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Abstract
The effect of soil stratification was studied through numerical investigation based on the coupled model of solute transport in deformable
unsaturated soil. The theoretical model implied two-way coupled excess pore pressure and soil deformation based on Biot's consolidation theory
as well as a one-way coupled volatile pollutant concentration field developed from the advection-diffusion theory. Embedded in the model, the
degree of saturation, fluid compressibility, self-weight of the soil matrix, porosity variance, longitudinal dispersion, and linear sorption were
computed. Based on simulation results of a proposed three-layer landfill model using the finite element method, the multi-layer effects are
discussed with regard to the hydraulic conductivity, shear modulus, degree of saturation, molecular diffusion coefficient, and thickness of each
layer. Generally speaking, contaminants spread faster in a stratified field with a soft and highly permeable top layer; soil parameters of the top
layer are more critical than the lower layers but controlling soil thicknesses will alter the results. This numerical investigation showed noticeable
impacts of stratified soil properties on solute migration results, demonstrating the importance of correctly modeling layered soil instead of
simply assuming the averaged properties across the soil profile.
© 2017 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Contaminant mass transport through porous media is usually described by well-established conventional advectiondispersion transport models (e.g., Bear, 1972; Barry, 1992)
with the ability to account for advection, dispersion, and
sorption. Since the mid-20th century, numerous researchers
have worked on the advection-dispersion equation (ADE)
through analytical approximations (Wang and Zhan, 2015),
numerical simulations (Craig and Rabideau, 2006; Boso et al.,
2013), and experimental investigations (Rolle et al., 2012) of
fully saturated soil environments. Furthermore, solute transport in an unsaturated soil matrix has been studied by several
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researchers. For example, Fityus et al. (1999) focused on the
effects of the degree of saturation and presented pollutant
migration in a steady-state unsaturated soil liner under a
landfill, and Kumar and Dodagoudar (2010) proposed a stable
and convergent two-dimensional (2D) approximate solution
using the mesh-free technique.
All the aforementioned studies were based on the assumption of rigid porous media that the volume of the porous media
does not change and advective flow is only induced by an
external hydraulic gradient. In fact, soil volume change (i.e.,
soil consolidation) occurs simultaneously with solute transport
in many cases. For example, it occurs where the field is under an
applied load (self-weight, fill placement, finite size loading,
etc.) or experiencing changes in the groundwater table (pumping, artesian wells, etc.). In such cases, the coupled effect of soil
deformation and solute transport needs to be considered.
Alshawabkeh et al. (2004) showed that the excess pore pressure
dissipation produced a transient advective flux of contaminants,
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which had a strong influence on overall flux. The first attempt at
a consolidation-induced solute transport model was formulated
by Potter et al. (1994), with errors compared to centrifuge
model test results. Later, based on the mass conservation principle, Smith (2000) derived a one-dimensional (1D) contaminant transport equation and provided an analytical solution for a
steady-state concentration and a varied porosity circumstance in
a fully saturated deformable porous media. The coupled effect
of soil consolidation was incorporated into the solute transport
model by, first, computing the porosity variation during
consolidation and, second, introducing solute migration into the
solid phase. To link the two components of solute in pore fluid
and solid phases, a linear sorption relationship was postulated.
Later, Peters and Smith (2002) extended their previous model
(Smith, 2000) to accommodate the time-dependent solute
migration process. Recently, adopting Biot's (1941) consolidation theory, Zhang et al. (2012) further developed Peters and
Smith's (2002) small strain model to account for the degree of
saturation and fluid compressibility. When soil deformation
increases, large strain models are required, as reported in Fox
(2007a, 2007b) and Zhang et al. (2013). In this study, we only
used a small strain model as the first approximation for the case
of a multi-layer deformable medium.
Benefitting from the simplicity of the traditional ADE, the
conventional model enjoys vast applicability, including in the
modeling of solute transport, especially of purely diffusive
flows in a heterogeneous soil matrix. For example, field
measurement (Ellsworth and Jury, 1991) and soil column
experimental evaluations have been conducted to examine the
solute behavior in layered soil (Sharma et al., 2014). Satisfying the solute mass conservation principle at soil interfaces,
Leij and Van Genuchten (1995) derived an analytical solution
for solute transport in two-layer porous media with the technique of Laplace transformation. Liu et al. (1998) provided an
analytical solution with an arbitrary initial condition and inlet
boundary condition. Later, Li and Cleall (2011) extended
previous studies to incorporate different combinations of fixed
concentration, zero flux, and fixed flux conditions at inlet and
outlet boundaries. However, to date, the effect of soil deformation on the solute transport within layered soil has not been
fully studied. The only attempt, for a coupled solute transport
and consolidation model in multi-layer soil, was made by Pu
and Fox (2016a, 2016b) using the piecewise method. They
compared the numerical modeling results of two-layer soil and
homogenous soil to highlight the impact of layered soil in a
fully saturated soil matrix undergoing significant deformation.
However, for an unsaturated layered soil, data are not available
in the literature.
The aim of this study was to investigate the consolidationinduced solute transport in uniform and layered unsaturated
porous media and address the importance of correctly
modeling soil heterogeneity. This paper will first provide a
brief review of the theoretical model of solute transport in
partially saturated deformable porous media. Then, the numerical model for solute transport in a three-layer unsaturated
soil matrix will be outlined. Finally, the multi-layer effect will
be examined in detail through the results of a parametric study.

