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Abstract: Recently, considerable risks to the internal instability of mechanically stabilized earth (MSE) walls have been encountered from
the inadequate drainage capacity of some backfill under extremely heavy rainfall. Due to its high drainage capacity, geocomposite is regarded
as an appropriate material for drainage purposes in many geotechnical structures, including MSE walls. However, the installation of a geo-
composite drain produces hydrologically complex boundary conditions, and unsaturated flow through the MSE wall becomes more compli-
cated. This article reports a series of numerical simulations conducted to investigate the influences of MSE wall dimensions and drainage
capacity on seepage responses inside the protected zone of the wall. The results indicated that the distance from the upstream water source
to the drainage face (L) contributes most to the level of the phreatic surface inside the protected (reinforced) zone. Furthermore, a relationship
existed between the permeability of the soil on the upstream side and the lowering of the phreatic surface due to increased geonet transmis-
sivity. Results reported in this study might reinforce understanding of complex flow behaviors in MSE walls with back drain installation.

DOI: 10.1061/(ASCE)GM.1943-5622.0001946. © 2021 American Society of Civil Engineers.
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Introduction

Mechanically stabilized earth (MSE) walls have been widely used
in cut-and-fill works for highway construction through mountain-
ous areas. Although MSE walls are very effective for cut-and-fill
works in sloping ground, several MSE wall failures during heavy
rainfall have been reported (Yoo and Jung 2006; Vahedifard
et al. 2017). Internal instability is one of the most often reported
failure modes in MSE walls (Koerner and Koerner 2011, 2013;
Thuo et al. 2015; Robinson et al. 2017; Koerner and Koerner
2018). Heavy rainfall might cause an increment of water content
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and phreatic level in MSE walls and, hence, the drop of soil suction.
Based on the extended Mohr—Coulomb criterion proposed by
Fredlund et al. (1978), cohesive strength is divided into two com-
ponents: (1) cohesion ¢’; and (2) apparent cohesion due to suction.
Escario and Saez (1986), among others, reported from their test re-
sults a nonlinear drop of the apparent cohesion due to the increment
of water content, and hence suction drop. Iryo and Rowe (2004)
and Thuo et al. (2015) reported serious reductions in shear strength
of the soil in the reinforced zone due to extreme precipitation.
Koerner and Koerner (2018) reported that 41% of all internal fail-
ures were caused by the poor performance of the drainage system.
Other than internal stability, Zhang et al. (2016) reported the influ-
ence of water content on the external stability of retaining walls. In
order to avoid high water content in MSE walls, the drainage sys-
tem must have a high enough capacity to drain sufficient water in
extreme conditions.

To combine high drainage capacity and ease of installation,
drainage systems installed in many geostructures, including MSE
walls, have frequently used a geocomposite comprising a geonet
core with a large flow channel sandwiched by a nonwoven geotex-
tile (Zornberg et al. 1995; McKean and Inouye 2001; Koerner and
Koerner 2011, 2013, 2015). This type of geocomposite system in-
stalled as a back drain for an MSE wall is the focus of this study.
Although geocomposite drains in MSE walls have been spotlighted
in various reports, most of these works focused on aspects of
material properties, particularly the influence of factors affecting
geonet transmissivity. Dickinson et al. (2010) determined the rela-
tionship between geonet transmissivity and geonet thickness.
Giroud and Kavazanjian (2014) and Yarahmadi et al. (2017)
studied the reduction of hydraulic transmissivity due to creep defor-
mation. Reports about the influence of geocomposite properties on
seepage responses in MSE walls are limited. Chinkulkijniwat et al.
(2017) concluded that the capillary barrier phenomenon plays a role
in the distribution of effective saturation at the soil-geotextile inter-
face. Bui Van et al. (2017) proposed that the outer permeability
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ratio, defined as a ratio of geonet permeability to permeability of
upstream soil, affected the phreatic level in the protected zone.
No correlation between the phreatic level in the protected zone
and the permeability ratio was provided since only four simulation
cases related to the outer permeability ratio were conducted in their
report. This study conducted a series of numerical experiments for
further elaborating the finding in Bui Van et al. (2017).

