Load Repetitions/Cycles and Loading
Frequency

PD in UGMs accumulates progressively with the number of
load applications [2, 3, 51]. The development of PD under
repeated loading is a gradual process in which each load
cycle contributes a small increment to the total accumu-
lated strain [2]. Consequently, the number of load cycles
is a critical factor in evaluating the long-term behaviour
of these materials [2]. The importance of load repetitions
has been emphasised by several researchers [5, 38, 39, 43,
52]. Although the PD induced during a single load cycle is
small compared with the resilient response, its cumulative
effect can become significant over time, potentially leading
to rutting and eventual pavement failure as shown in Fig. 5
[2]. Early studies [5, 38, 39, 43, 52] reported a continuous
increase in permanent strain under repeated loading. For
example, Morgan [43] applied up to 2 million load cycles
and observed that PD continued to increase throughout the
testing period. Similarly, Barksdale [52] concluded that
permanent axial strain in untreated granular materials accu-
mulates linearly with the logarithm of the number of load
cycles. His results further indicated that after a large number
of load repetitions, the rate of plastic strain accumulation
may suddenly increase. In contrast, Brown and Hyde [28],
who studied a well-graded crushed granite, observed that an
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Fig. 5 Development of rutting due to PD of the UGMs [2]

equilibrium state was reached after approximately 1,000
load applications. Paute et al. [47] later suggested that
the rate of increase in permanent strain decreases pro-
gressively, allowing the definition of a limiting value for
PD accumulation. Lekarp and Dawson [49] also reported
that stabilisation occurs only at low stress levels, while
high stress conditions lead to continuous strain accumu-
lation and gradual material deterioration. The appropriate
number of load cycles to apply in PD testing remains a
debated issue among researchers. There is no consensus
on the number of cycles required to accurately determine
the rate of PD or to rank material performance. Many
studies have used a large number of cycles to simu-
late long-term strain accumulation; however, the use of
such extended testing durations raises concerns regard-
ing laboratory feasibility and time efficiency. Larew and
Leonards [13], for instance, applied between 60,000
and 80,000 cycles in their repeated load tests on various
UGMs, with some specimens subjected to over 400,000
cycles. Zhou et al.[53] noted that UGMs and subgrade
soils may experience millions of load cycles under field
conditions and, therefore, used 30,000 cycles per stage in
multi-stage cyclic loading tests. Similarly, Chern Chow,
Debakanta Mishra, and Tutumluer [54] applied 30,000
cycles per stage in their PD testing of different aggre-
gates. Alnedawi et al.[55] conducted tests using three
stress stages, each comprising 10,000 cycles, for a total
of 30,000 cycles, following AG-PT/T053 specifications.
Ma et al.[31] investigated open-graded UGMs and used a
maximum of 9,000 cycles, assuming strain stabilization
after a certain number of cycles. Cern et al. [56, 57] eval-
uated the influence of water content on PD up to 10,000
cycles, selecting this duration to balance laboratory time
constraints with reliable material characterization; simi-
lar cycle ranges were adopted by Gu et al. [58]. Finally,
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Ma et al.[31] terminated cyclic loading tests either when
the accumulated axial plastic strain reached 15% or when
the strain stabilised, with a maximum limit of 50,000
load cycles. In summary, there remains inconsistency in
the number of load cycles applied in PD testing across
the literature, largely due to varying experimental objec-
tives, material types, and practical laboratory constraints.

Youd (as cited in Rondén-Quintana et al. [59],) per-
formed simple shear tests with cyclic loading on sand
under drained conditions, using loading frequencies
between 0.2 and 1.9 Hz, and concluded that the strain
accumulation rate is independent of frequency [13].
Similar findings were reported by Shenton [60], who
conducted RLT tests on ballast under drained conditions
with loading frequencies ranging from 0.1 to 30 Hz.
Thom and Brown [61] also noted that loading frequency
has little influence on permanent deformation accumu-
lation, though they observed a slight reduction in strain
rate at higher frequencies. Wichtmann et al. [62] found
that coarse sand (maximum particle size of 1 mm) con-
tinues to accumulate strain even after 2 x 10° loading
cycles. In a subsequent study, Wichtmann [63] confirmed
through RLT tests that loading frequency between 0.05
and 2.0 Hz does not affect permanent deformation. Simi-
larly, Rondon-Quintana [25] and Rondon-Quintana et al.
[26] conducted four RLT tests on a UGM two at 0.05 Hz
and two at 1 Hz and found no significant frequency
effect on permanent deformation. Li et al. [64] observed
that increasing loading frequency (1, 5, 8, and 10 Hz)
reduced permanent deformation in smaller gravels (4.75—
9.50 mm), while no effect was seen for larger gravels.
However, their results were based on single-sized gravel
samples. Alnedawi et al. [55] performed RLT tests on two
UGMs (basalt and granite) at frequencies of 0.20, 0.33,
and 0.50 Hz, and reported negligible effects of frequency
on deformation. A sensitivity analysis using artificial
neural networks (ANN) further showed that frequency
contributed only about 3% to deformation accumulation
compared to other factors. Li et al. [65] reported similarly
weak frequency dependence (0.5-2.0 Hz) in Monte Carlo
and Discrete Element Method (DEM) simulations based
on 50 random samples. Overall, the influence of loading
frequency on the elastoplastic behavior of UGMs appears
small. However, when fine content increases, frequency-
dependent (rate-sensitive) behavior becomes more evi-
dent [66]. Regarding rest periods, limited research exists.
Alnedawi et al. [34] studied their impact on two UGMs
using both RLT tests and finite element method (FEM)
simulations. They found that specimens subjected to rest
periods exhibited greater permanent deformation than
those without, possibly due to enhanced material segre-
gation during rest. Nonetheless, further studies involving
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higher loading cycles (beyond N=30,000) are needed to
confirm these findings.

