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Abstract: The resilient modulus, MR, of subgrade soils is an important parameter in design and analysis of pavements. Subgrade soils are
often unsaturated and can experience a wide range of suctions due to changes in water content and temperature induced by seasonal variation
and climatic events. Laboratory- and field-measured data show that MR is affected by stress level, water content, temperature, and hydraulic
hysteresis. However, none of the existing models explicitly accounts for the effect of temperature nor can they accurately predict MR in high
suctions. In this study, a generalized model is developed that can predict MR while incorporating water content, temperature, changes in
deviatoric stress, and hydraulic hysteresis. A base model is first presented to predict the variation of MR in regard to water content and is
dictated by two distinct water retention mechanisms—capillarity and adsorption. Accordingly, a two-part model is employed to separately
account for changes in MR with water content under capillary and adsorption mechanisms. This feature allows the proposed model to
accurately capture the characteristics of MR over the entire range of suction. The base model is then extended to incorporate the effects of
temperature, changes in deviatoric stress, and hydraulic hysteresis. The proposed model exhibited an excellent performance upon validation
against a total of 218 experimentally measuredMR values reported in the literature spanning 14 different test sets on nine different soils tested
under different conditions. The predictive errors are significantly lower than that from four alternative models, including the model in
theMechanistic-Empirical Pavement Design Guide (MEPDG). The presented model is straightforward and can be used in practice to predict
theMR of subgrade soils considering concurrent changes in water content and temperature. DOI: 10.1061/(ASCE)GM.1943-5622.0002244.
© 2021 American Society of Civil Engineers.
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hysteresis; Adsorption.

Introduction

Design and analysis of pavements mainly rely on the resilient modulus,
MR, of subgrade soils (e.g., AASHTO 2003; NCHRP 2004). Seed
et al. (1962) first introduced the resilient modulus as the ratio of
applied deviatoric stress (σd) to the recoverable strain (ɛr), charac-
terizing the stiffness and stress–strain behavior of subgrade soil
under cyclic traffic loading. Several studies have shown that MR

of subgrade soil is not a constant material property but affected
by different factors including the soil type, stress state, water con-
tent or suction level, temperature, number of load repetition, and
wetting and drying cycles (e.g., Fredlund et al. 1977; George
2004; Puppala 2008; Liang et al. 2008; Caicedo et al. 2009; Khoury
et al. 2012; McCartney and Khosravi 2013; Ng et al. 2013; Ng and
Zhou 2014; Han and Vanapalli 2016; Zhang et al. 2021; Blackmore
et al. 2020). For instance, it is shown that MR increases with an

increase in confining pressure and suction and decrease in devia-
toric stress and water content.

Repeated load triaxial (RLT) testing, designed to simulate traffic
loading, has been extensively used in literature to investigate the
effects of water content and stress level on MR (e.g., Khoury and
Zaman 2004; Yang et al. 2005; Liang et al. 2008; Sawangsuriya
et al. 2009; Yao et al. 2018). In the conventional form of RLT test-
ing, suction measurement is conducted independently and after
completion of the test, an approach that ignores the effects of stress
level and suction on each other. More recent efforts have conducted
RLT tests under suction-controlled conditions using techniques
such as the axis-translation method (e.g., Cary and Zapata 2011;
Ng et al. 2013; Zhang et al. 2021). Almost all of these experiments
were only able to apply suction up to 1,000 kPa. However, sub-
grade soils, due to the presence of fine-grained particles, can expe-
rience much higher suctions, which can considerably affect
pavement performance. For example, Puppala et al. (2011) mea-
sured suctions of nearly 8 MPa in subgrade soil at a site in San
Antonio, Texas, while studying the circumstances in which crack-
ing occurs. Banerjee et al. (2020a, b) employed different suction
imposition techniques to conduct RLT tests on silt and clay sam-
ples over a wide range of suctions. Test results reported by Bane-
rjee et al. (2020a, b) showed that the suction hardening of MR at
high suction values exhibits a different trend compared with low
suction values being much more pronounced in high suctions.

In addition to inducing changes in water content and suction,
seasonal changes impose subgrade soils to a wide range of temper-
atures in different climates. Further, extreme climatic events such
as prolonged droughts, heatwaves, ice jams, snowstorms, and
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freeze–thaw can significantly fluctuate the temperature at the sur-
face and within the top layer of soils. Temperature is shown to
alter the microstructural characteristics (Goodman and Vahedifard
2019) and engineering properties (e.g., volume change, shear strength,
stiffness, tensile strength) of unsaturated soils (e.g., Francois and
Laloui 2008; Zhou and Ng 2016; McCartney et al. 2019; Vahedifard
et al. 2019, 2020; Cao et al. 2021; Salimi et al. 2021a, b). Few studies
have been performed to examine the effect of temperature onMR. Jin
et al. (1994) studied seasonal variations ofMR in granular soils. They
used the experimentally measured data to develop an empirical model
to capture changes inMRwith variation in suction and temperature by
considering their effects on confining pressure. The Jin et al. (1994)
model does not account for the effect of temperature on soil-water
retention characteristics. Ng and Zhou (2014) conducted suction-
controlled RLT tests on unsaturated silt samples varying different
suctions and temperatures. They found that as the temperature
increased from 20°C to 40°C, MR decreased, and the difference was
more pronounced at higher suctions. Miao et al. (2016) conducted
RLT tests on unbound granular materials blended with asphalt pave-
ment and virgin aggregates as the base course of pavement at varying
temperature of 40°C, 22°C, 5°C, and −10°C. They observed a signifi-
cant increase inMR at the freezing temperature. They attempted to em-
pirically capture the effect of temperature onMR by varying the fitting
parameters used in the Mechanistic-Empirical Pavement Design
Guide (MEPDG) model (NCHRP 2004). Variation of resilient mod-
ulus with temperature can be attributed to the suction-dependency of
MR and the fact that suction itself is affected by changes in tempera-
ture. The temperature-dependency of suction is attributed to thermal-
induced changes in the surface tension of the pore water, soil-water
contact angle, soil fabric, water absorption potential, and pore size
characteristics (Grant and Salehzadeh 1996; Romero et al. 2001;
Vahedifard et al. 2018).

Soil–atmospheric interactions lead to frequent infiltration and
evaporation processes in the unsaturated active zone above the
water table, causing hydraulic hysteresis (drying and wetting cy-
cles) in unsaturated subgrade soils. The hysteresis effects on the
soil behavior are attributed to different mechanisms such as capil-
lary condensation, geomaterial effects associated with pore size
distribution, swelling and shrinkage, and contact angle hysteresis
(Lu and Likos 2004). Hydraulic hysteresis considerably affects
the soil-water retention curve (SWRC), in which the soil maintains
a higher suction on the drying path compared with the wetting path
at a given water content. Further, drying and wetting cycles can
decrease the shear strength, increase the compressibility, alter the
soil fabric, and cause the formation of cracks in unsaturated soil
(e.g., Alonso et al. 2005; Tang et al. 2016; Esfandiari et al. 2021;
Monghassem et al. 2021). Accordingly, variations in MR are
affected by drying and wetting cycles, proportional to changes in
degree of saturation and matric suction along the primary and sub-
sequent drying and wetting paths of the SWRC. Only a limited
number of studies have examined the effect of hydraulic hysteresis
on MR. Furthermore, it has been shown that MR has a higher value
on the drying curve than the wetting curve in subgrades with con-
siderable fines content (Khoury and Zaman 2004; Khoury et al.
2012), which can be attributed to the intrinsic relationship between
MR and the SWRC.

