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Considering the great contribution of subgrademodulus to the overall performance of roads or railways, it is crucial to provide the
best prediction of resilient modulus for their foundations. Incorporating the seasonal variation of moisture content, the resilient
modulus variation of unsaturated soils will be accurately predicted.)is paper aims to introduce and discuss the knowledge about
resilient response of unsaturated soils and emphasize the effects of humidity. A literature review on resilient response of un-
saturated soils is presented based on the previous studies. )e affecting factors (i.e., wetting and drying, moisture content, and
matric suction) were discussed. )e prediction model development of the resilient response of unsaturated soils was presented.
)e limitations and advantages of the model were analyzed and compared. It reveals that the current models were limited
regarding stress conditions, moisture content, matric suction, and soil types, and further studies are still needed to achieve a better
understanding of resilient response of unsaturated soils.

1. Introduction

Subjected to moving loads, the underlying soil layers may
exhibit a resilient (recoverable) and a plastic (irrecoverable
or permanent) deformation. Figure 1 illustrates the stress-
strain behaviour in a simple way [1]. Consequently, the
infrastructure may undergo distresses that undermine the
overall performance. Regarding road pavements, various
distresses have been investigated, e.g., cracking (fatigue,
block, edge, reflection, longitudinal, and transverse),
patching (patch deterioration, and potholes), surface de-
formation (rutting and shoving), surface defects (bleeding,
polished aggregate, and ravelling), and miscellaneous dis-
tresses (lane-to-shoulder drop-off, water bleeding, and
pumping) [2]. In terms of the two major issues, fatigue
cracking of bound layers may derive from resilient defor-
mation of subgrade soils in the foundation, whereas ex-
cessive rutting may be attributed to plastic deformation.
)erefore, it is critical that the resilient response of foun-
dation soils under moving loads should be comprehensively
revealed [1], providing further reference for more rational
foundation design.

To reflecting the stress-strain behaviour (i.e., resilient
response) of subgrade soils under normal cyclic traffic

loading, Mr of subgrade soils was introduced by American
Association of State Highway and Transportation Officials
(AASHTO) [3] as a more rational soil property than the soil
support value or modulus of subgrade reaction [4] and
therefore is widely employed to estimate transient soil de-
formation under repeated traffic loads. As a significant
stiffness parameter to demonstrate the resilient behaviour,
the resilient modulusMr is mathematically defined as the
ratio of repeated deviator stress q to axial recoverable strain
(i.e., resilient strain) εr [5] as follows:

Mr �
q

εr

. (1)

Considering the great contribution of subgrade modulus
to the overall performance of the roads or railways, it is
crucial to provide the best prediction of resilient modulus for
the road and railway foundations. Many efforts have been
dedicated to the studies on resilient response of saturated
soils, e.g., [6–8]. Various models were developed to dem-
onstrate the nonlinear stress-strain behaviour of saturated
subgrade soils by incorporating soil physical properties (e.g.,
moisture content and dry density) and stress state variables
(e.g., deviator stress, confining stress, bulk stress, and shear
stress). )ese models include the k − θ model [9], the
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deviator stress model [6], the Uzanmodel [10], the Universal
Model [11], and the model by Mechanistic-Empirical
Pavement Design Guide (MEPDG) [12], and so on. Some
reviews on the studies of saturated soils were also proposed,
based on the previous references, e.g., [1, 13], to demonstrate
the state of knowledge about resilient response. )us, a
better understanding may have been achieved about the
resilient response of saturated soils.

In practice, the maximization of density is crucial in
developing the full-strength potential of the material. In the
condition of optimum moisture content (OMC), the easiest
compaction can be performed, and the maximum density will
be acquired [14]. )us, to achieve the maximum dry density
(MDD) of subgrade soils, construction specifications uni-
versally require that the soils be compacted at (or near) OMC
in practice, and therefore all placed and many in-situ sub-
grade soils should be regarded as materials in an unsaturated
state above the water table [4, 15] or in a near-saturated
condition. Due to the environmental conditions (e.g., wetting
and drying, freezing and thawing, and precipitation), un-
saturated soils will be subjected to seasonal variations in
moisture content [15–18]. Consequently, it will be compli-
cated to thoroughly understand the nature of resilient re-
sponse of unsaturated soils. Regarding the in-situ conditions,
the unsaturated soils have raised increasing concerns among
scholars and engineers. In this circumstance, further studies
should still be performed to thoroughly explore the nature of
the resilient modulus of unsaturated soils.