The determination of an appropriate number of load
cycles to be applied in PD testing remains a topic of
ongoing debate among researchers. Currently, there is
no established consensus regarding the optimal num-
ber of cycles required to accurately capture the rate of
PD accumulation or to reliably rank the performance of
UGMs. Different studies have adopted a wide range of
loading cycles, often extending to tens or even hundreds
of thousands, with the aim of replicating long-term field
conditions and cumulative strain behavior. While such
extensive testing provides valuable insights into mate-
rial durability and deformation trends, it also introduces
significant challenges related to laboratory feasibility,
equipment fatigue, and time efficiency. Consequently, the
practical implementation of these prolonged tests is often
limited, particularly when multiple specimens or test
conditions need to be evaluated. To address these limita-
tions, further research should aim to identify a feasible
and representative number of load cycles that can effec-
tively characterise the stabilising phase of PD behaviour
without compromising test reliability. Establishing a
standardised criterion for determining the “stabilising”
or “steady-state” number of cycles would enhance test
repeatability, improve comparability across studies, and
support the development of more efficient laboratory
testing protocols for assessing the cyclic performance of
UGMs.

3.3 Moisture Content

The presence of moisture increases PD in UGMs [41,
56, 67]. According to Thom and Brown [61], PD may
increase dramatically for a relatively small increase in
moisture content [57, 58, 68, 69]. They have reported that
the lubrication effect of moisture is the primary influenc-
ing factor [13, 32, 70]. Researchers generally agree that
when there is a high degree of saturation and low per-
meability[15, 32, 71], PD increases with moisture due
to an increase in pore water pressure, thus reducing the
effective stress, which in turn, lowers the stiffness and
deformation resistance of the material [2, 41, 49]. The
literature available reveals that researchers who have
studied the effect of water content in granular pavement
layers in the laboratory and in the field believe that the
combination of a high degree of saturation and low per-
meability, due to poor drainage, leads to high pore pres-
sure, low effective stress and, consequently, low stiffness
and low deformation resistance [3, 52, 61]. However, any
well-established model to mathematically describe the

influence of moisture on the PD behaviour of UGMs is
still lacking.

3.4 Density, Fine Content and Gradation

Clearly, an increase of the degree of compaction of the
material reduces the void ratio, and increases the number of
contacts between the grains, thus increasing the resistance
to permanent deformations [24, 41, 72]. More generally, the
resistance to permanent deformations strongly depends on
the void content [41, 73, 74]. For the same degree of com-
paction, a modification of the grading, reducing the void
content, increases the resistance to permanent deformations
[9, 41, 75]. However, relatively less study has been focused
on the PD of a granular material with high fines content
(greater than 10% by mass), especially when considering
the changing moisture content. In the practical engineering
projects, the fines very often contain a high fraction of clays,
making the analysis of the PD behaviour of granular lay-
ers more complicated. On other hand the effect of density,
as described by degree of compaction, has been regarded
in previous studies as being significantly important for the
long-term behaviour of granular materials [41, 76]. Resis-
tance to permanent deformation in these materials under
repetitive loading appears to be highly improved as a result
of increased density [41]. Barksdale [52] studied the behav-
iour of several granular materials and observed an average
of 185% more permanent axial strain when the material was
compacted at 95% instead of 100% of maximum compac-
tive density.

Previous research has clearly demonstrated that the
fines content plays a significant role in influencing the PD
behaviour of UGMs. The presence and proportion of fine
particles within the granular matrix can substantially alter
key mechanical properties such as stiffness, strength, and
resistance to cyclic loading. Specifically, fines influence the
inter-particle contact mechanics, pore pressure response,
and overall load transfer mechanisms, thereby governing
the rate and magnitude of PD accumulation under repeated
traffic loading. Despite these well-recognised effects, most
existing PD models tend to oversimplify or completely
neglect the influence of fines content, gradation charac-
teristics, and density state. Such simplifications limit the
applicability of current models to a relatively narrow range
of well-graded, coarse-grained materials. Moreover, there
remains a notable lack of systematic studies investigating
the PD behavior of UGMs containing higher fines contents,
particularly those exceeding 15%. These materials, which
are common in field conditions due to crushing, weather-
ing, or the use of marginal aggregates, often exhibit distinct
mechanical responses compared to cleaner granular mix-
tures. High-fines UGMs tend to exhibit increased moisture
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sensitivity, reduced drainage capacity, and more pronounced
viscous and plastic deformation behavior under cyclic load-
ing. Consequently, their long-term performance cannot be
adequately represented by models calibrated for low-fines
materials.