While the existing models are able to predict MR at low suction
with reasonable accuracy, their predictive capabilities significantly
degrade at high suctions. Further, there is no MR model in the liter-
ature that explicitly accounts for the effect of temperature, changes
in deviatoric stress, and hydraulic hysteresis. To addresses the
aforementioned limitations, this study aims to develop a general-
ized model capable of predicting MR over a wide range of water
content, suction, and temperature while accounting for the effects

of changes in deviatoric stress and hydraulic hysteresis. The
model is validated against a total of 218 measured MR reported
in the literature across 14 different test sets of nine soils subjected
to various levels of suction, deviatoric stress, and temperature. Fur-
thermore, the predictive accuracy of the model is compared against
four alternative models.

Background

Several predictive models have been proposed in the literature to
capture the relation between MR, stress levels, and suction (or
water content). The existing models can be divided into three cat-
egories of semiempirical models, models incorporating suction
through the concept of effective stress, and models using two inde-
pendent stress state variables (Han and Vanapalli 2016). This sec-
tion provides a brief overview of some of the existing models.
Comprehensive details about the existing models are presented
and critically reviewed in the literature (e.g., Puppala 2008; Han
and Vanapalli 2016; Chu 2020).

Among the large number of semiempirical models, the MEPDG
model (NCHRP 2004) has been extensively used in pavement de-
sign and can be represented as

MR = k1Pa
θb
Pa

( )k2 τoct
Pa

+ 1
( )k3

(1)

where Pa= atmospheric pressure (∼101.3 kPa); θb= bulk stress;
τoct= octahedral shear stress; and k1 to k3= fitting parameters.
The MEPDG model determines MR at the optimum moisture con-
tent (OMC). In the MEPDG model, κ1 is proportional to Young’s
modulus and has a positive value, κ2 incorporates the effect of bulk
stress and shall be a positive value since an increase in the confining
pressure increases MR, and κ3 is negative because increasing shear
stress produces a softening effect on the material and reduces MR.
The MEPDG model predicts the resilient modulus of unbound and
cohesive soil materials required for adequate structural perfor-
mance of pavement layers. Several departments of transportation
(DOTs) across the United States have created MR databases for
local soils with the intent of improving pavement designs and anal-
yses (Nazzal and Mohammad 2010). The MEPDG (NCHRP 2004)
intends to replace the AASHTO Guide for Design of Pavement
Structures (AASHTO 1993) by requiring an in-depth analysis of
pavements based on local traffic, climate and material conditions.
The MEPDG suggests the following model to consider variation
in water content:

log
MR

MR,OPT

( )
= a +

b − a

1 + exp ln −
b

a

( )
+ km(S − SOPT)

[ ] (2)

whereMR,OPT= resilient modulus at OMC; S= degree of saturation;
SOPT= degree of saturation at OMC; a =min log (MR/MR,OPT)
(recommended to be −0.5934 for fine-grained soils);
b =max log (MR/MR,OPT) (recommended to be 0.4 for fine-grained
soils); and km = fitting parameter recommended to be 6.13 and
6.82 for fine-grained and coarse-grained soils, respectively (Han
and Vanapalli 2016).

The second group of models incorporates the effect of suction
through the concept of effective stress. This approach allows
them to consider the effects of both suction and degree of saturation
on MR. Following this concept, Yang et al. (2005) proposed the
following equation to capture the effect of suction on degree of
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saturation on MR:

MR = l1(σd + χψ)l2 (3)

where ψ= suction; χ=Bishop’s effective stress parameter; and l1
and l2= fitting parameters. Liang et al. (2008) extended the
MEPDG model and suggested

MR = m1Pa
θb + χψ

Pa

( )m2 τoct
Pa

+ 1

( )m3

(4)

where m1 to m3= fitting parameters. The equation was developed
based on RLT test results of fine-grained soils over the suction
range of 150–380 kPa.

The third group employs suction as a stress state variable and
incorporates its impact on the mechanical behavior of unsaturated
subgrade soils independently. For instance, Cary and Zapata
(2011) presented

MR = n1Pa
θnet − 3Δuw-sat

Pa

( )n2 τoct
Pa

+ 1

( )n3 ψ0 − Δψ
Pa

+ 1

( )n4

(5)

where θnet= θb− 3ua, Δuw‐sat= the buildup of pore-water pressure
under saturated condition; ψ0= initial soil suction; Δψ= relative
change of soil suction with respect to ψ0 as a result of buildup of
pore-water pressure under unsaturated conditions, in this case
Δuw‐sat= 0; and n1 to n4=fitting parameters, where n1, n2, and n4
have positive values, and n3 is negative. In this group, Han and
Vanapalli (2015) proposed

MR −MR,SAT

MR,OPT −MR,SAT
=

ψ

ψOPT

ln 2.718 +
ψOPT

aFX

( )nFX[ ]
ln 2.718 +

ψ

aFX

( )nFX[ ]
⎧⎪⎪⎨⎪⎪⎩

⎫⎪⎪⎬⎪⎪⎭
mFX ξ

(6)

where MR,SAT= resilient modulus at saturated condition; ψOPT=
soil suction at OMC; aFX, nFX, and mFX= fitting parameters of
the Fredlund and Xing (1994) SWRCmodel; and ξ=model param-
eter. Han and Vanapalli (2015) evaluated the variation of ξ for nine
sets of experimental data on six different soils and found values of ξ
generally between 1 and 3.

Despite continuous advances in the development ofMR models,
experimentally measured data (e.g., Banerjee et al. 2020a; Han and
Vanapalli 2016; Freitas et al. 2020) show that the existing models
are unable to accurately capture the changes inMR when soil expe-
riences high suctions. We hypothesize that this deficiency is due to

the failure of existing models to properly consider water retention
mechanisms. Several studies have shown that the soil stiffness is
strongly linked and controlled by the SWRC (e.g., Lu 2018;
McCartney et al. 2019; Vahedifard et al. 2020). Further, the
SWRC is not completely represented without independently con-
sidering both capillary and adsorption mechanisms (Tuller et al.
1999; Lu 2016). However, all existing MR models consider capil-
larity as the only water retention mechanism causingMR hardening.
Since capillarity dominates in a low to medium range of suction
(Tuller et al. 1999; Lu 2016), the existing models can predict MR

with reasonable accuracy only when suction varies within the cap-
illarity range. However, the existing MR models lose their predic-
tive capability in high suctions in which adsorption is the
dominant mechanism. The contribution of adsorption to water re-
tention is overlooked in the current MR models. In addition, the ex-
isting models do not explicitly consider the effect of temperature,
changes in deviatoric stress, and hydraulic hysteresis. These short-
comings highlight the need for a generalized model, which can pre-
dict MR over a wide range of water content (or suction),
temperature, and stress conditions.

Model Development

Base Model: Effect of Water Content and Stress Level

In the first step, a base model is presented to determine MR as a
function of water content and stress level. The model is built
upon the concept that variation in MR with water content is con-
trolled by two distinct water retention mechanisms of capillarity
and adsorption. The water content is linked to suction through a
two-part SWRC model proposed by Lu (2016) [Fig. 1(a)] that
separately accounts for capillary and adsorption. Each part is in-
corporated in the development of the base model to indepen-
dently capture changes in MR with water content under
capillary and adsorption mechanisms [Fig. 1(b)]. This feature al-
lows the proposed model to accurately represent the characteris-
tics of MR over the entire range of suctions. It is noted that a
similar approach was previously used by Lu (2018) to develop
a two-part model for characterizing Young’s modulus of unsatu-
rated soils.

