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Abstract

The accurate prediction of the moisture content in soil is important for pavement engineering. The MEPDG uses the Enhanced Inte-
grated Climate Model (EICM) to consider the effects of environment on the moisture contents of unbound and subgrade soil using mod-
els related to unsaturated hydraulic conductivity. These models are mostly empirical and not applicable to relatively dry conditions. This
is because at relatively dry condition, the moisture in the pore structure of the soil is not inter-connected. Therefore, the moisture dif-
fusion in porous material controls the moisture migration. When the diffusion coefficient is a nonlinear function of pore relative humidity
(RH), there is no closed-form solution of the constitutive differential equation of the moisture diffusion. This study used finite-volume
method (FVM) and finite-element method (FEM) for the numerical simulation of the moisture diffusion in soils. The FVM, which is
similar to the FEM, uses small and finite-sized elements for simulation, but is based on the law of conservation. Therefore, FVM will
be more suitable for flux conservation problems such as moisture diffusion. The FVM results were verified with laboratory experiments
and compared with FEM results. The results indicate the applicability of using FVM in the simulation of the moisture migration in soils.
� 2018 Chinese Society of Pavement Engineering. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In pavement engineering, it’s generally accepted that the
moisture variation can cause significant variation of the
mechanical properties of soils and treated soils, which are
commonly used as subgrade, subbase, and base layers.
These mechanical properties include modulus, strength,
stiffness, as well as deformation properties [1,2]. The
Mechanistic-Empirical Pavement Design Guide (MEPDG)
and the associated AASHTOWare software Pavement ME
use the Enhanced Integrated Climate Model (EICM) to
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consider the effects of environment on the moisture con-
tents of unbound and subgrade soil. In this process, an
unsaturated hydraulic conductivity based on the soil water
characteristic curve (SWCC) proposed by Fredlund et al.
was incorporated [3]. After the moisture contents are pre-
dicted, the resilient modulus adjustment factors at different
moisture levels from reference condition (normally at or
near the optimum water content) are calculated using
embedded model as shown in Eq. (1) [4].

logF u ¼ aþ b� a
1þ EXP ln � b

a

� �þ km s� sopt
� �� � ð1Þ

where Fu is resilient modulus adjustment factor, a, b, and
km are regression parameter, S is the predicted degree of
saturation from EICM, and Sopt is the degree of saturation
at maximum dry density and optimum moisture content in
decimal.
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However, these models are mostly empirical and not
applicable to relatively dry conditions, such as 30% below
Sopt [4]. This is because at relatively dry conditions, the
moisture in the pore structure of the soil is not inter-
connected. In this case, the moisture diffusion in porous
material controls the moisture migration. However, based
on a study on the moisture content of unbound layers of
10 LTPP-SMP sites, most of the base and subbase materi-
als are usually at very low degrees of saturation, typically
50% lower than Sopt [4]. Therefore it is important to model
and predict the moisture migration and moisture loss in
soil at relatively dry condition. The modeling and predic-
tion of moisture migration and moisture loss is also closely
related with shrinkage and cracking of pavement layers,
which can cause loss of structural integrity and the infiltra-
tion or seepage of water into the material and lead to severe
engineering problems, such as erosion, weakness of foun-
dation, and reflective cracking [5].

The moisture loss depends on the surface area, the
lengths of the moisture migration pathways, and the drying
environment [6]. It also depends on the material property,
such as diffusion coefficient. Based on the work conducted
by Bazant and Najjar [7], the moisture diffusion in porous
materials can be characterized by moisture flux, J, which
denotes the mass of the water that passes through a unit
area that is perpendicular to moisture flux J, within a unit
time interval. Moisture flux, J, can be expressed in two dif-
ferent ways. It can be defined in terms of the pore relative
humidity (RH) gradient or in terms of the evaporable water
content gradient [8], as:

J ¼ �D grad RH ðð Þ 2Þ
J ¼ �D grad weð Þ ð3Þ
where J is the moisture flux; D is the diffusion coefficient
corresponding to either pore RH or evaporable water con-
tent; RH is the pore relative humidity which is the ratio of
the vapor pressure over the vapor pressure at saturation;
and we is the evaporable water content.