185

2. Model description
Based on the fundamental construction method of a landfill
site, an unsaturated multi-layer soil matrix subjected to a
vertical ramp load on the top of the field was assumed, as
shown in Fig. 1, where P1 through P7 are the points used in the
parametric study. The soil is deformable. Therefore, it will
produce excess pore pressure when an external ramp load is
applied and the excess pore pressure will dissipate gradually
when the load becomes constant (the post-loading state). The
excess pore pressure will generate a transient advective flow,
which carries the non-active contaminant migrating downward. Furthermore, the width of the landfill site was assumed
to be larger than the thickness of each soil layer, and the load
on the top surface was assumed to be uniform. Therefore, a 1D
model was used, with its positive z-axis pointing downward. In
contrast to the previous study of Zhang et al. (2012), this study
focused on a multi-layer structure and ran simulations in a
dimensional form.

Fig. 1. Schematic diagram of simplified three-layer landfill.

2.1. Governing equations
Following previous work (Zhang et al., 2012), in order to
numerically model the coupled solute transport and soil
consolidation, three governing equations were derived.
The governing equation for the field of excess pore pressure
( pe) is
Sr n0 b

vpe
v2 u
K v2 p e
¼
þ Sr
vtvz rw g vz2
vt

ð1Þ

where Sr is the degree of saturation, n0 is the initial porosity, K
is the hydraulic conductivity, rw is the fluid density, u is the
soil vertical displacement, g is the acceleration due to gravity, t
is time, and b is the fluid compressibility due to the change in
pore pressure, which is defined as (Fredlund and Rahardjo,
1993)
b¼

Sr
1  Sr þ r h Sr
þ
Kw0
P a þ P0

ð2Þ

where Kw0 is the pore water bulk modulus, with a value of
2 GPa; rh is the volumetric fraction of dissolved air within
pore water, with a value of 0.02; and Pa and P0 are the gauge
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air pressure and atmospheric pressure, respectively, with
P0 ¼ 100 kPa.
The governing equation for the soil vertical displacement (u)
is
G

2ð1  nÞ v2 u
vu vpe
þ ð1  n0 Þðrs  Sr rw Þg ¼
ð1  2nÞ vz2
vz
vz

ð3Þ

where G and n are the soil shear modulus and Poisson's ratio,
respectively, and rs is the solid particle density.
The governing equation for solute concentration (cf) is

½Sr n0 þ ð1  n0 Þrs Kd 

200 kPa for two years and remains constant (400 kPa) until the
end of the simulation period.
To derive the top boundary condition for soil deformation,
an elastic deformation was taken into account, and a vertical
force balance relationship was applied. This led the soil
deformation at the top boundary to be
vuð0; tÞ
1  2n
¼
½  QðtÞ þ pe 
vz
2Gð1  nÞ

ð6Þ

According to Zhang et al. (2012), considering the volatile
organic compounds that diffuse through the geomembrane




 2
vcf v2 cf
K vpe
vcf
vpe
v2 u aL Kb vpe
v2 u
þ
¼ 2 Sr n0 Dm  aL
 aL Sr
þ Sr Dm ð1  n0 Þ 2 þ
þ
 aL Sr n0 b
rw g vz
vtvz
rw g vz
vz
vt
vz
vz
vt
"
#