Most of the existing SWRC models are developed based on the
cylindrical capillarity mechanism, ignoring the role of surface area
and adsorbed water films in water retention (Tuller et al. 1999).

(a) (b)

Fig. 1. Conceptual models for (a) soil-water retention mechanisms; and (b) resilient modulus, MR, versus soil water content.

© ASCE 04021259-3 Int. J. Geomech.
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However, experimental and theoretical evidences display the exis-
tence of a second water retention mechanism in unsaturated porous
media referred to as adsorption (e.g., Nitao and Bear 1996). Upon
drying, the mechanism dominating soil-water interactions transi-
tions from capillarity to adsorption. Capillary is the dominant
mechanism of water retention in the low to medium range of suc-
tion (Tuller et al. 1999; Lu 2016). In the capillary zone (low to me-
dium suctions), the soil particles are coated with thick films of free
water and the surface tension controls interparticle bonding forces
termed capillary forces. As the soil desaturates further (high suc-
tions), the adsorption mechanism prevails in which thick water
films no longer exist and water is stored in the form of thin liquid
films adsorbed on the soil surface through physicochemical forces
such as Van der Waals attraction, electrical double-layer repulsion,
exchangeable cations, and surface hydroxyls forces (Lu 2016). Ad-
sorption is mainly linked to the soil specific surface area and can
have a considerable impact on the hydromechanical behavior of
fine-grained soils in high suctions (Zhang and Lu 2020).

Nitao and Bear (1996) pointed out that the major problem with
most of the SWRC models such as the van Genuchten (1980)
model and the Fredlund and Xing (1994) model is their inability
to distinguish between capillary and adsorptive forces. To address
this issue, Tuller et al. (1999) proposed a SWRC model by consid-
ering both mechanisms of water retention in a porous media. More
recently, Lu (2016) proposed a new SWRC model that distin-
guished adsorption and capillary water mechanisms and included
additional important physical features such as cavitation and the
highest matric suction. In this study, the Lu (2016) SWRC model
is used and briefly described as follows.

Volumetric soil water content θ(ψ) at any given suction ψ com-
prises adsorption water content (θa) and capillary water content
(θc) as

θ(ψ) = θa(ψ ) + θc(ψ) (7)

For suctions greater than the cavitation pressure, soil water ex-
ists in adsorptive form, whereas both capillary and adsorption water
coexist below the cavitation pressure. The adsorption water content
can be defined as (Lu 2016)

θa(ψ) = θa,max 1 − exp −
ψmax + ψ

ψ

( )[ ]m{ }
(8)

where θa,max=maximum adsorption water content; ψmax=maxi-
mum suction; and m= parameter reflecting adsorption strength.
Building upon the van Genuchten (1980) model, the capillary
water content is defined as (Lu 2016)

θc(ψ) =
1

2
1 − erf

��
2

√ ψ − ψc

ψ c

( )[ ]
× [θs − θa(ψ)] × [1 + (αψ )n]((1/n)−1) (9)

where erf ()= error function (Mathews and Walker 1970); θs= sa-
turated volumetric water content; α= fitting parameter related to air
entry suction; n= related to pore size distribution; and ψc=mean
cavitation pressure. It is noted that void ratio can have a consider-
able effect on the SWRC, particularly for compressible soils (e.g.,
Tarantino 2009; Pasha et al. 2017). For simplicity, however, we did
not consider the effect of void ratio on the SWRC in this study.

Several studies have pointed to a direct correlation between
water content (or suction) and MR. Suction and resilient modulus
are connected via soil-water content, both increase as the soil-water
content decreases and both decrease as the soil moves toward sat-
uration. Considering this observation, several studies have em-
ployed the SWRC as a tool to incorporate the effect of suction in
predictive MR models (e.g., Yang et al. 2005; Liang et al. 2008;

Sahin et al. 2013). It has been shown that MR gradually increases
as the soil starts to desaturate. This trend is followed by a sharp
transition in MR when adsorptive water retention begins to domi-
nate, and MR reaches its highest value when the soil is completely
dry. This trend is quite similar to the rate by which suction changes
with variation in soil-water content when either capillarity or ad-
sorption is the dominant mechanism of water retention. This ten-
dency has also been observed in elastic modulus and small strain
shear modulus (e.g., Dong and Lu 2016; Lu 2018; Zhang and Lu
2020).

Based on the aforementioned observations, this study suggests a
two-part model for MR summing capillary and adsorptive parts as

MR =MR,c(θ) +MR,a(θ) (10)

whereMR,c(θ) andMR,a(θ) = capillary and adsorptive parts, respec-
tively, of the overallMR. Fig. 1(b) schematically illustrates different
components of the proposed model. Adopting a power function,
MR,c(θ) is expressed as

MR,c(θ) = (MR,SAT −MMc)
θ

θs

( )mM

+ MMc (11)

where MMc=maximum MR due to capillary at the dry state; and
mM= fitting parameter controlling the rate of MR hardening in
the capillary zone. Lu and Kaya (2014) employed a similar
power function to model the hardening of Young’s modulus
due to capillary.

As discussed previously, in the range between a specific volu-
metric water content (θma,max) and the point in which the soil is
completely dry, adsorption becomes the dominant mechanism con-
trolling MR. In fine-grained soils, θma,max has higher values, com-
pared with coarse-grained soils, as the adsorption contribution to
water retention is more pronounced in such soils. To capture this
trend mathematically, MR,a(θ) is defined as

MR,a(θ) = −rθ + (MMd −MMc) (12)

where MMd=maximum MR at dry state; and r= rate of adsorptive
hardening defined as

r =
(MMd −MMc)θ

2θma,max

(13)

The Gaussian normal distribution with a standard deviation of
θma,max/2 is applied to Eq. (12) to ensure a smooth transition be-
tween capillarity and adsorption as

MR,a(θ)=
1

2
1 − erf

2(θ − θma,max)

θma,max

( )[ ]

× −
(MMd −MMc)θ

2θma,max

+ (MMd −MMc)

[ ]
(14)

Effect of Deviatoric Stress

At a given confining pressure and suction, MR decreases as σd in-
creases, a trend that can be explained through the stress–strain be-
havior of unsaturated soils (e.g., Yao et al. 2018). In low values of
σd, induced strains in subgrade soil are in the elastic range and in-
crease proportionally as σd increases. However, beyond the yield
strength, strains include both recoverable elastic strains (ɛr) and
permanent plastic strains (ɛp). As σd increases, the ratio of ɛr to
ɛp increases and, subsequently, σd/ɛr or MR decreases. The effect
of σd on MR is more pronounced at higher suctions (Banerjee
et al. 2020a, b). The behavior is attributed to the higher shear
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strength of soil in higher suctions combined with its ability to no-
ticeably lower strains especially at lower magnitudes of σd. Consid-
ering these observations, the current study suggests the following
equation to account for the effect of changes in σd on MR:

(MR)2 = (MR)1 ×
(σd)1
(σd)2

[ ](θs−θ)k
(15)

where (MR)2= resilient modulus corresponding to the new devia-
toric stress, (σd)2; (MR)1=measured resilient modulus at the refer-
ence deviatoric stress (σd)1; and k=fitting parameter with a positive
value incorporating the effect of volumetric water content and soil
type. The k parameter is used in the formulation to represent the
ratio of (MR)2/(MR)1 as a power function of (σd)1/(σd)2 and to
capture the rate of increase in resilient modulus as the soil moves
toward dryer states [Fig. 2(a)]. A similar trend has been reported
in several of previous studies (e.g., Gupta et al. 2007; Zhang
et al. 2021). This difference is more pronounced in fine-grained
soils where MR is significantly affected by water content, leading
to higher k values in such soils. As will be discussed in more detail
in the following sections, we found k to generally have a value be-
tween 0.8 and 1.5 depending upon the soil type.