To bridge this gap, future research should focus on com-
prehensive experimental and numerical investigations that
explore the PD characteristics of high-fines UGMs under
controlled cyclic loading. Such studies should aim to quan-
tify the combined effects of fines content, gradation, and
compaction density on the evolution of permanent strain
response. Additionally, the findings should be integrated
into mechanistic-empirical (M-E) pavement design frame-
works to enable more realistic performance predictions for
granular layers composed of materials with varying fines
contents. Developing refined PD models that explicitly
account for these parameters would greatly enhance the reli-
ability and generalizability of M-E design methods, thereby
improving material selection and pavement design practices
in the construction industry.

3.5 Mineralogical Nature of the Material

The mineralogical composition of UGMs plays a cru-
cial role in determining their mechanical and deformation
behavior, even when the grading and particle size distribu-
tion are similar [77]. The mineralogy of the parent rock gov-
erns fundamental properties such as particle shape, surface
texture, angularity, hardness, and resistance to fragmenta-
tion, which in turn affect the material’s overall performance
under repeated loading conditions [78]. Different minerals
exhibit varying degrees of hardness, brittleness, and weath-
ering resistance. For instance, igneous rocks such as basalt
and granite typically contain hard and durable minerals like
quartz and feldspar, which promote angular particle shapes
and rough surfaces after crushing [79-81]. These charac-
teristics enhance interparticle friction and mechanical inter-
lock, resulting in higher shear strength, greater stiffness,
and reduced permanent deformation under cyclic loading.
Conversely, sedimentary rocks such as limestone or sand-
stone often contain softer or more rounded grains, leading to
smoother particle surfaces, lower frictional resistance, and
increased susceptibility to crushing and plastic deformation.
Mineralogy also influences the microscopic roughness and
surface energy of the particles. Minerals with rough, irregu-
lar surfaces (e.g., feldspar, quartz) promote higher friction
angles, whereas smoother minerals (e.g., calcite, clay-coated
particles) tend to reduce interparticle friction. This directly
affects the elastoplastic behavior of the material, as rougher
surfaces resist relative movement and sliding, limiting strain
accumulation during RLT testing. In addition, the quality of
the fine fraction which often arises from the weathering or
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crushing of the parent rock is highly dependent on mineral-
ogy. Fines derived from clay-rich or mica-bearing minerals
tend to be sensitive to moisture, exhibiting water-induced
softening, loss of suction, and reduced stiffness. These fines
can fill the voids between coarse particles, changing the
load transfer mechanism and leading to increased perma-
nent deformation and reduced resilient modulus. In con-
trast, non-plastic fines originating from siliceous minerals
typically have a less detrimental effect, maintaining stabil-
ity even under variable moisture conditions. Moreover, the
petrographic characteristics of the parent rock influence its
long-term durability under cyclic loading. Rocks composed
of minerals with variable hardness or pronounced cleavage
planes may experience preferential breakage along weaker
zones, resulting in particle degradation and a progressive
change in grading during service life. This aggregate degra-
dation alters the packing structure and fabric of the UGM,
thereby modifying its deformation response and compaction
behavior. Overall, the mineralogical composition of UGMs
through its control on particle morphology, surface rough-
ness, fine fraction characteristics, and water sensitivity has a
decisive impact on their mechanical stability and deforma-
tion characteristics. Two aggregates with identical particle
size distributions but different mineralogies can therefore
exhibit markedly different responses to cyclic loading,
highlighting the importance of considering mineralogical
analysis alongside traditional gradation and strength tests in
UGM characterisation.

In general, there remain significant gaps in understand-
ing the relationship between the PD behaviour of UGMs
and their underlying mineralogical characteristics. While
numerous studies have focused on macroscopic parameters
such as gradation, fines content, density, and stress condi-
tions relatively few have explored how the intrinsic mineral
composition and microstructural properties of the constitu-
ent particles influence the long-term deformation response.
The mineralogical composition governs key material attri-
butes such as particle hardness, shape, surface roughness,
and susceptibility to crushing or weathering, all of which
play a critical role in the accumulation of plastic strain
under cyclic loading. To address this knowledge gap, future
research should incorporate detailed microstructural and
mineralogical analyses to better elucidate the mechanisms
linking mineral composition to PD behaviour. Techniques
such as Scanning Electron Microscopy (SEM) combined
with Energy Dispersive X-ray Spectroscopy (EDS) can
provide valuable insights into particle morphology, sur-
face texture, and micro-cracking patterns before and after
cyclic loading. These observations can be correlated with
macroscopic deformation trends to establish a mechanistic
understanding of how mineralogical variations influence
particle rearrangement, contact degradation, and cumulative
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strain development. Furthermore, integrating mineralogi-
cal parameters into mechanistic and mechanistic-empir-
ical (M-E) analysis frameworks would represent a major
advancement in PD modeling. Incorporating quantitative
descriptors of mineralogy such as mineral hardness indi-
ces, particle angularity factors, or micro-fracture suscepti-
bility could significantly enhance the predictive capability
of existing PD models. Such integration would allow for
more accurate characterisation of material performance
across different geological sources and environmental con-
ditions, ultimately leading to improved material selection,
design optimization, and long-term pavement performance
prediction.