 2
K vpe
vu
vpe Kb vpe
vu vpe
 ½Sr n0 þ ð1  n0 Þrs Kd 

þ Sr n0 b
þ c f Sr n0 b
ð4Þ
rw g vt
vt
vt vz
vt rw g vz

where Kd is the partition coefficient of the contaminant, which
defines the mass of the contaminant being absorbed onto the
solid phase, and Dm and aL are the coefficients of molecular
diffusion and longitudinal dispersion, respectively. A detailed
explanation and derivation can be found in Zhang et al. (2012).
In this study, the soil consolidation and conventional solute
transport processes were semi-coupled. The excess pore
pressure and soil deformation resulting from the applied load
were assumed to trigger the solute transport in the soil but the
contaminant migration did not have an effect on the consolidation process. In the numerical model, the force balance
equation needs to be solved simultaneously with the storage
equation, while the solute transport equation can be solved
separately by adopting the pore pressure and soil deformation
from previous calculations.
2.2. Boundary conditions and initial conditions
In this study, a landfill with one leachate collection system
was assumed to be constructed on the top of a compacted clay
layer and two natural soil layers (Fig. 1). The contaminant
migration through the three soil layers beneath the landfill was
evaluated.
At the top boundary (z ¼ 0), the impermeable geomembrane layer prevented Darcy's flow. Therefore, a zero
excess pore pressure gradient was postulated, as follows:
vpe ð0; tÞ
¼0
ð5Þ
vz
Furthermore, as the waste was disposed to the landfill
gradually until it reached its capacity, a ramp load was
assumed with a constant increasing rate. As shown in Fig. 2,
the external load Q(t) keeps increasing at an annual rate of

layer and dissolve into the pore water, the top boundary condition for the solute concentration was

vcf ð0; tÞ
DG 
¼
cf  c0
vz
n0 D m h

ð7Þ

where DG is the mass transfer coefficient of geomembrane,
and c0 is the reference solute concentration in the waste.
At the two interfaces (z ¼ Z1 ¼ L1 and z ¼ Z2 ¼ L1 þ L2),
boundary conditions of continuity were applied to the pore
pressure, soil deformation, and solute concentration fields, and
the continuity of the solute mass flux was incorporated (Peters
and Smith, 2001):


8   
pe Zi ; t ¼ pe Ziþ ; t
>
>
< 



i ¼ 1; 2
ð8Þ
u Zi ; t ¼ u Ziþ ; t
>
>
 þ 
:   
cf Zi ; t ¼ cf Zi ; t
Sri n0i Di





vcf Zi ; t
vcf Ziþ ; t
¼ Srðiþ1Þ n0ðiþ1Þ Diþ1
i ¼ 1; 2
vz
vz

Fig. 2. Ramp load.

ð9Þ
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where Di is the coefficient of hydrodynamic dispersion that
describes the joint effects of molecular diffusion and longitudinal dispersion at the ith interface, and Zi and Ziþ refer to the
positions right above and below the ith interface, respectively.
At the exit boundary (z ¼ Le ¼ L1 þ L2 þ L3), a free
drainage condition was considered, which implied a zero pore
pressure, and no deformation was allowed at that point. In
addition, the concentration gradient was assumed to be zero.
Hence, only advective flow occurred at the outlet boundary.
The lower boundary conditions were expressed as
8
pe ðLe ; tÞ ¼ 0
>
>
>
<
uðLe ; tÞ ¼ 0
ð10Þ
>
>
vc
ðL
;
tÞ
>
: f e ¼0
vz
To simplify the model, all initial values for the pore pressure, soil deformation, and solute concentration fields were
assumed to be zero, i.e.,
8
< pe ðz; 0Þ ¼ 0
uðz; 0Þ ¼ 0
ð11Þ
:
cf ðz; 0Þ ¼ 0

model B, with the values of each layer determined to
be G1 ¼ 5.00  106 Pa, G2 ¼ 2.75  106 Pa, and
G3 ¼ 5.00  105 Pa, respectively; in model G, the thickness of
each layer and molecular diffusion coefficient were varied
simultaneously, with the values of thickness of each layer
determined to be L1 ¼ 0.5 m, L2 ¼ 1.0 m, and L3 ¼ 1.5 m,
respectively, and the values of molecular diffusion coefficient of
each layer the same as those in model C. Note that the parameters used in the SL model were consistent with the middle-layer
parameters in the three-layer model, most of which were the
average values of the varied parameters for each layer. A combination of the parameters was selected to ensure that the coefficient of consolidation (cv) stayed within the range of
1  108 to 3  107 m2/s (Wallace and Otto, 1964). The coefficient of consolidation (cv) can be expressed as