With the concern to unsaturated soils, an increasing
number of efforts were made (e.g., [16, 19–24]) to predict the
resilient behaviour of subgrade soils, which are more ac-
curate than those generally referring to unsaturated soils as
saturated soils due to simplicity. )e proposed experimental
and theoretical methods broaden the knowledge of unsat-
urated soil in predicting the response. )us, based on the
current knowledge about the resilient response of unsatu-
rated soils, a review is necessary and significant to dem-
onstrate a better understanding of resilient response of
unsaturated soils.

)is paper aims to introduce and discuss the knowledge
about resilient response of unsaturated soils. A selective

literature review on resilient response of unsaturated soils
is presented based on the previous studies. )e affecting
factors and prediction model development of the resilient
response of unsaturated soils are investigated, respectively.
)e review could be inevitably limited by covering the two
aspects, while it may possibly provide reference for the
foundation design and construction incorporating unsat-
urated soils.

2. Factors Affecting Resilient Response

Based on previous studies, the mechanical properties of
road/railway trackbed foundations (e.g., resilient response)
were found to depend on various variables. For example,
great concerns were raised about the resilient modulus in
previous studies. )e studies indicated that the resilient
modulus was influenced by moisture content, matric
suction, external stress, number of load repetitions, stress
state, wetting and drying history, and soil type
[13, 21, 25–28].

Compared with saturated soils, the unsaturated subgrade
soils contain matric suction that will affect the mechanical
response of the soil foundations. Matric suction has been
considered as an important stress variable in investigating
the effects of moisture content on the mechanical behaviour
of unsaturated soils. It is widely recognized that matric
suction mainly includes two components, i.e., matric and
osmotic suctions [29–31]. )e relationship can be expressed
as

ψ � ua − uw(  + π, (2)

where ψ is the total suction, (ua − uw) is matric suction, π is
osmotic suction, ua is pore-air pressure, and uw is pore water
pressure. )e total suction indicates the free energy of the
soil water, while matric and osmotic suctions are the
components of the free energy. Khoury et al. [24] demon-
strated that the variations in the resilient modulus were not
induced by osmotic suction. In general, matric suction is
mainly considered to analyze the soil response concerning
the unsaturated soil.

Overall, the impact factors affecting resilient behaviour
can be summarized as stress state (matric suction, total,
confining and deviator stress), soil physical state (moisture
content, dry density, and soil type/structure (fabric)),
loading condition (magnitude of load and number of load
repetitions) [32], and compaction (both density and com-
paction methods). Especially, the water effects on the sub-
surface structures were presented and discussed by many
researchers, e.g., Drumm et al. [15], Khoury et al. [24], Miller
et al. [26], Kim et al. [33], Nuth et al. [34], Dawson [35], and
Coronado et al. [36]. Although there are a wide variety of
studies available to discuss the effects of other factors on
resilient response of soils (e.g., [1]), they are mainly centred
on the saturated soils. In the review by Lekarp et al. [1], the
effects of moisture content were presented based on pore
water pressure, degree of saturation, and water table, whilst
the gravimetric/volumetric moisture content itself was not
involved. )e hysteresis of the resilient modulus with
moisture content and the effects of matric suction were not
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Figure 1: Simplified stress-strain behaviour in granular materials
during one loading cycle [1].
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included for a better understanding of unsaturated soils. )e
effects of moisture on resilient response of subgrade are
reflected in different ways including direct correlation,
wetting and drying process, and matric suction. Specifically,
matric suction, as an important state variable to unsaturated
soils, will be discussed separately.

2.1. Moisture Content. Attributed to precipitation, capillary
action, flooding and water table variation, and so on, the
moisture content in the subgrade may vary. )e existing
water will induce positive pore water pressure, which can
reduce the load carried by the soil particles. It may also cause
weathering and reduce the friction resistance. Consequently,
the structural bearing capacity could decrease, and the water
would further accelerate the deterioration of foundations in
pavement and railway track structures under repeated traffic
loading, and therefore endanger the stability and reliability
of transport.