Nonlinear moisture diffusion theory is commonly used
to describe the drying process in porous materials. The
constitutive differential equation of the moisture diffusion
at constant temperature could be expressed as [7]:

@RH
@t

¼ div D gradRH ðð Þ 4Þ

where RH is the pore relative humidity; D is the diffusion
coefficient which is the function of RH.

When the diffusion coefficient D is a constant, there is a
closed-form solution of the constitutive differential equa-
tion. However, for soils, the diffusion coefficient D is actu-
ally not a constant but a function of pore RH or moisture
content of the soils [8–12]. In this case, Eq. (4) can only be
solved numerically.

Due to the nonlinear moisture diffusion and the signifi-
cant variation of the mechanical properties (including the
diffusion coefficient) with the changes of the moisture con-
tent, the modeling and prediction of the moisture migra-
tion and moisture loss in soil is challenging. Without
significant simplification and sacrifice of accuracy, there
are no closed-form solutions for the calculation and predic-
tion of the pore RH. Typically, finite-difference method
(FDM) and finite-element method (FEM) could be used
for numerical solutions. FEM has been used for the numer-
ical simulation of moisture migration within porous mate-
rials like soils [2,13]. However, the FDM and FEM have
difficulties to handle discontinuities and the mass or energy
is not strictly conservative in FDM and FEM simulation
[14]. Finite-volume method (FVM) is an alternative, which
is similar to FDM and FEM using very small and finite-
sized elements for simulation, but based on the law of con-
servation. Therefore, FVM will be more suitable for flux
conservation problems, such as thermal flux or moisture
flux.

Few studies have been reported on the simulation of
moisture migration within soil using FVM. Therefore, the
objectives of this study are: (1) to develop numerical mod-
els for the moisture migration, (2) to use FVM as a numer-
ical method for the solution of the developed models, and
(3) to verify the FVM simulation results via experiments.
Moreover, the models and FVM analysis have the poten-
tial to be incorporated in the MPEDG to enhance the
moisture prediction and the prediction of the shrinkage
related distresses.
2. Models development and experiment Validation plan

2.1. Drying model and FVM simulation

The governing differential equation of the one-
dimensional moisture diffusion in terms of pore RH can
be written as [15]:

@ RHð Þ
@t

¼ @

@x
D RHÞð @RH

@x

� �
ð5Þ

where RH is the pore relative humidity; D RHð Þ is the dif-
fusion coefficient with respect to the pore RH; t is the dry-
ing time; and x is the distance from the drying surface.

The diffusion coefficient D(RH) in Eq. (5) can be
expressed as a nonlinear function of pore RH, as shown
[2,12]:

D RHð Þ ¼ D0 þ c
RH

1� RH

�� d

ð6Þ

where D0, c, and d are the regression parameters from dif-
fusion coefficient test. Details of the laboratory test method
of diffusion coefficient can be found in references [2,15].

The FVM is used to implicitly solve the one-dimensional
moisture diffusion constitutive differential equation by inte-
grating the left and right sides of Eq. (5) over time and vol-
ume. The left side is derived as:
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A ¼
ZtþDt

t

ZxþDx

x

@ RHð Þ
@t

dxdt ¼
ZtþDt

t

@ RHð Þ
@t

Dxdt

¼
ZtþDt

t

@ RHð ÞDx ¼ RH 1
p � RH 0

p

	�
Dx ð7Þ

where RH 0
p is the relative humidity at the cell p and the cur-

rent time t; RH 1
p is the relative humidity at the cell p and

time of t þ Dt; and Dx is the length of one discretized cell,
as shown in Fig. 1.

The right side of Eq. (5) is integrated over time and vol-
ume implicitly as:

B ¼
ZtþDt

t

ZxþDx

x

@

@x
D RHÞð @RH

@x

� �
dxdt

¼ D RH 1
E

�� RH 1
E � RH 1

P

Dx
þ D RH 1

W

�� RH 1
W � RH 1

P

Dx

��
Dt

ð8Þ

where RH 1
P , RH

1
E, and RH 1

W are relative humility in the pre-
sent cell [(P(i)], east cell [E(i + 1)], and west cell [W(i � 1)]

at the time of t þ Dt; D RH 1
E

� �
and D RH 1

W

��
are the diffu-

sion coefficients at the east cell and west cell depending
on their relative humidity at the time of t þ Dt, and can

be written as D RH 1
E

�� ¼ D0 þ c RH1
E

1�RH1
E

	� d
, D RH 1

W

�� ¼ D0þ

c
RH1

W
1�RH1

W

� 	d
.