Effect of Temperature

We account for the impact of temperature on MR by employing a
temperature-dependent SWRC proposed by Vahedifard et al.
(2018), which separately incorporates the effect of temperature
on adsorption and capillarity. The temperature-dependent SWRC
model used in this study is extensively validated by Vahedifard
et al. (2018) and Thota et al. (2020) for different soil types tested
under various temperatures. Experimental studies show that,
under a constant water content, increasing temperature will de-
crease the suction, inducing a downward shift in the SWRC (e.g.,
Schneider and Goss 2011; McCartney et al. 2019). Changes in
temperature affect the surface tension of the pore water, soil-water
contact angle, soil fabric, and water absorption potential (e.g.,
Grant and Salehzadeh 1996; Salager et al. 2007; Zhou et al.
2014; Vahedifard et al. 2018). In low degrees of saturation, changes
in temperature affect the soil fabric and its adsorption capacity
(e.g., Romero et al. 2001). Within the capillary regime, however,
increasing temperature reduces surface tension and expands the
trapped air bubbles, which will lead to a reduction of soil suction.

The Freundlich model (Ponec et al. 1974; Jeppu and Clement
2012) can be used to describe the amount of adsorbate (liquid)
on a flat adsorbent (solid) in thermodynamic energy equilibrium

with the ambient adsorbate (in vapor phase) as

θa = θa,max(RH)1/m (16)

where RH= relative humidity. As defined previously, m = adsorp-
tion strength. Revil and Lu (2013) recast Eq. (16) by imposing the
Kelvin–Laplace equation as

θa = θa,max exp −
Mwψ

RT

( )[ ]1/m
(17)

where Mw=molar volume of water and is equal to 1.8×10−5 m3

mol−1; R=universal gas constant and is equal to 8.314 J mol−1 K−1;
and T= temperature in Kelvin. A temperature-dependent equation for
suction can be expressed as (Grant and Salehzadeh 1996)

ψ = ψTr

β + T

βTr + Tr

( )
(18)

where Tr= reference temperature; ψTr = suction at the reference
temperature; and β and βTr = regression parameters defined in
terms of surface tension, contact angle, and enthalpy of immersion
with respect to new and the reference temperature. The parameter β
is determined as (Grant and Salehzadeh 1996)

β =
−ΔhTTr

ΔhTr + c(cos α′)Tr + d(cos α′)Tr Tr
(19)

where α′ = soil-water contact angle; and ΔhT= enthalpy of immer-
sion per unit area; c and d= fitting parameters that can be estimated
from the work of Dorsey (1940) and Haar et al. (1984) to be
c= 0.11766 N m−1 and d=−0.0001535 N m−1 K. The temperature
dependency of the enthalpy can be captured as (Watson 1943)

ΔhT = ΔhTr
1 − Tr
1 − T

( )0.38

(20)

where ΔhTr = enthalpy of immersion per unit area at the reference
temperature. The temperature-dependent soil-water contact angle is
given as (Grant and Salehzadeh 1996)

cos α′ =
−Δh + TC1

c + dT
(21)

where C1= constant defined as (Grant and Salehzadeh 1996)

ΔhTr + c(cos α′)Tr + d(cos α′)Tr Tr
Tr

(22)

Eqs. (17) and (18) can be incorporated into Eqs. (8) and (9) to
account for the effect of temperature on adsorbed and capillary
water. The need for only one extra parameter, ΔhTr , to account

(a) (b) (c)

Fig. 2. Variation of resilient modulus versus water content: (a) effect of deviatoric stress; (b) effect of temperature; and (c) effect of hydraulic
hysteresis.
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for temperature is an important advantage of the proposed
temperature-dependent formulation. The enthalpy can be obtained
through experimental measurements or by using differential enthalpy
of adsorption of the vapor (Everett 1972). Measured ΔhTr values for
different soil types are presented in Grant and Salehzadeh (1996) and
Vahedifard et al. (2020). For instance, the enthalpy values of −285
and −516 mJ/m3 are reported for silty loam and sandy loam, respec-
tively, at T= 25°C (Grant and Salehzadeh 1996).

Fig. 2(b) schematically illustrates the impact of temperature on
MR. As shown, MR decreases as the temperature increases. Thermal-
induced changes inMR become more significant as the soil volumetric
water content reaches low values (near residual saturation). As dis-
cussed previously, there is a direct relationship between the suction
(or the SWRC) and the soil stiffness (orMR). At a constant water con-
tent, elevating temperature decreases suction, which leads to a lower
contribution of suction to soil stiffness. This trend results in subgrade
soil having lower MR in higher temperatures. When the soil moves
toward saturation, suction decreases significantly, and the effect of
temperature becomes less pronounced (Ng and Zhou 2014).

Effect of Hydraulic Hysteresis

Experimentally measured MR values reveal a path-dependent behav-
ior, particularly in fine-grained soils, with a higher value of MR

along the drying path compared with the wetting path (e.g., Khoury
et al. 2012). However, the majority of existing MR models do not in-
corporate the effect of hydraulic hysteresis. Higher suctions are devel-
oped when the soil is dried in comparison with when it is wetted,
which leads to higher effective stress and eventually higher values
ofMR [Fig. 2(c)]. The effect of hydraulic hysteresis on stiffness moduli
in unsaturated soils can be attributed to suction-induced hardening
(e.g., Khosravi and McCartney 2012), which is due to the irrecover-
able energy consumed during desaturation (Esfandiari et al. 2021;
Monghassem et al. 2021). Since the area confined between the
drying and wetting SWRCs represents the irrecoverable energy in a
hydraulic hysteresis, we propose the following equation to capture
the effect of hysteresis onMR along the main drying and wetting paths:

(MR)W = (MR)D ×
ψW (θ)

ψD(θ)

[ ]kh
(23)

where (MR)W= resilient modulus along the main wetting path;
(MR)D= resilient modulus along the main drying path; ψW(θ)

and ψD(θ)= suctions corresponding to the specific volumetric
water content along the wetting and drying paths, respectively;
and kh= fitting parameter considering the soil type. In a fully
saturated or dry condition, where the soil has the same suction on
both drying and wetting paths, the ratio of ψW(θ)/ψD(θ) is equal
to 1 and (MR)W= (MR)D (Khoury et al. 2012). In water contents
in between, however, (MR)W/(MR)D can be described by a power
law (ψW (θ)/ψD(θ))

kh . Fine-grained soils that exhibit with a greater
difference in suction developed on drying and wetting paths at a
given water content, and consequently greater a difference of MR

on each path, have higher values of kh.