2.3. Input parameters

The modeling results of the pore pressure, soil deformation,
and solute concentration distributions along the soil depth for
different years, the solute concentration at some points (P1, P4,
and P7 in Fig. 1), and the advective emission (Eadv) at the outlet,
obtained with the present three-layer model and the full SL
model in Zhang et al. (2012), were first compared, as shown in
Fig. 3. Before making any comparison to the three-layer model,
all dimensionless results presented in Zhang et al. (2012) were
converted to a dimensional form. Fig. 3 shows that the three-layer
model agrees with the previous SL model (Zhang et al., 2012).
Utilizing the piecewise function, the ramp load can be
applied with different smoothing methods at the turning point.
Here, a continuous second derivative was adopted and applied
for a period of half a year. This smoothing method can be
understood as follows: when the landfill site is about to reach
capacity, less waste is disposed into this field, and more waste
delivered to a new site. Therefore, the loading rate decreases.

First of all, a single-layer (SL) model was simulated as the
reference group. Table 1 summarizes the parameter input for
the SL model.
A parametric study was conducted to investigate the multilayer effects by varying certain parameters for each layer while
keeping the rest of the parameters the same as those in the SL
model, as follows: in model A, the hydraulic conductivity of
each layer was varied, with the values of each layer determined
to be K1 ¼ 1.50  1011 m/s, K2 ¼ 1.50  1010 m/s, and
K3 ¼ 2.85  1010 m/s, respectively; in model B, the shear
modulus was varied, with the values of each layer determined to
be G1 ¼ 5.00  105 Pa, G2 ¼ 2.75  106 Pa, and
G3 ¼ 5.00  106 Pa, respectively; in model C, the molecular
diffusion coefficient was varied, with the values of each
layer determined to be Dm1 ¼ 5.00  1010 m2/s,
Dm2 ¼ 2.75  109 m2/s, and Dm3 ¼ 5.00  109 m2/s,
respectively; in model D, the degree of saturation was varied,
with the values of each layer determined to be Sr1 ¼ 0.80,
Sr2 ¼ 0.90, and Sr3 ¼ 0.98, respectively; in model E, Poisson's
ratio was varied, with the values of each layer determined to be
n1 ¼ 0.20, n2 ¼ 0.33, and n3 ¼ 0.40, respectively; in model F, the
shear modulus was varied in the reversed order compared to

cv ¼

2GKð1  nÞ
rw gð1  2nÞ

ð12Þ

Additionally, while making selection of the parameters, soil
deformation was kept less than 20% to satisfy the small
deformation assumption.
2.4. Validation

3. Results and discussion
3.1. Single-layer model
Adopting the parameters listed in Table 1, the three-layer
model was first used for a simulation of 80 years to mimic a

Table 1
Parameters of SL model.
h (m)

*L (m)

*Sr

n0

*G (Pa)

*n

*K (m/s)

aL (m)

0.0015

1.0

0.90

0.33

2.75  106

0.33

1.50  1010

0.1

rs (kg/m )

rw (kg/m )

Kd

rh (m)

DG (m /year)

*Dm (m /s)

c0 (kg/m )

g (m/s2)

2.6  103

1  103

0

0.02

1  104

2.75  109

0.1

9.8

3

3

2

Note: The parameters with * were used in the parametric study, and L is the thickness of each layer.