3.6 Permanent Deformation Modelling of UGMs

The deformation occurring in pavement layers consists of
two parts, recoverable deformation (resilient behavior) and
non-recoverable deformations (absorbing behavior) [10,
82, 83]. Several attempts have been made by researchers
over the last few decades in order to develop permanent
strain models for better characterisation of pavement mate-
rials from repeated load tests [84-86]. The accumulated
permanent deformations in unbound granular materials in
aggregate base and sub-base layers also causes significant
amount of rutting at the surface, resulting in failure of pave-
ment serviceability criterion by exceeding certain allowable
rutting values which is measured in terms of surface rough-
ness[87-90]. The total accumulated rut depth in pavement
is due to the summation of plastic strain of different com-
ponents in a multilayer pavement system [91] as given by
Eq. 4.

op = Z Ep,ihi 4

where 6, is total rut depth, ¢, ; is plastic strain of i layer,
and h; is thickness of i™ layer.

Several models are available in the literature for describ-
ing the PD behaviour of UGMs most of them presented on
Table 1 [41, 92]. PD properties determined from repeated
load triaxial tests are key parameters used to model pave-
ment layers rutting potential in any M-E pavement design
guide [93]. The earlier models can be divided into two types
as (a) relationships describing the influence of the number
of load applications on the permanent strain and (b) rela-
tionships describing the influence of applied stresses on
the permanent strain [54]. Relatively recent models com-
bine the effect of stress with the number of load cycles.
However, the influence of other important factors such
as moisture content, density, and grading are not directly
taken into account by these models. The testing procedure
for PD as mentioned before it includes either Single Stage

(SS) in order to study the influence of different stress lev-
els on the material, each time a new SS RLT test on a
new specimen needs to be run. In this case, the effect
of stress history on the material cannot be studied refer
to Fig. 4. On the other hand, the Multi Stage (MS) RLT
test applies several stress paths to a single specimen
and thus (a) it includes the effect of stress history, (b)
reduces the time and effort required to study the influence
of several stress levels and (¢) reduces the experimental
scatter usually experienced in testing several specimens.
Furthermore, it should be more reliable to evaluate the
material parameters of a model from a large number of
stress paths in MS RLT tests. Therefore, for a compre-
hensive evaluation of material behaviour, the multi-stage
repeated load triaxial (MS-RLT) test represents a more
practical and informative option compared to the tradi-
tional single-stage (SS-RLT) approach. The MS-RLT test
allows for the assessment of material response under a
wider range of stress conditions within a single speci-
men, thereby providing a more realistic representation of
in-service loading scenarios. However, the modeling of
PD behavior based on MS-RLT data becomes inherently
more complex due to the nonlinear interactions between
stress history, material densification, and cumulative
strain effects.

It is noteworthy that most of the existing PD models
have been developed and calibrated using results from
single-stage RLT tests, which often fail to capture the
complex stress-path dependency exhibited under multi-
stage loading. Furthermore, the majority of these models
summarized in Table 1 consider only a limited number
of influencing factors, primarily stress level and mois-
ture condition, while neglecting other critical parameters
such as fines content, gradation, density, mineralogy,
and loading frequency. This simplification restricts their
applicability to a narrow range of material types and
environmental conditions. To overcome these limitations,
future modeling efforts should focus on developing more
generalised and data-driven PD prediction frameworks
capable of incorporating multiple interacting variables.
In this regard, the integration of advanced computational
techniques such as artificial neural networks (ANNs)
and other artificial intelligence (AI) approaches offers
a promising pathway. These methods can efficiently
capture nonlinear and multivariate relationships within
complex datasets, leading to the development of more
robust, adaptive, and accurate PD models. Emphasis-
ing the application of Al-based modeling in PD research
will not only enhance the predictive capability of current
mechanistic-empirical design methods but also contrib-
ute to establishing a new generation of intelligent, per-
formance-based models for UGMs.
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Table 1 Computational Models for Permanent Strain Behavior

Reference Model Model definitions
Lashineet ¢, =0.9L q deviator stress 5
al. [46] 7 o3 Confining pressure
Barksdale p = a + blogN a, b=are regression model parameters 6
Model [52] . q/act €p Permanent Deformation
P [W] N Number of Loading Cycles
R¢=ratio of measured strength to ultimate hyperbolic strength
¢ = angle of internal friction
C=apparent cohesion
Monismith — AN® A, a, b=are regression model parameters 7
et al. Model lc?gep = A+ blogN €p Permanent Deformation
[94] N Number of Loading Cycles
Pappin vp = (fnN) L(g)2»8 Yp=Ppermanent shear strain; 8
Model [38] Pimaz (fn N)=the shape function,
p=mean normal stress=(c, + 0, +03)/3;
q=deviator stress=(c, —03);
L=Ilength of stress path=(p 2+q*)";
(9/p) max=maximum stress ratio
Veverka ep = acr N er=resilient strain 9
[118]
Khedr [119] 2 - A NP Ditto 10
Sweere ep = AN® Ditto 11
[120]
Tseng and e —eoe— (%) g Where €9, B and p are different material parameters, depending on 12
Lytton P 0 material physical properties, moisture content and bulk stress of
Model [121] laboratory testing
Wolff Model ep = (MN +a) (1 _ BN ) a, b and m are model parameters, in which m has physical 13
[95] interpretation of permanent deformation accumulation indicating
plastic shakedown (m=0) and plastic creep response (m>0)
Thompson RR = % =4 RR and RD are rutting rate and rut depth in inches, respectively. A 14
and Nauman N and B terms are developed from field calibration testing data
Model [122]
Van Niekerk e, bl( o1 )” o, is major principal stress; 6, is major principal stress at failure; 15
and Huur-  €p=a1 (fll ; ) (m) i a;, @y, bl and b, are model parameters. The stress ratio (¢, /o, o)
man (1995)
Pauteetal. ¢,= Bﬁ% Cycles €, 19 is permanent deformation for number of load cycles 16
[47] B after 100 cycles; parameter A and B in above equations are regres-
€p,100 =A (1 — (%’0) ) sion model parameters
Bonaquist £p = Z en en Sum of number of cycles 17
& Witczak
(1997)
Huurman ep=A ( %) By C ( (eD%) - 1) N is number of load cycles, 6, is major principal stress, 6, is 18
Model [123] . . . major principal stress at failure, A, B, C and D are stress depen-
X in the following equation: dent model parameters
X = 1 ( o1 )zz cn p
o1,f
Ullidtz e = A (ﬂ) B e G4 is deviator stress; p, is the normalizing reference stress (i.e. 19
Model [124] 7 Po po=1psior 1 kPa); and A, B and C are parameters obtained from
multiple regression analysis
Lekarpand  €pwvres) _ A( g) B € (Nref) 1S Permanent strain at a given reference number of load 20
Dawson [49] " P/maz cycles (Nop), where N +>100; L is the length of stress path;
p is mean normal stress equals to (o, +0,+03)/3; q is deviator
stress=(6, — 63); (q/P)max 1S Maximum stress ratio; p, is the nor-
malizing reference stress; and A and B are model parameters
Gidel et al. NY-B] (L. \" 1 p™** is maximum normal stress; ¢™* is maximum cyclic deviator 21
(2001) er=Ep0 {1 N (VD) } (T) <m+ o — o ) stress; L, is stress path length, or (p™*2+q™*?) *; p_ is atmo-
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spheric pressure=100 kPa; N, is reference number of cycles; and
€505 B and n are model parameters; m and s are parameters of the
stress path, qg=mp+s