Validation and Comparison

A total of 14 sets (218 testing data points) of experimentally
measured results using RLT tests on nine different compacted
fine-grained subgrade soils are collected from the literature and
used to validate the performance of the proposed model. Table 1
summarizes the 14 data sets used in this section along with the cor-
responding SWRC fitting parameters. For each set, the original
reference reporting the RLT test results is provided in Table 1.
Soils 11 and 12 share the same SWRC with Soils 3 and 5 but
since they were used in different studies and tested under different
conditions, they are presented as different sets. Table 2 lists the
parameters of the proposed MR model for these 14 sets.

The coefficient of determination (R2) and the root mean square
error (RMSE) are used in this study to statistically examine and
compare the predictive accuracy of the proposed model and four
alternative models. For each set, RMSE is calculated as

RMSE =

����������������∑n
i=1 (ŷi − yi)

2

N

√
(24)

where ŷ and y=measured and predicted values, respectively; and
N= total number of samples.

Validation of Base Model

The measured data from RLT tests on Soils 1–6 (Table 1) are used to
validate the base model. Further, the results are compared against
those predicted using four alternative models proposed by MEPDG
(NCHRP 2004), Liang et al. (2008), Cary and Zapata (2011), and

Table 1. SWRC parameters of subgrade soils reported in the literature used for validation in this study

Soil no. Soil ID α (kPa−1) n m ψmax (kPa) ψc (kPa) θamax θs Reference

1 Silt 0.080 1.39 0.05 7.5 × 105 6.0 × 103 0.04 0.38 Banerjee et al. (2020a)
2 Clay 0.001 1.38 0.30 3.0 × 106 1.4 × 105 0.09 0.45 Banerjee et al. (2020a)
3 Red Wing 0.020 1.42 1.00 2.0 × 105 2.5 × 105 0.02 0.31 Sawangsuriya et al. (2009)
4 Duluth TH23 Slopes 0.006 1.28 2.10 2.0 × 105 8.0 × 103 0.17 0.49 Sawangsuriya et al. (2009)
5 MnRoad 0.004 1.41 0.98 1.5 × 105 2.5 × 104 0.07 0.33 Sawangsuriya et al. (2009)
6 Red Lake Falls 0.005 1.31 0.75 2.0 × 105 2.5 × 104 0.08 0.38 Sawangsuriya et al. (2009)
7 CLS-RC 85% 0.068 1.23 0.30 1.2 × 106 2.5 × 104 0.01 0.26 Zhang et al. (2021)
8 CLS-RC 90% 0.050 1.34 0.42 1.2 × 106 2.5 × 104 0.03 0.24 Zhang et al. (2021)
9 CLS-RC 95% 0.090 1.19 0.42 1.2 × 106 2.5 × 104 0.01 0.22 Zhang et al. (2021)
10 CLS-RC 100% 0.365 1.12 0.42 1.2 × 106 2.5 × 104 0.01 0.21 Zhang et al. (2021)
11 Red Winga-G 0.020 1.42 1.00 2.0 × 105 2.5 × 104 0.02 0.31 Gupta et al. (2007)
12 MnRoada-G 0.004 1.41 0.98 1.5 × 105 2.5 × 104 0.07 0.33 Gupta et al. (2007)
13 Hong Kong silt 0.020 1.43 2.16 1.0 × 105 6.6 × 103 0.01 0.35 Ng and Zhou (2014)
14 Renfrow-Db 0.002 1.18 2.00 5.2 × 104 1.2 × 104 0.01 0.34 Zaman and Khoury (2007)

Renfrow-Wb 0.006 1.17 2.00 5.2 × 104 2.5 × 104 0.01 0.33

aRedWing-G andMnRoad-G have the same SWRC as RedWing and MnRoad. Since they were tested in two different studies under different conditions, they
are represented as different sets.
bFor this soil, values shown in top and bottom rows represent the fitting parameters with respect to main drying path and main wetting path, respectively.
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Han and Vanapalli (2015). Tables 2 and 3 present the parameters of
the proposed model and the four alternative models, respectively, for
each soil used in this section. For the alternative models, we used the
measured data for each soil along with the least-squares optimization
technique to obtain the fitting parameters needed for the functional
form proposed in the original reference for each model (Table 3).
Whenever available, we used the recommended value for each peta-
meter as suggested in the original reference. Table 4 provides a com-
parison of the predictive accuracy (in terms of R2 and RMSE) of the
proposed model versus the four alternative models at ambient temper-
ature. Figs. 3 and 4 depict the measured and predicted SWRC and
MR, respectively, for Soil 1 to Soil 6.

Banerjee et al. (2020a) conducted a series of RLT tests on fine-
grained soils (Soils 1 and 2) using axis-translation and vapor pres-
sure techniques to evaluate the MR of subgrade soils over their

entire range of suction from a saturated to fully dry state. They
used two different soil samples: a nonplastic silty soil obtained
from a site in Denison Texas and a mixture of locally available
sandy clay and sodium bentonite clay. Measured and predicted
SWRC of these two soils are shown in Figs. 3(a and b). The
suction-controlled tests were conducted under a confining pressure
of 27.6 and a deviator stress of 41.4 kPa as per AASHTO T307-99
(AASHTO 2012) recommendation. They reported the saturated re-
silient modulus (MR,SAT) of the silt and clay samples were 46.6 and
14.5 MPa, respectively. Figs. 4(a and b) show the measured values
of MR of the two soil samples corresponding to different soil water
contents along with predicted values using four other models and
the proposed model in this study.

Sawangsuriya et al. (2009) measuredMR values of Soil 3 to Soil
6 (Table 1) to define an empirical relationship betweenMR and suc-
tion. They measured the drying SWRC of each soil using a pressure
plate extractor. The measured data and fitted SWRC are present
through Figs. 3(c–f). All specimens were initially saturated by per-
meation in a flexible wall permeameter and then gradually desatu-
rated using the axis-translation technique in the suction cell until
they reached the target suction value during the test. Based on
NCHRP 1-28A (NCHRP 2003), a deviatoric stress of 41 kPa and
a confining pressure of 14 kPa were applied to the specimens in
order to measure their MR values.

As seen in Fig. 4 and Table 4, the proposed model can predict
the measured data over the entire range of water content with a
very high accuracy (R2= 99%). For all six soils examined, the pre-
dictive errors of the proposed model are significantly lower than the
four alterative models. The superior performance of the proposed
model is more pronounced in low water contents (high suctions).
The superior performance at low water content can be attributed
to the explicit consideration of capillarity and adsorption as main
mechanisms responsible for hardening of MR over the entire
range of suction in the proposed model. The results clearly show
that the other models fail to capture the subgrade behavior in this
region. For instance, volumetric water content of 0.1 in MnRoad
soil [Soil 5, Fig. 3(e)] corresponds to about 18 MPa suction, and

Table 2. Parameters of the proposed model for subgrade soils used for
validation

Soil
no. Soil ID θMamax

MMc

(MPa)
MMd

(MPa)
MR,SAT

(MPa)
mM

(kPa)

1 Silt 0.12 204 785 46.6 0.60
2 Clay 0.21 70 223 14.5 0.84
3 Red Wing 0.12 107 115 30 3.23
4 Duluth TH23 Slopes 0.27 180 265 12 3.30
5 MnRoad 0.22 150 186 13 2.71
6 Red Lake Falls 0.10 130 140 12 4.07
7 CLS-RC 85% 0.09 120 500 97 0.22
8 CLS-RC 90% 0.08 180 550 120 0.89
9 CLS-RC 95% 0.09 185 650 125 0.77
10 CLS-RC 100% 0.08 190 680 139 1.08
11 Red Wing-G 0.15 67 207 33 2.98
12 MnRoad-G 0.13 200 205 15 0.24
13 Hong Kong Silt 0.18 96 100 27 7.35
14 Renfrow-D a 0.15 146 1,742 38 1.8

Renfrow-Wb 0.15 146 1,650 20 1.8

aValues correspond to θb= 154.64 kPa and τoct= 13.00 kPa.
bValues correspond to θb= 83.00 kPa and τoct= 19.30 kPa.