Other than geocomposite properties, the hydrological properties
of the relevant soils also play an important role in seepage re-
sponses such as the distribution of water content and the location
of the phreatic surface in MSE walls. A number of studies reported
the effect of hydrological properties of the soil on seepage re-
sponses in MSE walls (Zornberg and Mitchell 1994; Christopher
et al. 1998; Vahedifard et al. 2017; Albino et al. 2019). In moun-
tainous terrain, where heavy rainfall could raise the upstream
water level due to huge amounts of rainwater flowing from high
ground toward an MSE wall (Bui Van et al. 2017), the seepage re-
sponses in the MSE wall were also governed by the relevant shape
parameters. These parameters included the level of the upstream
water table, the distance from the upstream water to the drainage
face, the depth below the wall of the impervious rock interface,
and the width and height of the protected zone. Theoretically,
these shape parameters affect groundwater flow geometry and,
hence, related seepage responses.

For steady-state unconfined flow in rectangular-flow systems,
Clement et al. (1996) investigated the effect of the flow domain as-
pect ratio on the height of the seepage face, which is the difference
between the phreatic surface at the exit and the downstream water
level. They found that effects on the seepage face were diminished
for long, shallow flow domains, while the position of the phreatic
surface was relatively insensitive to downstream water level for
deep flow domains. Saeedpanah et al. (2011) reported that the
length of the groundwater flow path plays a more important role
in the flow rate than the upstream water level does. Despite their
importance to seepage responses, the relevant shape parameters
are yet to be investigated thoroughly enough to comprehensively
explain their influence on seepage responses in an MSE wall.

In this study, a well-calibrated numerical model, computed in
the Plaxis environment and introduced by Chinkulkijniwat et al.
(2017), was further elaborated with regard to the effect of scaling.
To ensure the validity of the Plaxis-based model on different scales,
it was established using identical shape ratios at double the size of
the physical model. The calibrated model was further employed to
perform a series of parametric studies focusing on the influence of
the shape parameters and geonet transmissivity on seepage re-
sponses in the modeled MSE wall. Results from this study reinfor-
ces research into the influence of the dimensions of MSE walls and
drainage properties on seepage responses.

Governing Equations

The equation governing transient water flow for a two-dimensional
homogeneous anisotropic material within an unsaturated porous
medium is given as follows:

&h
Ox?

o°h 00

ke AL
o2 ot

(M
where 6=volumetric water content, which is defined as the
volume of water present in a unit volume of soil mass; /# =total
head; k. and k,=unsaturated coefficients of permeability in the
x — and y —directions; and #=time. When the variables describing
the water states at a given point do not change in time, the flow is
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treated as steady, the time derivatives in the equations of motion are
zero and Eq. (1) becomes

&*h
0ox?

&h

3 =
A ayz
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To supplement Eq. (2), constitutive equations are required, re-
lating 0, k,, and k, to /. In this study, the van Genuchten (1980)
model [Eq. (3@)] and the van Genuchten—-Mualem model
[Eq. (3b)], which is an integration of the van Genuchten model
with the Mualem hypothesis (Mualem 1976), were employed to
approximate the water retention curve (WRC) and permeability
functions for every porous media in the MSE wall problem.
These models are later named in this paper as VG and VGM mod-
els, respectively. The models gave the following equations:

S - Sres 0— eres -
S, = = =1 By Y] 3
Ssat - Sres esat - eres [ * (a| p|) ] ( a)
k(Se) = S = (1 = SY/my? (3b)

In the aforementioned equations, S, = effective degree of satura-
tion; S=degree of saturation; S..=residual saturation at very
high values of suction; Sy, =maximum saturation of saturated
soil; 6, =residual volumetric water content; 6, =maximum
volumetric water content of saturated soil; %,=matric suction
head; and k, =relative permeability coefficient: @ [m™'] and n are
fitting parameters that represent, respectively, the air-entry value
of the soil and the rate of water extraction from the soil once the
air-entry value has been exceeded: m, according to the Mualem
(1976) hypothesis, is assigned the value 1 — 1/n. Steady-state
flow conditions were the focus of our study in order to quantify
the final state of groundwater flow in the porous media.