Based on Eqs. (5), (7), and (8), the numerical algorithm
for the moisture diffusion in the soil becomes:

RH 1
p �RH 0

p

	�
Dx¼ D RH 1

E

�� RH 1
E�RH 1

P

Dx
þD RH 1

W

�� RH 1
W �RH 1

P

Dx

��
Dt ð9Þ
Table 1
Properties of the silty clayey sand and clay used in this study.

Soil type USCS
classification

AASHTO
classification

Liquid
limit

33A-2-4SMSilty Clayey Sand
39A-6CLClay

Fig. 1. Schematic of
The Eq. (9) can be rearranged as:

RH 1
P

Dx
Dt

þ D RH 1
E

��
Dx

þ D RH 1
W

��
Dx

��

¼ D RH 1
E

��
Dx

RH 1
E þ

D RH 1
W

��
Dx

RH 1
W þ RH 0

P

Dx
Dt

ð10Þ

The derived Eq. (10) is solved using the Tridiagonal
Matrix Algorithm (TDMA) method.
2.2. Experiment Validation of FVM simulation

The FVM code was developed using Matlab (R2017a).
The FVM simulation needs to measure the material param-
eters in the aforementioned models. Two types of soils were
used in this study: a silty clayey sand from Pullman, Wash-
ington and a clay from Madison, Wisconsin. The primary
properties and grain size distributions of the two types of
soils are shown in Table 1 and Fig. 2, respectively.

The material parameters in Eq. (6) measured in the lab-
oratory for diffusion coefficient modeling are given in
Table 2. Details of the laboratory measurements can be
found in Refs. [2,15]

Laboratory tests were designed in order to experimen-
tally verify the FVM simulation results. In this verification
test, a cuboid specimen with length of 285 mm and cross-
section of 100 mm by 100 mm was used. All surfaces of
the specimen were sealed with wax except at one end for
one-dimensional drying test. The specimens were kept in
a controlled ambient RH and at 20 �C for several days.
After the specimens were dried for 5, 10, or 20 days, they
were slice-cut to measure the gravimetric moisture content
of each slice, as shown in Fig. 3. At each drying day, the
average of two replicates was reported and presented in this
study. The gravimetric moisture content could be con-
verted into pore RH through humidity isotherm test results
of the silty clayey sand and clay used in this study [2]. The
humidity isotherm is a unique correlation between the
gravimetric moisture content and the pore RH for each
Plastic
index

Optimum moisture
content (%)

Maximum dry
density (g/cm3)

Specific
gravity

2.651.9311.66
2.681.7219.116

FVM simulation.
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Fig. 2. Grain size distributions of the silty clayey sand and clay used in
this study.

Table 2
Material parameters used in diffusion coefficient modeling [Eq. (6)] and
FVM simulation.

ClayMaterial parameter Silty clayey sand

Do 0.5200.856
c 0.2640.435
d 1.0271.027
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type of soil. Therefore, the pore RH gradient after the spec-
imens were dried for 5, 10, and 20 days could be obtained.

FVM was used for the simulation of the above labora-
tory tests, the total simulated time is 20 days with Dt set
as 1 h. The total length of the simulated soil specimen is
285 mm with Dx as 1 mm. The boundary condition at the
Fig. 4. Comparison of FVM, FEM, and experiment obtained pore

Fig. 3. Pore RH simula
moisture loss surface is defined to equal the ambient RH.
At any sealed surfaces without moisture loss, the boundary

is defined as D RH1
NE

� � ¼ 0. In terms of the initial condi-

tion, the RH of all cells is assigned as 99.99% to avoid infi-
nite value of D(RH) as expressed in Eq. (6). The laboratory
measured pore RH gradient at 5, 10, and 20 days were used
to compare with the FVM simulation results to verify the
accuracy of numerical modeling.
3. Results and discussion

After moisture migration for 5, 10, and 20 days, a com-
parison of the pore RH distributions of the FVM simula-
tion results and the experiment results of the silty clayey
sand and clay used in this study are shown in Figs. 4 and
5. It should be noted that, for silty clayey sand laboratory
experiments, a constant ambient RH of 60% was controlled
and also used in FVM simulation. For clay laboratory
experiments, variable natural ambient RH was recorded
and used for the FVM simulation. Figs. 4 and 5 indicate
a reasonable model prediction and numerical simulation
results.