Table 3. Fitting parameters of four alternative models used for comparison for Soils 1–6

Soil no. Soil ID

MEPDG [Eq. (2)]
Liang et al. (2008)

[Eq. (4)]
Cary and Zapata (2011)

[Eq. (5)] Han and Vanapalli (2015) [Eq. (6)]

km MR,OPT SOPT m1 m2 m3 n1 n2 n3 n4 ξ MR,OPT MR,SAT ψOPT aFX nFX mFX

1 Silt 6.12 87.1 0.65 1.06 1.21 −0.01 1.67 0.03 −1.96 0.28 3.21 87.1 45.0 36 18 0.80 1.0
2 Clay 7.12 26.2 0.83 0.07 0.71 −0.01 0.17 0.03 −1.73 0.31 2.31 26.2 14.8 1,750 2,100 0.88 1.0
3 Red Wing 3.65 56.0 0.77 0.58 1.65 −0.51 0.61 0.01 −1.64 0.40 2.25 56.0 28.0 58 76 0.77 1.3
4 Duluth TH23 Slopes 7.30 60.0 12 0.03 2.70 −0.60 0.35 0.01 −2.14 0.48 1.77 60.0 12.0 465 28,971 0.59 7.7
5 MnRoad 6.54 57.0 0.77 0.33 0.69 −0.10 0.52 0.01 −1.67 0.28 3.21 57.0 10.0 165 980 0.67 1.5
6 Red Lake Falls 25.41 57.0 0.88 0.24 1.24 −0.10 0.41 0.01 −1.77 0.47 5.25 57.0 11.0 60 1,678 0.59 2.0

Table 4. Evaluation of prediction accuracy of the proposed model versus four alternative models at ambient temperature

Soil no. Soil ID

MEPDG
(NCHRP 2004) Liang et al. (2008)

Cary and Zapata
(2011)

Han and Vanapalli
(2015) Proposed model

RMSE (MPa) R2 RMSE (MPa) R2 RMSE (MPa) R2 RMSE (MPa) R2 RMSE (MPa) R2

1 Silt 243.0 0.88 109.0 0.91 79.0 0.95 133.0 0.88 6.4 0.99
2 Clay 21.1 0.92 9.2 0.98 8.6 0.98 18.5 0.95 2.6 0.99
3 Red Wing 10.9 0.94 10.5 0.92 11.6 0.89 10.5 0.95 3.2 0.98
4 Duluth TH23 Slopes 34.3 0.97 1,018.0 0.96 12.4 0.98 10.0 0.99 5.2 0.99
5 MnRoad 26.8 0.96 19.0 0.94 20.0 0.93 12.8 0.98 9.7 0.98
6 Red Lake Falls 16.7 0.98 21.6 0.87 22.9 0.85 22.2 0.99 14.0 0.95
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the soil behavior in this suction range cannot be fully captured by
considering only capillary mechanism. The absence of the adsorp-
tion mechanism in the existing models explains why they accu-
rately predict MR at high degrees of saturations but fail to predict
MR in dryer conditions.

Among the four alternative models that were examined, the
MEPDG model shows the lowest accuracy. It has a reasonable per-
formance when the soil is near saturation but significantly loses its
accuracy as the soil moves toward dryer conditions. The models by
Liang et al. (2008) and Cary and Zapata (2011) resulted in closeMR

values for different volumetric water contents. This comparable
performance can be attributed to the similar functional forms of
the two models, which are both extensions of the MEPDG
model, except that the Liang et al. (2008) model employs an effec-
tive stress approach while the Cary and Zapata (2011) model is
based on a stress state approach. Both models perform well when
the soil suction is low but lose their predictive accuracy as the suc-
tion increases. Between the four alternative models, the Han and
Vanapalli (2015) model exhibits the highest accuracy, especially
when the suction is in the range of 0–1,000 kPa. However, the
model predictive capability diminishes in higher suction. This
poor performance can be seen in Fig. 4(a) for θ= 0.02− 0.10 cor-
responding to suctions of 100,000–1,000 kPa. Further, in high suc-
tions, the parameter ξ no longer has the unique value of 2, which
was originally suggested by Han and Vanapalli (2015).

Unlike the majority of existing models, the proposed model
takes the water content as the direct input instead of suction. This
feature makes the model more suitable for practical applications,
as measuring the water content in field conditions is much more
common and convenient than measuring suction. Another point
that can be learned from Figs. 3 and 4 is that θa,max and θMa,max do

not share the same value, meaning that the boundary between cap-
illary and adsorption mechanisms is different for water retention
and MR hardening. A similar behavior was previously observed
for elastic modulus (Lu 2018).

Validation Considering Changes in Deviatoric Stress

Testing results for Soils 7–12 are used to evaluate the proposed
model considering the effects of deviatoric stress. Experimentally
measured results for Soil 7 through Soil 10 are reported by
Zhang et al. (2021). Figs. 5 and 6 show the measured SWRCs
andMR of Soils 7 through 10 reported by Zhang et al. (2021) versus
those predicted using the proposed formulation in this study. The
measured MR results for Soil 11 and Soil 12 are obtained from
Gupta et al. (2007) and compared with those from the proposed
model in Fig. 7. Table 5 presents R2 and RMSE of the proposed
model while considering the deviatoric stress effect for Soils 7–12.

For Soils 7–10, Zhang et al. (2021) used RLT tests and pressure
plate techniques to study the effect of σd, relative compaction (RC),
and suction on MR. The tested soil was classified as a sandy low
plasticity clay (CLS). The soil samples were compacted at a RC
of 85%, 90%, 95%, and 100% and were tested under 80%,
100%, 120%, 140%, and 160% OMC. The SWRCs of the subgrade
soil at four different compaction levels are shown in Fig. 5. The soil
samples were subjected to 30 kPa confining pressure and σd of 10,
20, 30, and 40 kPa. In this case, MR values at 10 kPa deviatoric
stress are considered as the reference points andMR values at higher
deviatoric stresses are predicted using Eq. (15).

Fig. 6 shows the measured and predictedMR values for Soil 7 to
Soil 10. A constraint was introduced during the regression analysis
to forceMR to decrease continuously as the water content increases.