2

3
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Fig. 3. Comparison of modeling results of present three-layer model (*) and SL model in Zhang et al. (2012) (solid line) with Sr ¼ 1, L ¼ 1=3 m,
G ¼ 500 kPa, K ¼ 1.00  1010 m/s, and Dm ¼ 5.00  109 m2/s.

single-layer situation, and the results are shown in Fig. 4. The
consolidation progress can be observed in Fig. 4(a) and (b). For
the first two years, when the external load keeps rising at a
constant increasing rate of 200 kPa/year, the excess pore pressure dramatically increases and reaches its maximum. The soil
also shows noticeable deformation during the period because the
pore fluid is expelled from the soil matrix. However, during the
post-loading period, the excess pore pressure dissipates and
leads to an increment of the effective stress, which contributes to
further soil deformation. Fig. 4(a) indicates that the excess pore
pressure will fully dissipate in 20 years, with the soil deformation reaching its maximum (soil deforms less than 4%) around

the same time (Fig. 4(b)). Additionally, Fig. 4(c) illustrates the
distribution of the normalized solute concentration. After one
year, the contaminant migrates to a depth of 1 m; after 10 years,
the contaminant reaches the bottom boundary. Although the
excess pore pressure has fully dissipated at the twentieth year,
due to the molecular diffusion, the contaminant keeps spreading
until the whole site is polluted. Fig. 4(d) shows the revolution of
the solute concentration at the top, middle, and bottom of each
layer. From this figure, the breakthrough time, which is the time
taken for the contaminant concentration to reach a certain
pollution level, can be read. For example, it takes 15 years for the
contaminant level at the outlet boundary (P7) to reach 10% of the
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Fig. 4. Results of SL model.

concentration in the landfill. It is an important metric for the
evaluation of the contaminant transport, and an earlier breakthrough time implies that the site may be polluted more easily.
The results of the SL model were used as the reference
group in the parametric study described below. Figs. 5 through
11 provide the results from models A through G, respectively,
with the critical results from the SL model plotted against
them in dashed lines. When there is no significant difference,
the result from the SL model is not presented.
3.2. Effects of hydraulic conductivity
Fig. 5 illustrates the soil stratification effect of the hydraulic
conductivity K. The vertical distribution of the excess pore
pressure can be observed in Fig. 5(a). The first layer with a K
value (1.5  1011 m/s) smaller than that in the SL model
experiences a faster excess pore pressure buildup during the
loading period, a slower dissipation process after the load
becomes constant, and a higher peak excess pore pressure that
occurs at the top surface. The differences are also made up by
the lower layers with larger K values during the loading
period, with the excess pore pressure at the bottom layer in
model A decreasing below what it is in the SL model.
Although the middle layer of model A shares the same
parameter settings as the SL model, the soil responses are
different (e.g., slope of excess pore pressure, dissipation rate,

etc.) due to the joint effects of internal boundary conditions
and the relatively thin soil layer. Moreover, a much slower
dissipation process can be observed through all three layers. A
residual excess pore pressure of more than 3 kPa exists after
the whole simulation time of 80 years in model A, whereas it
takes less than 20 years for the excess pore pressure to fully
dissipate in the homogenous situation. This is mainly due to
the low hydraulic conductivity in the top layer that makes it
more difficult for the excess flow to drain out. Due to the longlasting excess pore pressure, in general, model A shows faster
solute transport and an earlier breakthrough (Fig. 5(c) and (d)).
The time required for the solute concentration at the intersurface of layers 2 and 3 (P5 in Fig. 1) to reach 50% of the
referenced solute concentration in the landfill is shortened for
nearly 10 years (about 45 years in the SL model, and about 35
years in model A). Furthermore, the hydraulic conductivity
has a certain effect on the rate of soil displacement but does
not influence the final deformation (Fig. 5(b)).
3.3. Effects of shear modulus
The soil stratification effect from the variation of the shear
modulus G was studied and the results are presented in Fig. 6.
It is well known that the shear modulus plays an important role
in soil consolidation and consequently affects the solute
transport process. For model B, the shear modulus values in
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Fig. 5. Results of model A with hydraulic conductivity varied for each layer.