2.1.1. Direct Correlation. Among the affecting factors,
moisture content is well known to have significant effects
on the deformation behaviour of unbound granular
materials. It is analyzed that the modulus would decrease
with higher moisture content, while the permanent de-
formation and Poisson’s ratio increased progressively
[37], e.g., with the moisture content rising by 2%, the
resilient modulus of cohesive soils reduced significantly
up to 4 times [38], and especially, at high degree of sat-
uration, unbound granular materials showed significant
decrease in the resilient modulus with the increasing
degree of saturation. Saevarsdottir and Erlingsson [39]
conducted accelerated pavement tests with a heavy vehicle
simulator, and the effects on the responses of the structure
were measured with the decreased resilient modulus and
increased rate of accumulation of permanent deformation
as the water table was raised to increase moisture content.
)e bottom part of the subbase presented the largest
increase in resilient strain by 53% with the increase in that
of base and the top 30 cm of subgrade by 15% and about
20%, respectively.

2.1.2. Wetting and Drying. Wetting and drying was also
found to affect the resilient modulus [28]. However, due to
the inconsistency or variable nature of subgrade strength
[40], the values of Mr do not continuously decline in the
whole wetting cycle [41]. Rahman and Erlingsson [41] found
that Mr showed an increasing trend with moisture rising to
the optimum due to the development of suction, while the
values decreased above the optimum since the materials
would develop excess pore water pressure at higher degree of
saturation, which is in good agreement with the findings of
Dawson et al. [37]. It could also be likely attributed to
improved packing rearrangement of soil particles [42] due to
water, and the postcompaction was enhanced as well. It was
also confirmed that compaction atOMC could play a positive
role in improving the strength of foundation.

2.1.3. Cyclic Wetting-Drying. Due to climatic changes (e.g.,
alternating periods of rainfall and draught), soil is also
subjected to repeated wetting-drying cycles. Cyclic wetting-
drying process will lead to the buildup and breakdown of soil
particles and bear the responsible for a continuous increase
in the stability of aggregates [43, 44]. )e soil may be more
susceptible to yield and thus exhibit a softening behaviour
due to the irreversible swelling or increase in degree of
saturation from the wetting-drying cycles [45]. Tang et al.
[46] found that the cyclic wetting-drying seemed to slightly
increase the soil stiffness in the case of lime-treated soils and
decrease the soil stiffness in the case of untreated soils. Based
on the Meridian limestone aggregate stabilized with cement
kiln dust, it is found out that the resilient modulus showed
significant decrease as the number of wetting/drying cycles
increased to 8, beyond which the resilient modulus de-
creased only slightly [47]. In addition, it reveals that the
resilient modulus of the soil compacted at OMC may de-
crease up to four times by wetting and drying cycles [48].

2.1.4. Hysteretic Behaviour. Furthermore, moisture content
exhibited a hysteretic behaviour in the relationship with
resilient modulus due to the wetting and drying processes
[16], and Mr showed higher values for drying cycle at the
same moisture content than on the wetting cycle. Khoury
et al. [18] also found the resilient modulus-moisture content
relationships caused by drying presented higher values than
by wetting. With regard to the nonlinearity, increasing
moisture content show few effects on it [37]. According to
the acquired soil water characteristic curve (SWCC), the
similar trend was also measured in matric suction, as pre-
sented in Figure 2.

2.2. Matric Suction. Soil is commonly assumed to be satu-
rated without considering the suction effects, and zero
suction is taken as the saturation state [50]. Regarding the
unsaturated state of soil, with the development of soil
mechanics, matric suction has been considered as an im-
portant stress variable in investigating the effects of moisture
content on the mechanical behaviour of unsaturated soils in
pavement structures. It is widely recognized that soil suction
mainly consists of the capillary and adsorptive potentials,
i.e., matric and osmotic suction [29–31]. )e relationship
can be expressed as shown in Eq. (2). )e total suction
indicates the free energy of the soil water, while matric and
osmotic suctions are the components of the free energy.

As Leong and Abuel-Naga [51] demonstrated, matric
suction (ua − uw) is associated with the capillary effects,
while osmotic suction depends on the salt content of the
pore water. )e strong correlation has been revealed be-
tween matric suction and resilient modulus [16]. Khoury
et al. [24] demonstrated that the variations in the resilient
modulus were not induced by osmotic suction. Based on the
analysis of the experimental data, it was found that the
resilient modulus correlated better with matric suction than
with total suction [4], as illustrated in Figure 3. Furthermore,
based on the previous studies, the effects of matric suction
should be mainly incorporated in the analysis on the
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behaviour of partially saturated soil in preference to the
effects of total and osmotic suctions.