(a) (b) (c)

(d) (e) (f)

Fig. 3. Measured and predicted SWRC for different soils: (a) silt (Soil 1); (b) clay (Soil 2); (c) Red Wing (Soil 3); (d) Duluth TH23 Slopes (Soil 4);
(e) MnRoad (Soil 5); and (f) Red Lake Falls (Soil 6).
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As shown, MR considerably decreases with an increase in σd. Fur-
thermore, it is noted that the predictedMR curves reach a plateau as
the volumetric water content exceeds about 0.17, which in most
cases reasonably capture the trend of the measured data. However,
in a few cases, the measuredMR values suddenly drop at volumetric

water contents above 0.17, a trend that is not fully captured by the
model. This can be due to limitations of the proposed model and/or
possible errors in the laboratory testing measurements. Nevertheless,
the overall trend of the measured data is reasonably captured using
the proposed model. Table 5 presents the RMSE and R2 of the
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Fig. 4.Measured and predicted resilient modulus for different soils: (a) silt (Soil 1); (b) clay (Soil 2); (c) Red Wing (Soil 3); (d) Duluth TH23 Slopes
(Soil 4); (e) MnRoad (Soil 5); and (f) Red Lake Falls (Soil 6).
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proposed model in predicting MR while considering changes in σd.
As shown, the proposed model captures the effect of σd on MR with
R2=99% and a maximum of RMSE=9.8 MPa. Gupta et al. (2007)
tested Soil 11 (Red Wing-G) and Soil 12 (Mn-Road-G) to investigate
the effect of σd and suction on their MR values. The specimens were
tested using triaxial testing apparatus equipped with the axis-
translation technique and a thermal dissipation sensor to control and
measure the suction. The soil specimens were compacted at OMC, sa-
turated, and then desaturated to reach the desired level of suction be-
fore the test. Gupta et al. (2007) measuredMR of the soils for different
suctions under σd=30, 50, 70, and 100 kPa and the confining pressure
of 14.5 kPa. The measured saturated resilient moduli of RedWing and
MnRoad samples were 33 and 15 MPa, respectively. In this study,MR

values at deviatoric stress of 50 and 30 kPa are considered as reference
points for Soil 11 and Soil 12, respectively.

For all cases examined, MR of the subgrade soils considerably
decreases with an increase in σd. As shown in Figs. 6 and 7 as well
as Table 5, the proposed model is able to capture the effect of σd on
MRwith very high R

2 (>97%) and low RMSE values. It is also evident
that k has a unique value for each level of compaction for each SWRC.

Fig. 5. Measured and predicted SWRC of sandy low plasticity clay
with relative compaction of 85% (Soil 7), 90% (Soil 8), 95% (Soil
9), and 100% (Soil 10).

(a) (b)

(c) (d)

Fig. 6.Measured and predicted resilient modulus of sandy low plasticity clay at different relative compactions of (a) 85% (Soil 7); (b) 90% (Soil 8);
(c) 95% (Soil 9); and (d) 100% (Soil 10).
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Validation at Elevated Temperature

Test results on Hong Kong silt (Soil 13, Table 1) reported by Ng and
Zhou (2014) are used to evaluate the proposedmodel considering the
effects of temperature on MR. Ng and Zhou (2014) investigated the
effect of suction and temperature on the cyclic behavior of Hong
Kong silt. The soil specimens were compacted at an initial water con-
tent of 16.3% to reach the maximum dry unit weight of 17.3 kN/m3.

Ng and Zhou (2014) conducted seven suction- and temperature-
controlled cyclic triaxial tests on the specimens at temperatures of
20°C and 40°C and suctions of 0, 30, and 60 kPa. Specimens ini-
tially had a suction of 95 kPa and then were gradually wetted to

reach suctions of 60, 30, and 0 kPa. Thus, the wetting path of the
SWRC is used in this study (Fig. 8). For the tests carried out at el-
evated temperatures, the specimens were heated to 40°C. As thermal
loading might induce excess pore-water pressure, 3–5 days were
needed for dissipation of the generated pore-water pressure. Once
suction and temperature equilibriums were reached, the specimens
were tested under a confining pressure of 30 kPa and deviatoric
stresses (σd) of 30, 40, 55, and 70 kPa. Ng and Zhou (2014) used
a suction-controlled triaxial apparatus, which allowed independent
control of suction and temperature. Pore-air pressure and pore-water
pressure were controlled using the axis-translation technique, while
a heating system consisted of a thermostat, a heater, and thermocou-
ple was used to heat the specimen. While no measured SWRC data
at 40°C were presented in Ng and Zhou (2014), the SWRC at 40°C
is predicted using Eqs. (10) and (18) and employed in the current
study to capture the effect of temperature. A value ΔhTr of
−516 mJ/m3 is used in the calculation, adopted from the value re-
ported for a comparable silty soil by Grant and Salehzadeh (1996).

Fig. 9 shows a comparison between the measured and predicted
MR values for four different σds. In the proposed solution, MR at
ambient temperature (20°C) has been used as a reference point to
predict the MR values at 40°C. As shown, MR decreases with an

(a) (b)

Fig. 7. Measured and predicted resilient modulus of (a) Red Wing-G (Soil 11); and (b) MnRoad-G (Soil 12).

Table 5. Evaluation of the proposed model considering deviatoric stress
effect

Soil no. Soil ID σd (kPa)

Proposed model

RMSE (MPa) R2

7 CLS-RC 85% 10 3.87 0.99
20 2.87 0.99
30 1.77 0.99
40 2.32 0.99

8 CLS-RC 90% 10 3.72 0.99
20 5.81 0.99
30 6.00 0.99
40 5.53 0.99

9 CLS-RC 95% 10 0.30 0.99
20 2.68 0.99
30 4.60 0.99
40 4.57 0.99

10 CLS-RC 100% 10 3.22 0.99
20 4.19 0.99
30 8.47 0.99
40 9.80 0.98

11 Red Wing-G 30 8.32 0.97
50 2.33 0.99
70 1.80 0.99
100 3.54 0.98

12 MnRoad-G 30 5.17 0.98
50 4.79 0.98
70 2.03 0.99
100 3.01 0.97

Fig. 8. Measured and predicted SWRC of Hong Kong silt (Soil 13).
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increase in temperature. For each set, Fig. 9 includes R2 and RMSE
of the proposed model considering the effect of temperature.

Results show the capability of the proposed model in capturing
the effect of temperature on MR.

Validation Considering Hydraulic Hysteresis

Test results on Renfrow soil (Soil 14, Table 1) reported by Khoury
et al. (2012) are used to evaluate the proposed model for considering
the effects of hydraulic hysteresis. Khoury et al. (2012) investigated
the effect of hysteresis on resilient modulus of subgrade soil follow-
ing two different paths: (1) drying–wetting–drying path, and (2) wet-
ting–drying path. Since the proposedmodel in this paper captures the
hysteresis effect along main drying and wetting paths, the measured
data for Path (1) are used for validation in this section.

Khoury et al. (2012) conducted a total of 10 tests on Renfrow soil
specimens. Renfrow soil is classified as inorganic clay of low to me-
dium plasticity with liquid limit of 35 and plasticity index of 15. The
maximum dry unit weight of 16.6 kN/m3 at OMC of 16.5% was re-
ported for the soil. Soil specimens were prepared at OMC in accor-
dance with the laboratory procedure proposed by Khoury and Zaman
(2004) to ensure a uniform distribution of moisture within the speci-
men. Khoury et al. (2012) established the starting point on an initial
drying curve by conducting an MR test on a specimen prepared at

(a) (b)

(c) (d)

Fig. 9.Measured and predicted resilient modulus of Hong Kong silt (Soil 13) at different deviatoric stresses: (a) σd= 30 kPa; (b) σd= 40 kPa; (c) σd=
55 kPa; and (d) σd= 70 kPa.

Fig. 10. Measured and predicted SWRC of Renfrow clay (Soil 14).
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OMC. The specimen was then dried to a moisture content of
OMC−4% to achieve the initial drying curve. In the next step, the
specimen was wetted to OMC+4% to achieve the main wetting
curve. Finally, the specimen was dried back from OMC+4% to
OMC−4% to obtain the main drying curve. Fig. 10 depicts the dry-
ing and wetting SWRCs of the soil based on the measured data re-
ported by Zaman and Khoury (2007). Khoury et al. (2012)
evaluated the effect of hysteresis moisture variations on the MR val-
ues at two different stress levels: (1) a bulk stress (θb) of approxi-
mately 154.6 and 83.0 kPa and (2) corresponding octahedral shear
stress (τoct) of 13.0 and 19.3 kPa. The suction level was controlled
during the test using the axis-translation technique.