Fig. 6. Results of model B with shear modulus varied for each layer.
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Fig. 7. Results of model F with shear modulus for each layer set in a reverse order compared to model B.

the three layers from top to bottom are 5  105 Pa, 2.75 
106 Pa, and 5  106 Pa, soft to stiff. Due to a relatively small G
in the top layer, the final deformation (around 20%) at the end
of the simulation period is about six times larger than that in
the SL model (Fig. 6(b)). As for the excess pore pressure, its
peak value at the inlet boundary increases to more than
200 kPa, and a longer time is required for the excess pore
pressure to fully dissipate. Specifically, at the end of 20 years,
the excess pore pressure fully dissipates in the SL model,
while a residual excess pore pressure of more than 10 kPa still
exists at the top boundary in model B simulation results
(Fig. 6(a)). This is understandable considering a porous media
that is more easily deformed under a load, but in which a
relatively low hydraulic conductivity limits the rate of fluid
expulsion. Therefore, the pore pressure increases. Finally, due
to the high pore pressure and the slow dissipation process, the
contaminant migrates at a faster rate, and an earlier breakthrough is detected (Fig. 6(c) and (d)).
It seems that the soil properties of the top layer play a more
important role in the layered soil behavior and solute transport.
To verify this, model F was designed in a reverse order of G
for each layer compared to model B, with the soil being most
rigid on the top, and the results are shown in Fig. 7. Compared
to the SL model, the excess pore pressure dissipates more
rapidly and less soil deformation is detected. Moreover, during

the post-loading stage, the excess pore pressure in model F
dissipates and leads to an increment of normal stress, and the
top layer is too rigid to show any noticeable deformation. On
the other hand, the soil in the bottom layer is soft. Therefore,
little deformation is observed (Fig. 7(a) and (b)). As for the
contaminant transport, no significant effect is detected
(Fig. 7(c) and (d)). In general, results of model F shows no
consistency with those of model B (Fig. (6)). Hence, a
conclusion can be drawn that the order of parameter values for
each layer will also significantly alter the simulation result.
Furthermore, the soil properties of the top layer seem to have a
more noticeable effect on the soil response and solute transport
process.
3.4. Effects of molecular diffusion coefficient
In this study, the contaminant transport was considered to
be the joint effect of hydrodynamic dispersion and contaminants carried by transient advective flow due to consolidation.
In particular, the molecular diffusion (controlled by Dm), one
component of the hydrodynamic dispersion, is mainly manifested as particles move from an area of high concentration to
an area of low concentration. Compared to the longitudinal
dispersion (controlled by aL), in a relatively slow advective
flow, the molecular diffusion dominates. The stratified Dm
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Fig. 8. Results of model C with molecular diffusion coefficient varied for each layer.

effect is demonstrated in model C. Fig. 8(a) and (b) illustrate
no differences in the consolidation process and transient flow
from those in the SL model. This is consistent with the semicoupled computing scheme introduced in section 2. However,
the stratified Dm contributes to a noticeable deceleration of
solute transport even though the concentration at the inlet is
greater than that in the SL model. Specifically, with a smaller
Dm in the top soil layer, a greater concentration gradient is
obtained according to the top boundary condition of contaminant concentration, which is related to the nature of volatile
pollutants diffusing through the geomembrane layer. In addition, Fig. 8(c) shows a slower solute spread in model C than in
the SL model, especially in the top layer. Although the differences are narrowed by the larger Dm in the bottom layer, a
later breakthrough time and smaller concentration in model C
are shown in Fig. 8(c) and (d). These findings are consistent
with the conclusion in section 3.3 that the factors of the top
layer are more critical than those of the lower soil layers with
the same layer thickness.
3.5. Effects of degree of saturation and Poisson's ratio
Fig. 9 shows that different degrees of saturation Sr in each
layer result in a vital impact on the excess pore pressure
evaluation, especially on the top layer where the soil is less
saturated compared to the SL model. However, there is a very

limited effect on the soil deformation and almost no influence
on the solute transport process. This result reveals the rationality of the assumption made earlier for a constant Sr during
the consolidation process. With the variance of Sr in each
layer, the fluid compressibility varies, contributing to the
excess pore pressure differences between model D and the SL
model.
Like the shear modulus, Poisson's ratio n is an important
factor in the soil deformation. To be specific, n is a measurement of the material expansion that is perpendicular to the
direction of compression. Compared to the SL model, a
smaller Poisson's ratio in the top layer in model E allows less
transverse expansion. According to Fig. 10, for a stratified n
distribution, greater excess pore pressure and soil deformation
are observed.
3.6. Effects of thickness of each layer
The soil stratification effect in terms of the thickness of each
layer was also tested. Model G utilized the same parameter
setting as model C but adjusted the thickness for each layer so
that they were 0.5 m, 1.0 m, and 1.5 m, respectively. As discussed in section 3.4, the molecular diffusion coefficient does
not influence the consolidation process. Therefore, model G and
the SL model show no differences in terms of the excess pore
pressure and soil vertical deformation (Fig. 11(a) and (b)).
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Fig. 9. Results of model D with degree of saturation varied for each layer.