Matric suction affects the mechanical behaviour of
unsaturated soils as a fundamental stress variable, and the
effects vary with stress states. Matric suction generates
capillary interparticle forces normal to particle contacts, and
it plays a more complicated role compared with the pore
pressure or mean stress [50]. )e roles of the matric suction
in the mechanical response of the soils can be revealed from
two aspects, i.e., affecting the stress existing in the soil
particle with pore water pressure and exerting a force on the
particle to reinforce the bonding. With respect to the two
mechanisms, the effects of suction on the response also rely

on the saturation state of the soil [52, 53]. When considering
suction effects, the fabric measure of pore fluid in the soil
should also be involved to quantify the distribution of pore
pressures [54].

Referring to resilient modulus, it showed a nonlinear
increasing trend with a lower matric suction (e.g.,
[4, 13, 17, 18, 31, 53, 55], whilst the same trend may not be
recognized at higher suction levels. It may be induced by the
more effective contribution of soil suction on wetted con-
tacted area of soil particles within the low suction levels [56],
although the limited wetted contacted area at higher suction
levels impaired the effect of suction. Ng et al. [27] found that
the resilient modulus increased significantly with suction due
to the presence of water tension, and it increased by up to one
order of magnitude with suction rising from 0 to 250 kPa at a
cyclic stress of 30 kPa, as can be seen from Figure 4.

Plenty of studies have been performed on the prediction
model of the resilient modulus of subgrade soils, and more
model parameters were considered, e.g., confining stress,
bulk stress, or dry density [4]. Since the matric suction can
reflect effects of the seasonal variation of moisture content
on the resilient modulus under in-situ conditions, the model
based on the resilient modulus will be expected to be more
reliable through incorporating matric suction. Particularly,
at a low moisture content, the resilient modulus is domi-
nated by the significant matric suction for the soil. It may
benefit the foundation design with a better understanding
and measurement of matric suction.

3. Models Based on Resilient Modulus

3.1. Stress Principles. Due tovarious pore water pressures
and matric suction conditions in saturated/unsaturated
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states, the subgrade soil will also exhibit different stress
conditions. In order to accurately investigate the mechanical
response of the soil, the stress state should be obtained.

In the saturated state, the mechanical state of soil can be
described by a stress state variable, i.e., effective normal
stress,σij

′, which, according to the principle of effective stress
[57], can be expressed as

σij
′ � σij − uwδij, (3)

where σij is total normal stress and uw is the pore water
pressure, which is generally positive or zero for the saturated
soil. It allows recognition of the stress components carried
by the soil and by the pore water.

In the unsaturated state, the effective stress is defined as
[58]

σij
′ � σnet

ij + χψmδij, (4)

where σnetij is the net stress,ψm is the matric suction (i.e.,
ua − uw), δij is the Kronecker delta and χ is effective stress
parameter thought to be a function of degree of saturation
(χ � 0 for dry soils, χ � 1 for saturated soils), defined as

χ �
ua − uw( b

ua − uw

 

0.55

, (5)

where (ua − uw)b is the air entry of the soil (or matric suction
where air starts to enter the largest pores in the soil). χ is also
found to depend on the material state and stress path.
However, no unique relationship is found between χ and the
degree of saturation [59], and, instead, χ is strongly related to
the soil structure [60]. As a material parameter, χ is not
suitable for the description of stress since the variables used
should be independent of material properties [61].

Zero suction was commonly regarded and accepted as
the equivalent to saturated states despite its shortcomings,
i.e., the hysteretic suction levels were ignored that

correspond to full saturation during drying and wetting,
respectively, and a continuous treatment between positive
and negative pore water pressure was not displayed. As to
atmospheric pressure and the suction, they may be treated as
zero and a negative pore water pressure for all saturated state
as a better alternative, which will also provide a continuous
transition between saturated and unsaturated states [50].
Bishop’s effective stress exhibited several limitations, e.g.,
failure to explain the collapse behaviour during wetting of
unsaturated soils [62] and the dependence of the represented
stress space on the material states.