A Critical Review of the Modelling and Factors Considered for Permanent Deformation of the Unbound...

Table 1 (continued)

Reference Model Model definitions
Korkiala- epi(N)=C(N — N;_1+N; q)b%h A, a, b=are regression model parameters 22
Tanttu Where €p = permanet deformation
(2005) NeT (Epz—l(A—Rz) )1/17 N = number of loading cycles
i CRi
Chow- e, (N) = ANBg,C L) D A, B, C, D= are regression model parameters 23
Mishra- EZ EN; = ANBs,° g Tmaar )D €p = permanet deformation
Tutumluer ctoftand N = number of loading cycles
[33] T = Shear stress
Tmax = Maximum shear stress
04 = Deviator stress
Rahman and epi(N)=C (N “Nig+ N_eq) bsyi Spi all of, the subscript i refers to the i stress path 24
Erlingsson, vfhere' ¢ ¢
2015b ’

eq __ Epi—1
Ni - ( aSy; )

3.7 Modeling Permanent Strain with Respect to
Number of Load Applications

Barksdale [52] conducted an extensive investigation into
the behavior of various base course materials subjected to
repeated loading using triaxial tests involving numerous
load applications. His study revealed that, under a speci-
fied stress condition, the accumulation of permanent axial
strain was proportional to the logarithm of the number of
load cycles. He described this behavior using a log-normal
model. Further research into the long-term behavior of
granular materials was performed by Monismith et al. [94],
who also used repeated load triaxial testing. However, the
applicability of the log—log model was later questioned by
Wolff and Visser [95] following a series of full-scale Heavy
Vehicle Simulator tests with several million load repetitions.
They identified two distinct phases in the buildup of per-
manent deformation. The first phase, lasting up to approxi-
mately 1.2 million load repetitions, was characterized by
rapid development of permanent strain accompanied by a
continuously decreasing rate of increase. In the subsequent
phase, the accumulation of permanent strain slowed signifi-
cantly, with the strain rate approaching a constant value.
Because the log—log model was unable to accurately predict
permanent strain at very high numbers of load cycles, Wolff
and Visser proposed an alternative stress—strain model. Ear-
lier, Paute et al. [47] suggested that permanent strain gradu-
ally increases toward an asymptotic value as the number of
load cycles rises. They developed a relationship to describe
the connection between permanent axial strain excluding
the initial cycles and the number of loading repetitions.
Lekarp and Dawson [49]reported that the model proposed
by Paute et al.[47] was valid primarily under low applied
stress levels, thus indicating limitations in its general appli-
cability. Building on the theoretical framework of plastic-
ity, Bonaquist and Witczak [96] developed a constitutive