Fig. 10. Results of model E with Poisson's ratio varied for each layer.
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Fig. 11. Results of model G with layer thickness and molecular diffusion coefficient varied for each layer.

However, in contrast to the results of model C, with a thin top
layer and a small molecular diffusion coefficient, the contaminant spreads faster in model G than in the SL model. Fig. 11(c)
illustrates higher contaminant concentration through all three
layers, and Fig. 11(d) indicates an earlier breakthrough time in
model G. This is attributed to the high diffusion coefficient in
the bottom layer, of which the thickness is three times the top
layer. In sections 3.3 and 3.4, a conclusion has been drawn that
the modeling results are likely to be dominated by the parameters in the top layer. However, the control of soil thickness
alters the results and provides an option in practice where the
top layer condition is not desirable.
3.7. Average flow velocity and advective emission

K
vpe vu
þ
Sr n0 rw g vz vt

Eadv ¼ ! 
t

To further examine the consolidation-induced advective
flow, the average flow velocity at the bottom boundary for
each model is plotted in Fig. 12(a). It can be calculated as the
summation of Darcy's velocity and the solid phase velocity:
vf ¼

all models occurs at around two years, when the post-loading
stage is about to begin. Model B, with the varied shear
modulus, shows a faster transient advective flow, with a peak
flow velocity more than twice as large as that of the SL model.
Moreover, the transient excess flow lasts longest (more than 80
years) in model A, where a low hydraulic conductivity is
assumed in the first layer (Fig. 12(a)). This is consistent with
the results in Fig. 5, in which the excess pore pressure does not
fully dissipate at the end of the simulation time. These transient excess flows triggered by soil consolidation show
considerable influence on the solute transport. The effects can
be observed from the advective emission (Eadv) as summarized
in Fig. 12(b). Eadv can be calculated as (Zhang et al., 2012)

ð13Þ

The vf values for the SL model, model C, and model G are
the same, since the variation of Dm only affects solute transport but has no impact on soil consolidation. The peak nf for

0

vpe ðtÞ
cf ðtÞdt
vz

ð14Þ

where t is the independent variable of integration.
When a zero concentration gradient is assumed at the
bottom outlet, no diffusion takes place and only advective flow
occurs. Thus, the advective emission at each bottom boundary
refers to the cumulative contaminant mass outflow, particularly due to the advective flow. Fig. 12(b) presents the
advective emission at each bottom boundary. As previously
discussed, for some models (D, E, and F), the controlled parameters seem to have no discernible effects on the transit time
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Fig. 12. Average flow velocity and advective emission for all models (* means that the values of Eadv for models A and B are multiplied by 102
for the convenience of comparison).

needed for the contaminant to migrate through the soil layers
or the solute breakthrough time. However, the advective
emissions reflect noticeable differences compared to an averaged homogenous single-layer situation. According to
Fig. 12(a), a faster advective transient flow may lead to a
greater emission flux. As for the SL model and models C and
G, although the transient active flow shows no differences, the
emission flux varies due to the individual molecular diffusion
process. After the consolidation process ends (at around 35
years for model B and 15e25 years for the others), Eadv reaches its maximum and remains constant, except for model A,
in which Eadv continues to accumulate. Furthermore, model B
shows the fastest advective emission accumulation rate due to
the high transient flow rate (vf). The largest advective emission
occurs in model A, mainly due to its long-lasting consolidation
process and higher excess pore pressure within voids.

alternation of the soil layer thickness has noticeable effect on
both consolidation and solute transport results.
(3) Although some of the parameter-stratified variations
show only a limited effect on the solute transfer or breakthrough time, all parameter heterogeneity as examined in this
study is proven to have a certain effect on the advective
emission flux.
In summary, it is vital to correctly model a multi-layer soil
matrix instead of simply replacing it with a homogenous situation with averaged soil profiles. This paper provides guidance for designing a landfill site subject to a multi-layer soil
environment. Selection of the appropriate construction site or
proper treatment (such as field compaction) of the natural soil,
especially the top layer, may reduce costs and better control
the contaminated degree.
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