Considering all the limitations of effective stress
principles, Fredlund and Morgenstern [61] defined the
stress state by two independent nonadditive stresses, one
described at the macroscopic scale (σij − uaδij) and the
other at the pore scale (ua − uw). )e effective stress is
rewritten as

σij
′ � σij − uaδij + χ ua − uw( δij, (6)

where σij
′ is also termed as quasi-effective stress, since it is

not a true stress in the context of continuummechanics [54].
)e quasi-effective stress may be defined as

σij
′ � −

1
V
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f

mα
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1
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≜ Srδij + ξij
′ + ξij
″,

(7)

whereFij is a second-order tensor that characterises the
effect of matric suction.)erefore, σij

′ is a function ofFij, and
Fij is a measure of the tensorial nature of the pore fluid fabric
in the soil. It is inadequate to describe the critical state of
unsaturated soils only based on the continuum stress state
(shear stress, net normal stress, and matric suction) and the
soil volume [54].

3.2. Resilient Modulus Models. In view of the substantial
contribution of the subgrade modulus to the overall per-
formance of the roads or railways, it is significant to provide
the best prediction of the resilient modulus for the roads and
railway foundations. Various models based on the resilient
modulus were developed to demonstrate the nonlinear
stress-strain behaviour of the subgrade soils by incorpo-
rating soil physical properties (e.g., moisture content and dry
density) and stress state variables (e.g., deviator stress,
confining stress, bulk stress, and shear stress). Some com-
monly used models for saturated soil and discussions sur-
rounding them are firstly presented as a reference to the
development of models for unsaturated soil, e.g., k − θ
model, deviator stress model, and Universal model, and then
generally discussed. More models based on the resilient
modulus (e.g., the model by Dunlap [63], Monismith et al.
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[9], Pezo [64], Garg and )ompson [65], and Tam and
Brown [66]), Poisson’s ratio (e.g., models by Hicks and
Monismith [67] and Karasahin et al. [68]) and shear-vol-
umetric approach (e.g., the contour model by Pappin [69]
and Boyce model [70]) can be found in a study by Lekarp
et al. [1] to model the stress-strain relationship. )e models
incorporating moisture content and matric suction will be
mainly presented for the unsaturated soils.

(1) )e k − θ model associating the resilient modulus
with bulk stress was presented by Monismith, Seed,
and Mitry [9] generally for granular soils as

Mr � k1
θ

pa

 

k2

, (8)

where k1 and k2 are regression parameters de-
pendent on material types and soil physical prop-
erties; θ= σ1 + σ2 + σ3 (σ1, σ2, and σ3 are the three
principal stresses), i.e., bulk stress; pa is the at-
mospheric pressure.
It is widely used to analyze the stress dependence on
material stress, whilst the k − θ model is not spe-
cifically accurate to describe the soil behaviour at
various locations despite right below an applied
load. When considering the use of finite element
method or the assumption of simplified pavement
structure, this model will induce more complication
to pavement analysis [14]. Constant Poisson’s ratio
was assumed in this model, whilst Poisson’s ratio
was not constant and varied with applied stresses
[11]. It is still insufficient to consider the effects of
stresses only by the sum of principal stresses since
the same value of θ may represent different stress
states. )is model did not summarize measured
data well when shear stress was significant [10].

(2) )e model proposed by Moossazadeh and Witczak
[6], also known as the deviator stress model widely
used to represent the resilient modulus of fine-
grained subgrade soils, was presented as

Mr � k1
σd

pa

 

k2

, (9)

where σd is the deviator stress, i.e., σ1 − σ3.
Based on the deviator stress, Mr could be easily
estimated. A limitation of this model is that
moisture conditions were not explicitly
incorporated.

(3) )e Universal model [71] incorporated the effect of
both shear stress and bulk stress on Mr as follows:

Mr � k1∗pa

θ
pa

 

k2 τoct
pa

 

k3

, (10)

where τoct is the octahedral shear stress, i.e.,

1/3
�����������������������������

(σ1 − σ2)
2 + (σ2 − σ3)

2 + (σ1 − σ3)
2



.

Based on the studies, the Universal Model showed
superior performance to the k − θ model. )e
Universal Model is recommended for use with
cohesive soils if the model development data have
various confining stress levels [72].

(4) Developed by Fredlund and Rahardjo [12], Mr of
unsaturated soils can be expressed as a function of
three stress variables, i.e.,

Mr � f σ3 − ua( , ua − uw( , σ1 − σ3(  , (11)

where ua is the pore-air pressure and (σ3 − ua) is
the net confining pressure.
)e model provides a general idea for the rela-
tionship between the resilient modulus and stress
variables (i.e., deviator stress, net confining stress,
and matric suction). )e effects of matric suction
were gradually incorporated to predict the resilient
modulus of unsaturated soils.