model based on the flow theory of plasticity. This incremen-
tal model separates the total strain increment into a revers-
ible resilient strain component and an irreversible plastic
strain component. The plastic strain increment is assumed
to depend on the current states of stress and strain, as well
as on the incremental changes in stress. The flow theory
describes plastic behavior through three key concepts: the
yield function, which distinguishes elastic from plastic mate-
rial responses; the flow rule, which defines the incremental
stress—strain relationship within the plastic region; and the
hardening rule, which characterises how the yield surface
evolves due to plastic deformation [13]. By combining the
hierarchical approach introduced by Desai et al.[97] with
the bounding surface concept proposed by Mroz et al.[98],
Bonaquist and Witczak[99] formulated a novel permanent
strain model suited for soils and granular materials under
repeated loading. This hierarchical model first defines the
magnitude of permanent strain during the initial load cycle.
For subsequent cycles, it captures cyclic hardening behav-
ior by expressing permanent strain as a power function of
the strain developed in the first cycle. The total accumulated
permanent strain is then calculated as the sum of permanent
strains from all load cycles. However, modeling permanent
deformation (PD) behavior solely as a function of the num-
ber of load applications has been increasingly questioned in
the literature [5, 13]. Such simplified models, while useful
for preliminary assessments, fail to account for the complex
dependency of PD on the prevailing stress conditions and
other influencing factors. In reality, the accumulation of
permanent strain in unbound granular materials (UGMs) is
highly sensitive to variations in applied stress levels, stress
ratios, confinement pressures, and material characteristics
such as gradation, fines content, and moisture state. Rec-
ognising these limitations, several researchers have refined
early empirical models by incorporating both stress levels
and the number of load applications into their formulations.
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This approach enables a more realistic representation of the
nonlinear relationship between load intensity, stress history,
and deformation rate. The integration of stress-dependent
parameters has therefore enhanced the predictive accuracy
of PD models, as elaborated in the subsequent discussion.

3.8 Modeling Permanent Strain with Respect to
Stress Condition

The previously discussed relationships describing how per-
manent deformations vary with the number of load cycles
cannot be directly applied to predict permanent deforma-
tion in pavement structures, primarily because they do not
account for the applied stress levels. To address this limita-
tion, other researchers have pursued approaches that relate
permanent deformation after a given number of load cycles
to the applied stresses, typically focusing on the maximum
stresses experienced [59, 100]. Several such relationships
have been proposed, some of which attempt to incorporate
the combined effects of both applied stresses and the num-
ber of load cycles, though these are relatively few all of
these models presented on Table 1.

A review of existing studies reveals that current PD
models primarily rely on the number of load cycles and
applied stress levels as the dominant predictors of pave-
ment performance. Although these parameters are undeni-
ably important, their exclusive consideration results in an
oversimplified representation of the complex mechanical
behavior of UGMs. In reality, PD behavior is influenced by
a combination of interacting factors, including fines content,
particle gradation, density state, moisture condition, and
mineralogical composition. The omission of these variables
limits the accuracy and general applicability of existing

Plastic creep limit

Plastic shakedown limit

Cyclic stress

Post-compaction
compression

Permanent strain rate

Permanent strain rate keeps
decreases rapidly until

| ef decreasing or constant at a
plastic deformation

relatively low level

almost ceases

/ Wi/

models, particularly when predicting long-term pavement
response under realistic field loading conditions. Therefore,
it is evident that substantial gaps remain in fully understand-
ing and modeling the PD behavior of UGMs under cyclic
loading. To bridge these gaps, future research should aim to
develop generalised and comprehensive PD models capable
of capturing the combined influence of all key factors affect-
ing deformation behaviour. The integration of advanced
data-driven approaches particularly artificial intelligence
(AJ) and machine learning (ML) techniques offers a promis-
ing pathway toward achieving this goal. By leveraging Al’s
capability to model nonlinear, multivariate interactions,
researchers can formulate robust, adaptive, and realistic PD
prediction frameworks. Such advancements will enhance
the mechanistic—empirical pavement design process, pro-
viding the construction industry with more accurate, reli-
able, and performance-oriented tools for material evaluation
and pavement analysis.

3.9 Modeling Permanent Strain Using a Shake-
Down Theory

Currently, the shakedown theory is being extensively
used in recognizing different responses of UGMs under
cyclic loading [41, 101]. Based on this theory, Werkmeis-
ter et al.[102] have identified that depending on stress
levels, the evolution of PD in UGMs with the number
of load cycles falls within the three shakedown ranges,
shown in Fig. 6 [103, 104]. These ranges are described
below in the order of ascending stress levels, where in
each case, the stress level remains constant with the num-
ber of load applications: Shake-down theory describes the
plastic strain behaviour of pavement materials subjected

Permanent strain rate decreases
slowly and remains at a relatively
high level, or keeps increasing

e

Range A: Plastic shakedown Range B: Plastic creep

Fig. 6 Shakedown ranges classification for the UGMs
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Table 2 Proposed boundaries of shakedown ranges

Shake- Ranges Boundaries of shakedown range

down

criteria

[125] A PDsoo0 — PD3sooo < 4.5 X 1075
B 4.5 x 10_5< PDs000 — PD3spoo < 4.5 % 10_4
c PDs0o0 — PD3ooo > 4.5 x 107*

(381 A PDs000 — PDsooo < 6.0 x 107
B 6.0 x 1075< PDso0o — PDsooo < 6.0 x 10~
¢ PDs0o0 — PD3ooo > 6.0 x 107*

[36] A 0°<Range A<22.5°
B 22.5%<Range B<45°
C 45°<Range C<90°

to repeated loading. It makes a distinction between three
types of plastic strain behaviour [24]. The three ranges
of possible behaviour (A, B and C) apply to ascending
stress levels respectively. Range A is termed the plastic
shake-down range, range B is termed the plastic creep
range, and range C is the incremental collapse stage. A
diagram illustrating the different categories of permanent
deformation is shown in Fig. 6.