Fig. 11 shows a comparison between the measured and pre-
dicted MR values of Renfrow clay (Soil 14) along main wetting
and drying curves at two different stress states. In the proposed sol-
ution, MR values obtained along the drying path are used as

reference points to predict the MR values along the wetting path.
As shown, MR has higher values along the drying path. For each
set, Fig. 11 includes R2 and RMSE of the proposed model consid-
ering the effect of hysteresis. Results show that the proposed model
can satisfactorily capture the effect of hydraulic hysteresis on MR.

Overall Performance of Proposed Model

Fig. 12 provides a comparison between the experimentally measured
MR values reported in the literature versus those predicted using the
proposed model in this study. A total of 218 measured data points are
used in this study to evaluate the model performance considering the
effects of water content, stress level, temperature, and hydraulic hys-
teresis on MR. Fig. 12 shows an excellent agreement between the
measured and predicted values with R2 of 99% and RMSE of only
5.70 MPa. The results confirm that the proposed model offers a ro-
bust tool to account for the effects of various factors onMRwhile ad-
dressing several limitations in the existing models. It is noted that
confinement is implicitly considered in the proposed model through
the resilient modulus at dry (MMd) and saturated (MR,SAT) states,
which serve as upper and lower bounds respectively. These two val-
ues, MMd andMR,SAT, are functions of confining pressure and devia-
toric stress for each soil. For instance, consider the parameters for
Soil 14 in Table 2. Khoury et al. (2012) tested Soil 14 under different
confining and deviatoric stresses. It can be seen that except for MMd

and MR,SAT, all other fitting parameters are the same for this soil.
The proposed model is able to predict theMR value for any type of

subgrade soil knowing its water content. The model explicitly consid-
ers the effects of two water retention mechanisms of capillary and ad-
sorption on soil stiffness, which enables it to predict the MR value of
subgrade soils over the entire range of water content much more ac-
curate than alternative models including the MEPDGmodel. Further-
more, the model incorporates the effects of changes in deviatoric
stress, temperature, and hysteresis. These factors are all important
in assessing the pavement performance, because the subgrade soil be-
neath falls in the active zone where the water content and temperature
are continuously changing under soil-climatic interactions. The pre-
sented model is developed upon the current state of the art in unsatu-
rated soil mechanics, providing a theoretically sound yet practical
basis for predicting MR. The model can readily be adopted in guide-
lines such as AASHTO for analyzing the performance of existing

(a) (b)

Fig. 11.Measured and predicted resilient modulus of Renfrow clay (Soil 14) along main wetting and drying curves at two different stress states: (a) θb
= 154.6 kPa, τoct= 13.0 kPa; and (b) θb= 83.0 kPa, τoct= 19.3 kPa.

Fig. 12. Predicted using the proposed model versus measured resilient
modulus for 14 soils.
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pavements, designing new pavements, and also performing forensic
studies of failed pavements under various water content, temperature,
and climatic conditions.

Conclusions

A general model is proposed in this study to capture the variation of
the resilient modulus, MR, with respect to the soil water content,
stress level, temperature, and hydraulic hysteresis for compacted
subgrade soils. It was shown that in low water content, develop-
ment of high suctions significantly accelerates the hardening rate
ofMR. The proposed model considers two different water retention
mechanisms of capillarity and adsorption for the calculation ofMR.
This feature enables the model to accurately capture the variation of
MR for various subgrade soils over the entire range of suction or de-
gree of saturation. It was noted that MR has a direct relationship
with deviatoric stress. Having the MR–water content curve at a
reference deviatoric stress, the proposed model can predict the cor-
responding curve for other deviatoric stresses. It was shown that
MR decreased as the soil temperature increased. The proposed
model can properly capture this behavior by considering the effect
of temperature on water retention mechanisms. By linking to a
temperature-dependent SWRC, the proposed model is extended
to consider the effect of temperature on MR, a feature that none
of the existing models offers. The proposed model can also account
for the effect of hydraulic hysteresis on MR by linking the effect of
wetting and drying cycles on the SWRC to resilient modulus.

Measured data for 14 different subgrade soils reported in the lit-
erature are used to examine the performance of the proposed model.
The comparison demonstrates an excellent accuracy for the pro-
posed predictive model (R2= 99%), with errors significantly
lower than those from four alternative models. The model uses
the volumetric water content as a direct input, which, unlike suc-
tion, is commonly measured in field conditions. This can facilitate
the widespread application of the model in practice. The proposed
model is straightforward and can be used in practice to design pave-
ments over unsaturated subgrade soils.
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Notation

The following symbols are used in this paper:
aFX, nFX,

mFX

= Fredlund and Xing (1994) SWRC model’s fitting
parameters;

kh = fitting parameter considering the effect of hydraulic
hysteresis [Eq. (23)];

km = fitting parameter considering the changes in
moisture content [Eq. (2)];

k1, k2, k3 = MEPDG model fitting parameters [Eq. (1)];
l1, l2 = Yang et al. (2005) model fitting parameters [Eq. (3)];

m = SWRC fitting parameters reflecting adsorption
strength;

mM = fitting parameter considering the effect of capillary
water content [Eq. (11)];

MMc = maximum resilient modulus due to capillary
mechanism;

MMd = maximum resilient modulus at dry state;
MR = resilient modulus;

(MR)D = resilient modulus along the main drying path;
(MR)W = resilient modulus along the main wetting path;
MR,OPT = resilience modulus at optimum moisture content;
MR,SAT = resilient modulus at saturated condition;

Mw = molar volume of water;
m1, m2, m3 = Liang et al. (2008) model fitting parameters [Eq.

(4)];
n = SWRC fitting parameters related to soil particle size

and distribution;
n1, n2, n3, n4 = Cary and Zapata (2011) model fitting parameters

[Eq. (5)];
Pa = atmospheric pressure;
R = universal gas constant;
R2 = coefficient of determination;
RH = relative humidity;

RMSE = root mean square error;
S = degree of saturation;

SOPT = degree of saturation at optimum moisture content;
T = temperature;

ΔhT = enthalpy of immersion per unit area;
ΔhTr = enthalpy of immersion per unit area at the reference

temperature;
Δuw‐sat = buildup of pore-water pressure under saturated

condition;
α = SWRC fitting parameters related to soil air entry

value;
α′ = soil-water contact angle;

β, βTr = regression parameters of Eq. (18);
ɛr = recoverable strain;
κ = fitting parameter considering the effect of changes

in deviatoric stress [Eq. (15)];
θ = volumetric water content;

θa,max = maximum adsorption water content;
θb = bulk stress;

θnet = net bulk stress;
θs = saturated volumetric water content;
ξ = Han and Vanapalli (2015) model fitting parameter

[Eq. (6)];
σd = deviatoric stress;
τoct = octahedral shear stress;
χ = Bishop’s effective stress parameter;
ψ = suction;
ψc = mean cavitation pressure;
ψD = suction along main wetting path;

ψmax = maximum suction;
ψOPT = suction at optimum moisture content;
ψTr = reference temperature; and
ψW = suction along main drying path.
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