(5) A model was recommended in MEPDG [73] by
AASHTO to demonstrate the effect of degree of
saturation onMr:

log
Mr

Mr,opt
� a +

b − a

1 + eln(− b/a)+k4 S− Sopt( )
, (12)

where Mr,opt is the resilient modulus at OMC
(wopt), a is the minimum of log(Mr/Mr,opt), b is the
maximum of log(Mr/Mr,opt), k4 is the regression
parameter associated with material properties, S is
the degree of saturation expressed as decimal, and
Sopt is the degree of saturation at wopt expressed as
decimal.
)is model takes a degree of saturation into ac-
count, so the water state will be involved. However,
matric suction as the direct factor is not considered,
and the hysteretic behaviour of Mr with moisture
content is not demonstrated [23].)e Mr-moisture
relationships vary with soil types, particularly with
plasticity index (PI), e.g., low PI soils are less sus-
ceptible to moisture changes than soils with high PI
[16] and the model may be exclusively applicable to
some specific soil types.

(6) By incorporating the effective stress of unsaturated
soils presented by Bishop [58], the model by
AASHTO [3] is rewritten by Yang, Huang, and Tai
[4], as follows:

Mr � k1 σd − ua + χψm( 
k2 . (13)

)is model cannot address the effects of drying or
combination of drying and wetting on Mr values of
subgrade soils [23].

(7) Based on the effective stress, the proposed model by
Liang et al. [74] for partially saturated cohesive soils
can be expressed as

6 Advances in Civil Engineering



Mr � k1pa

θ + χψm

pa

 

k2 τoct
pa

+ 1 

k3

. (14)

In this model, the matric suction is included, and the
suction parameter χ is introduced. It also considers
the effects of shear strain. However, the measurement
of soil suctionmay induce complications to themodel.

(8) As the variation of theUniversalModel, a refinedmodel
was proposed by Cary and Zapata [55], as follows:

Mr � k1pa

θnet − 3Δuw− sat

pa

 

k2 τoct
pa

+ 1 

k3

·
ψm0

− Δψm

pa

+ 1 

k5

,

(15)

where θnet represents net bulk stress, i.e., θ − 3ua,
Δuw− sat is the buildup of pore water pressure under
partially saturated conditions; ψm0

is the initial soil
matric suction and Δψm is the relative change in soil
matric suction with respect to ψm0

; k5 is the re-
gression constant.
To obtain net bulk stress, pore-air pressure needs to
be determined. Considering the variation of matric
suction is beneficial, whilst the measurement of
matric suction will induce more complexity to the
prediction ofMr. During the repeated loading,
buildup of pore water pressure could cause changes
to the matric suction, which could also impair its
accuracy.

(9) Based on theMEPDG [73] model, Khoury et al. [23]
proposed two models to assess the Mr-moisture
hysteretic behaviour of a subgrade soil along two
different environmental paths. A revised model to
predict Mr incorporating the effects of moisture
content along initial drying curve (IDC) and initial
wetting curve (IWC), i.e.,

log
Mr

Mr,opt
  � a1 +

b1 − a1

1 + eln − b1/a1( )+k6× w− wopt( )
.

(16a)

)rough the statistical analysis, model parameters
prove to be as follows: a1 = − 0.162, b1 = 0.435, and
k6 = 0.803, with a coefficient of determination
r2 = 0.95. )e inner Mr-moisture curve (IMMC)
was introduced to present the IDC and IWC as a
whole, as shown in Figure 5.
)e following equation was selected to analytically
predict the Mr-moisture variation along the main
drying curve-wetting- drying path (MDC-WDP):

log
Mr

Mr,opt
 

MDC− WDP
� a +

b − a

1 + ek6× w− wopt( )
, (16b)

where Mr/Mr,opt is resilient modulus ratio, k6 is the
regression parameter, and (w − wopt) is moisture

content variation (%). With the slope of IMMC and
the resilient modulus along the IMMC at specific
moisture content (w − wopt), theMDC-WDP can be
measured, as shown in Figure 6.
)is model presents the direct effects of moisture
content on theMr. It will be convenient to estimate
Mr without requiring more model parameters if
the moisture condition is available. However, the
matric suction, in its water-related stress state, is
not considered. According to the soil water
characteristic curve (SWCC), the hysteresis be-
haviour between matric suction and water content
should be incorporated. )is may impair the ac-
curacy of the prediction. )e model parameters
from regression are based on the type of soil, so it
may differ from other types of soil. Additionally, as
mentioned by the authors, the study was limited to
predicting the effect of postcompaction moisture
content on Mr of one type of soils (i.e., Renfrow).
)us, more studies are needed to extend the scope
of application and verify its applicability to other
types of soils.