The FVM results in Figs. 4 and 5 were compared with
finite element method (FEM) results obtained using pro-
gram ADINA as well. The FEM simulation procedure is
similar as the FVM procedure and available in Refs.
[2,15]. It can be seen that, for silty clayey sand, the FVM
results are closer to the experiment results than the FEM
RH distributions of silty clayey sand at different drying days.

tion validation test.

https://doi.org/10.1016/j.ijprt.2018.06.005


Fig. 5. Comparison of FVM, FEM, and experiment obtained pore RH distributions of clay at different drying days.

Fig. 6. Pore RH change with drying time at different distance from drying
surface for silty clayey sand.

Fig. 7. Plot of diffusion coefficient as a function of pore RH [Eq. (4)].

Fig. 8. Pore RH change with drying time at different distance from drying
surface for clay.
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results. For clay, there is not much difference between
FVM and FEM results.

Fig. 6 shows the FVM results in terms of the changes of
pore RH at different distances from the drying surface with
the time for silty clayey sand. Since the ambient RH is at a
constant of 60%, the pore RH at a location very close to
surface, i.e., 0.5 mm from drying surface, underwent a
quick drop, followed by the small fluctuation, and then
decreased slowly but more stable. This is due to the reality
that the diffusion coefficient D(RH) as shown in Eq. (6) is a
nonlinear function of pore RH. At high pore RH the D

(RH) reduced sharply with the reduction in pore RH, as
shown by the plot in Fig. 7. At a location close to the dry-
ing surface, the diffusion coefficient decreased quickly and
faster than the diffusion coefficient at an inner location.
This means the moisture at an inner location can move
and replenish to the location closer to the drying surface,
which causes a fluctuation of the pore RH around 10 to
60 h of drying. This explanation was verified by setting dif-
fusion coefficient as a constant in our FVM simulation, of
which the pore RH fluctuation around 10 to 60 h disap-
peared and the pore RH decreased stably.

Fig. 8 shows the FVM results for the changes of the pore
RH at different distances from the drying surface with the
time for clay. Since the ambient RH varied in the test of the
clay specimen, the pore RH fluctuations due to the change
of diffusion coefficient as a function of pore RH in Eq. (6)
was obscured by the effect of ambient RH. It can be seen
that the pore RH at a location of 0.5 mm from drying sur-

https://doi.org/10.1016/j.ijprt.2018.06.005
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face fluctuates with the ambient RH more significantly
than the pore RH at inner locations. At a location of 9.5
mm from the drying surface, the ambient RH variation
has little effect on the change of the pore RH. It is also seen
that the pore RH may increase depending on the ambient
RH, which indicates that the wetting process is also consid-
ered in the simulation.

4. Conclusions and recommendations

Accurate prediction of the moisture content in soil is
important for pavement engineering. Since the moisture
in the pore structure of the soil is not inter-connected at rel-
atively low moisture contents, moisture diffusion controls
the moisture migration. For the constitutive differential
equation of the moisture diffusion, when the diffusion coef-
ficient is a nonlinear function of the pore RH, numerical
method needs to be used for the solutions. The FVM and
FEM methods were used in this study for this purpose,
and the following conclusions can be made:

(1) The moisture diffusion models in this study could be
used for predicting the moisture migration in soils
with reasonable accuracy.

(2) Based on the results of the two types of soils used in
this study, compared to FEM, FVM results are closer
to the laboratory test results for silty clayey sand. For
clay, FVM and FEM results show similar accuracy.

(3) When diffusion coefficient is a nonlinear function of
pore RH, even under a constant ambient RH, the
change in diffusion coefficient can cause fluctuation
of the pore RH during drying process. This result
shows the importance of accurate characterization
and measurement of the diffusion coefficient.

It is recommended that in future study, the 3D models
and numerical analysis should be conducted and the effects
of temperature and pore size distribution on the moisture
migration need to be considered and correlated with model
parameters. Typically, FVM modeling uses less computa-
tion time, compared with FEM modeling. However, due
to the simple scenario in this study, no significant difference
in the computation time was observed between these two
methods.
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