Many studies over past decades has described the PD
under repeated loads using the shakedown theory, the
details and evolution of this theory described in many of
previous studies [36, 102]. This theory has been widely
applied on UGMs by adopting a specific visual crite-
rion and boundaries as proposed by Werkmeister et al.
[102, 104]. These criteria were also adopted by BS EN
13286-7 guideline in selection and ranking of the UGMs
[30]. It is important to recognize that existing shake-
down criteria, such as those developed by Werkmeister
et al.[102] and those presented on Table 2, are not uni-
versally applicable across all environmental and climatic
conditions. These criteria were derived under specific
testing protocols and material properties, which may not
accurately reflect the diverse range of UGMs used glob-
ally. For instance, a study conducted by Chen et al.[104]
highlighted the limitations of applying Werkmeister’s
boundaries to reinforced UGMs. Their research, which
involved UGMs reinforced with geogrids, demonstrated
that the original shakedown limits needed to be adjusted
to account for the enhanced mechanical behavior intro-
duced by geosynthetic reinforcement. This finding under-
scores the necessity of updating existing criteria to suit
specific applications and material configurations. Simi-
larly, research by Gu et al. [58] raised critical concerns
regarding the applicability of Werkmeister’s criteria to
UGMs in the state of Texas. Their study concluded that
the shakedown boundaries, developed for specific mate-
rials and environmental conditions, failed to accurately

characterise the behaviour of the Texas UGMs tested.
These findings support the view that shakedown classi-
fications derived from one region or material type may
not be suitable for others. Furthermore, recent studies
have proposed redefining shakedown boundaries based
on alternative parameters, such as the effective cyclic
stress ratio, to better capture material response under
repeated loading. These evolving approaches indicate a
shift toward more adaptable and locally relevant frame-
works. Given these concerns, there is a significant risk
of mischaracterising local materials if existing shake-
down boundaries are applied without modification. This
issue arises for two main reasons: The RLT test proto-
cols used to develop current shakedown boundaries were
conducted under fixed conditions that do not account for
variations in local environments or pavement loading
scenarios. The UGMs used in the development of these
criteria may possess physical and mechanical properties
that differ substantially from those of materials available
in other regions.

4 Area for the Further Research
4.1 PD Behaviour of Recycled Materials

The availability of natural UGMs sourced from borrow pits
and quarries is steadily declining, primarily because these
materials are non-renewable resources [77]. Continuous
extraction to meet the demands of large-scale infrastruc-
ture projects such as roads, railways, and embankments has
resulted in the depletion of high-quality natural aggregates
in many regions. The overexploitation of these borrow pits
not only leads to the loss of natural landscapes and habitats,
but also contributes to soil erosion, groundwater contamina-
tion, and air pollution through dust emissions. Moreover,
aggregate extraction and processing are energy-intensive
activities that produce significant greenhouse gas emis-
sions, thereby exacerbating climate change. Given these
environmental and sustainability challenges, there is an
increasing global awareness of the need to reduce depen-
dence on natural aggregates and to develop more sustain-
able alternatives. To address this scarcity, researchers and
engineers have begun exploring the use of recycled materi-
als as substitutes for natural UGMs in pavement and road
foundation layers [105, 106]. These recycled aggregates
(RAs) are commonly derived from construction and demo-
lition waste, reclaimed asphalt pavement (RAP), recycled
concrete aggregate (RCA), and various industrial by-prod-
ucts such as steel slag, crushed brick, and fly ash [107]. The
utilisation of such materials offers substantial environmen-
tal benefits, including reduced landfill waste, lower demand
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for virgin aggregate extraction, decreased carbon footprint,
and enhanced resource circularity in the construction sector.

Over the last two decades, numerous studies have been
conducted to evaluate the mechanical, physical, and dura-
bility properties of recycled aggregates for use in road con-
struction. Research findings generally indicate that recycled
materials can achieve comparable stiffness, strength, and
bearing capacity to those of natural aggregates when prop-
erly processed, graded, and stabilized with binders or addi-
tives. Nevertheless, the mechanical performance of recycled
UGMs often varies widely due to their heterogeneous com-
position, higher porosity, and presence of adhered mortar
or asphalt residues. These factors contribute to reduced
particle strength, increased susceptibility to crushing, and
greater water absorption, which may affect their long-term
performance under cyclic loading. Despite the growing
body of research on recycled aggregates, there remains a
significant knowledge gap regarding their permanent defor-
mation behavior when subjected to repeated or cyclic load-
ing conditions. Permanent deformation, or rutting, is one of
the critical failure modes in pavement structures, influenc-
ing both structural integrity and service life. The complex
microstructure of recycled aggregates characterized by
residual cementitious phases, variable particle morpholo-
gies, and weaker interparticle bonding can lead to nonlin-
ear and time-dependent deformation responses that differ
substantially from those of natural UGMs. Understanding
these behaviors is essential to ensure that recycled mate-
rials perform reliably under realistic traffic and environ-
mental conditions. To promote the sustainable and safe
use of recycled materials in pavement engineering, fur-
ther research is necessary to address several key aspects.
These include a detailed evaluation of the elastoplastic
and resilient behavior of recycled UGMs under varying
stress states, loading frequencies, and moisture condi-
tions; the development of constitutive models capable of
predicting their deformation and failure characteristics;
and the assessment of their long-term field performance
through large-scale experimental and numerical stud-
ies. In addition, optimizing processing and stabilization
techniques such as mechanical crushing, blending, and
chemical stabilization can enhance the mechanical integ-
rity and deformation resistance of recycled UGMs. In
conclusion, the decline in natural UGM resources and the
increasing emphasis on environmental sustainability have
accelerated the global shift toward the use of recycled
and alternative granular materials in road construction.
However, the permanent deformation behavior of these
materials remains insufficiently understood, necessitating
intensive experimental, analytical, and modeling studies
to ensure their durability, reliability, and long-term per-
formance. Achieving this will support the development
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of sustainable, resource-efficient, and climate-resilient
pavement infrastructures for the future.