(10) To comprehensively predict the resilient modulus, a
new equation was proposed incorporating the effect
of net stress and matric suction [27]:

Mr � M0
p

pr

 

k1

1 +
qcyc

pr

 

k2

1 +
ψm

p
 

k3

, (17)

where M0 denotes the resilient modulus at the
reference stress state (i.e., p=pr, qcyc =pr, and
ψm = 0), p is the net mean stress (i.e., (σ1 + σ2 +

σ3 /3) − ua), and pr is reference pressure for nor-
malizing p, simplified as 1 kPa; qcyc is cyclic stress
(i.e., the amplitude of variation in deviator stress
during cyclic loading-unloading).
)is model allows for a smooth transition between
the unsaturated state and saturated state of soils. It
is derived from the suction-controlled cyclic triaxial
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Figure 5: Mr-water relationship along the IDC and the IWC (i.e.,
IMMC) (from [23]).
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tests, whilst the direct measurement of matric
suction for further application will still be complex.

(11) A model for recycled unbound materials was
proposed by Azam et al. [75]. )is suction-inclusive
model incorporated the density ratio to represent
the effect of soil density on the resilient modulus.
)e blend composition was found to significantly
affect MDD and OMC of materials. )us, a new
term was added that considered dry density ratio
moderated by the effect of RCM content:

Mr � k
σm

pr

 

k1 τoct
τref

 

k2 ψm

pa

 

k3

·
DDR 1 − k4RCM/100( ( 

100
 

k3

,

(18)

where σm is mean normal stress (i.e.,
((σ1 + σ2 + σ3 )/3, τref is reference shear stress (i.e.,���
2/3

√
qf), qf is peak shear strength, DDR is dry

density ratio (%), RCM is percent of recycled clay
masonry (%), and k4 and k5 are regression pa-
rameters (factors and exponents).
)e previous models mainly focus on the behaviour of
subgrade soils and/or virgin aggregates, except for
recycled products. )e proposed model crushed ma-
sonry content, dry density, shear strength, initial
matric suction, and stress state. Air entry value will not
be needed from SWCC to evaluate the effective stress
parameter [75]. )e determination of matric suction
could make it complex or undermine its accuracy.)e
applicability to different types of recycled aggregates
and general subgrade soils still need further studies.

(12) Han and Vanapalli [76] derived a model to predict the
variation of the resilient modulus with respect to the
soil suction for compacted fine-grained subgrade soils:

Mr − Mr,sat

Mr,opt − Mr,sat
�

ψm

ψm,opt

ln 2.718 + ψm,opt/a 
n

 

ln 2.718 + ψm/a( 
n

 

⎧⎨

⎩

⎫⎬

⎭

mξ

,

(19)

where Mr,sat is Mr of soil at saturation, ψopt is
matric suction at OMC, m, n, and ξ are model
parameters and ξ was found to be equal to 2.0.
It only requires conventional soil properties and
alleviates the need for experimental determination
of the Mr − ψ relationships, while the stress con-
ditions were not incorporated [76]. Compared with
models by regression analysis, it is convenient to
predict the resilient modulus of subgrade only with
soil properties. However, the filter paper method
measures matric suction based on previous cali-
bration, and its accuracy is limited. )e measure-
ment of matric suction may limit the application of
this model.

(13) Considering matric suction, minimum bulk stress,
and octahedral shear stress, a new prediction model
was proposed by Yao et al. [77]:

Mr � k0pa

ψm

pa

+ 1 

k1 θm

pa

 

k2 τoct
pa

+ 1 

k3

, (20)

where θm is the minimum bulk stress.
)is model avoids the issue that the bulk stress
exhibited equal values under different combinations
of the deviator stress and confining pressure [77].
)e relationship between regression coefficients
and physical parameters (plasticity index, liquid
limit or plastic limit, and percentage passing
through the No. 200 (0.075mm) sieve) was estab-
lished based on completely weathered granite and
then verified within A-4 and A-7 soils. )erefore, its
applicability to other types of soil still needs further
verification.

(14) State variables and stress variables should be taken
as model terms, and soil basic properties should be
considered in model parameters. )erefore, the
matric suction and relative compaction should be
incorporated in prediction models of resilient
modulus. A new model by Zhang et al. [20] is
expressed as

Mr � k0paRC
k1

ψm

pa

+ 1 

k2 θm

pa

 

k3 τoct
pa

+ 1 

k4

,

(21)

where RC is the relative compaction, defined as the
ratio of dry density to MDD, and k0 is directly
proportional to Mr.

Compared with the model by Yao et al. [77], the new
model considered relative compaction of subgrade. How-
ever, it also added an extra parameter to the model. It may
take more work to achieve these parameters.

3.3. General Summary. )e understanding and knowledge
of soil mechanics has been broadened from saturated soils to
unsaturated soils. For saturated soils, the resilient modulus
models mainly focus on the relationship of Mr with the
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Figure 6: Illustration for predicting MWC-WDP (from [23]).
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stress parameters, i.e., bulk stress, deviator stress, mean
normal stress, octahedral shear stress, stress ratio of deviator
stress to mean normal stress, and various combination of
these stresses. In this way, the problems about soils were
simplified and the models performed well in the under-
standing of the modulus variation with the stress conditions
for saturated soils despite the accuracy. However, since the in-
situ conditions of soils are complicated, especially the seasonal
variation of moisture content, it is therefore necessary to
develop models to accurately predict the resilient modulus of
unsaturated soils. A wide variety of studies have started to pay
more attention to unsaturated soils. Based on the previous
studies on unsaturated soils, the resilient modulus was related
with degree of saturation, moisture content, matric suction,
and the mean normal stress. )e hysteresis characteristics of
the resilient modulus with moisture content were considered.
Constitutive models are flexible incorporating various vari-
ables that affect Mr and are able to achieve reasonably good
predictions [13]. Despite the progress in the development of
models based on the resilient modulus, limitations lay in the
finite soil types and the difficulties in the direct measurement
of matric suction during the tests. More studies are needed to
extend and/or verify the applicability of the model to various
soil types. A model incorporating stress conditions, SWCC,
moisture content, and matric suction may be more com-
prehensive to predict the resilient modulus of unsaturated
soils at complicated external conditions. According to the
study of Han and Vanapalli [13], most constitutive models of
Mr incorporating matric suction were modified from the
conventional constitutive models, whilst model parameters
cannot be directly introduced into the revised models. Direct
and precise measurement of matric suction will improve the
accuracy of the model on predicting the resilient modulus.

4. Conclusions

A selective review about the resilient response of unsaturated
soils was presented by incorporating the affecting factors and
prediction models. )e main points were summarised as
follows:

(1) Compared with the resilient modulus models of
saturated soils only incorporating stress parameters
(i.e., bulk stress, deviator stress, mean normal stress,
octahedral shear stress, stress ratio of deviator stress
to mean normal stress, and various combination of
these stresses), the models of unsaturated soils were
more applicable to in-situ conditions considering the
moisture content and matric suction besides the
stress parameters.

(2) Due to the environmental conditions (e.g., wetting
and drying, freezing and thawing, precipitation, and
rise in water table), unsaturated soils will be sub-
jected to seasonal variations in moisture content, and
consequently, the resilient behaviour will be affected.

(3) )e resilient modulus showed an increasing trend
with moisture rising to the optimum. However, when
it reached its optimum, the values decreased, whilst
increasing with the reduction of matric suction.

(4) During the wetting and drying processes, moisture
content exhibited a hysteretic behaviour in the re-
lationship with resilient modulus and Mr showed
higher values for drying cycle at the same moisture
content than on the wetting cycle. Under cyclic
wetting-drying process, Mr could show a downward
trend.

(5) Based on the discussion of models based on the
resilient modulus derived from different test con-
ditions, it may provide a reference for the future
application to the foundation design in various fields
of engineering, e.g., road, railway, and airfield.

Considering various models, it will be more beneficial to
establish a database including their advantages, limitations,
applicability, and conditions that models are derived from.
More studies still need to be conducted to verify and extend
the applicability of current models to various soil types.
Considering the limitations and difficulties about the
existing models, mathematical models incorporating stress
parameters, SWCC, physical properties, and matric suction
may bemore comprehensive to predict the resilient modulus
of unsaturated soils at complicated external conditions.
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