4.2 Artificial Intelligence

The application of Artificial Intelligence (AI) has become
increasingly widespread across various branches of engi-
neering due to its powerful ability to analyse complex,
nonlinear, and multidimensional data [108, 109]. In
fields such as civil, geotechnical, and pavement engi-
neering, Al techniques have shown remarkable potential
for predictive modeling, optimization, pattern recogni-
tion, and decision support [110—113]. Among the various
Al-based methods, Artificial Neural Networks (ANNs)
have emerged as one of the most effective computational
tools for capturing complex relationships between input
parameters and system responses, particularly in materi-
als and structural behavior analysis [79, 114, 115]. In the
context of pavement and geotechnical engineering, ANNs
have been successfully applied to model diverse phenom-
ena, including resilient modulus prediction, soil classifi-
cation, compaction characteristics, settlement behavior,
and bearing capacity estimation [21, 116, 117]. These
models are capable of learning from experimental or field
datasets and generalizing the underlying patterns with-
out requiring explicit mathematical formulations of the
physical processes involved [18]. This makes ANNs par-
ticularly suitable for modeling materials such as UGMs,
whose mechanical behavior is highly nonlinear and influ-
enced by multiple interacting factors such as stress level,
moisture content, loading frequency, particle size distri-
bution, and mineralogical composition. However, when
it comes to PD modeling of UGMs under cyclic loading,
the application of Al and ANN-based methods remains
limited. Only a few studies have addressed this specific
area. For example, Ghorbani et al. [68, 108] developed
an ANN model to predict the permanent deformation
of granular materials using laboratory test data. While
their findings demonstrated the potential of ANN in cap-
turing the complex deformation behavior, the available
models were based on relatively small datasets and older
network architectures, which limited their predictive
accuracy and generalization capability. Moreover, most
previous studies relied on static network configurations
and did not incorporate modern deep learning architec-
tures such as convolutional neural networks (CNNs),
recurrent neural networks (RNNs), or hybrid models
that could better represent time-dependent deformation
patterns in cyclic loading conditions. The current gap in
the literature highlights the need for comprehensive and
systematic research on the application of Al particularly
ANN and deep learning models to simulate and predict
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permanent deformation behavior in both natural and
recycled UGMs. Future studies should focus on develop-
ing data-driven predictive frameworks that can integrate
large experimental datasets, sensor-based monitoring
data, and numerical simulation results. By training these
models on extensive, high-quality datasets, researchers
can significantly improve their reliability and robust-
ness. Furthermore, integrating ANNs with mechanistic-
empirical approaches could enhance the interpretability
of Al predictions, allowing for a better understanding of
the physical mechanisms controlling deformation. Such
hybrid modeling approaches combining AI algorithms
with constitutive models or finite element simulations
represent a promising direction for next-generation pave-
ment analysis and design. The use of explainable Al
(XAI) methods can also provide insights into the rela-
tive importance of key input variables (e.g., stress ratio,
confining pressure, fines content, or moisture variation),
helping engineers identify dominant factors that control
permanent deformation behavior.

5 Conclusion

Over the years, research on granular materials has predomi-
nantly focused on their resilient behavior, largely due to the
practical challenges associated with investigating perma-
nent deformation. Resilient testing is relatively quick and
allows for the evaluation of a wide range of stress conditions
using a single specimen. In contrast, permanent deformation
testing is time-intensive and requires separate specimens for
each stress scenario. As a result, our understanding of the
resilient response of granular materials has advanced more
significantly than our knowledge of their long-term defor-
mation behavior. This literature review examines the rutting
mechanisms of UGMs and evaluates existing empirical and
semi-empirical models for predicting permanent deforma-
tion. Most of these models have been developed based on
laboratory data, particularly from RLT testing. The current
predictive framework used in the mechanistic-empirical
pavement design system Pavement ME Design is also dis-
cussed. However, in its current implementation, Pavement
ME Design does not account for the shear strength of aggre-
gate materials or the specific stress states induced by applied
wheel loads when estimating rutting in unbound base and
subbase layers. To more accurately characterise and predict
the performance of unbound aggregate layers under repeated
traffic loading, it is crucial that mechanistic-empirical pave-
ment design methods incorporate the influence of applied
stress levels on rutting behaviour. The accumulation of per-
manent strain in granular materials is influenced by several
interrelated factors, including stress level, principal stress

rotation, number of load applications, moisture content,
stress history, compaction density, fines content, gradation,
and aggregate type. Despite this, a comprehensive model
capable of capturing the combined effects of these variables
on permanent deformation behavior remains lacking. There
is a pressing need to develop more generalised, theoretically
sound computational models for predicting permanent strain
in UGMs, models that fully integrate the key influencing
factors. The adoption of advanced techniques such as arti-
ficial intelligence and machine learning is also encouraged,
as these approaches offer significant potential to enhance
model accuracy and capture complex material behaviors.
This underscores the importance of continued and intensive
research in this area moving forward.
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