Materials and Methods

Fig. 1 presents a sketch of a physical model designed to investigate
responses in an MSE wall with a geocomposite installation as a
back drain under a high upstream ground water level. This large-
scale model was established by Chinkulkijniwat et al. (2017),
who also reported the results from tests conducted with this
model filled with sandy soil. Basic and hydrological properties of
the studied materials, including sandy soil, lateritic soil, geotextile,
and geonet, are given in Fig. 2 and Table 1. Fig. 2(a) presents the
grain size distribution of the sandy soil and the lateritic soil. Since
the problem in this study involves with water flow into the MSE
wall, the wetting phase water retention curve (WRC) of the corre-
sponding materials must be obtained. Fig. 2(b) presents the wetting
phase WRC of sandy soil, lateritic soil, and geotextile. Nonlinear
regression was conducted fit the VG model [Eq. (3¢)] to the mea-
sured WRC. The best-fit VG model parameters of the studied ma-
terials are also given in Table 1. Although we obtained the wetting
phase WRC from the previous studies (Chinkulkijniwat et al. 2017;
Bui Van et al. 2017), determinations of WRC are briefly given in
the following for clarification.

Different techniques were employed to obtain the curves. The
wetting phase WRC of the geotextile was obtained from a capillary
rise test (Lafleur et al. 2000). The wetting phase WRC of the sandy
soil was obtained using the double-walled triaxial cell. Due to the
difficulty of direct determination of the wetting phase WRC in the
lateritic soil, the drying phase WRC of the lateritic soil was ob-
tained using a pressure plate apparatus (ASTM D6836-02). After
getting the best-fit VG model parameters for the drying phase
WRC of the lateritic soil, every VG model parameter values for
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Fig. 1. Physical test model and its instrumentation: (a) plan view of the model; (b) side view of the model; and (c) sketch of bearing reinforcement.

(Adapted from Chinkulkijniwat et al. 2017.)

the drying phase WRC were assigned to the wetting phase WRC
except the parameter o, which was twice as high as that for the dry-
ing phase WRC (Kool and Parker 1987). The VG model parameters
of geonet was based on the physical meaning of the VG model pa-
rameters. The a parameter is related to the largest pore size, and the
n parameter is related to the pore distribution. As the geonet has a
very open structure, VG and VGM models with the following con-
siderations were assigned to the geonet: (1) the geonet has a large
and single pore size attribution; and (2) the geonet can be
completely dried (S, =0.0) and completely saturated (Sg, = 1.0).
With respect to the first consideration, high values of o and n reflect
a large pore size and a more uniform pore size distribution, respec-
tively. Hence, high o and » values were assigned to the geonet.
According to Chinkulkijniwat et al. (2017), the geonet parameters
a and n were assigned values of 600 m~' and 40, respectively.
These values were summarized after finding that the calculation re-
sults were not changed after assigning magnitudes of « greater than
600 m~" and n greater than 40. Since it is easier to measure WRC
than to measure the permeability function, estimation of the perme-
ability function can be achieved through the model parameters ex-
tracted from the WRC of the corresponding material. Fig. 2(c) plots
the permeability function of every material used in this study. At
the low suction (high saturation) level, the geonet permeability is
much higher than the permeability of the other studied materials.
In this condition, the geonet accepts water flowing from its adjacent
material and collects water to drain away at the downstream side.
The geonet permeability, however, drops sharply with suction
and becomes notably lower than the permeability of the other

© ASCE

materials. At the high suction (low saturation) level, the geonet is
filled with air, and hence, no water flow across the boundary be-
tween the geonet and its adjacent material.

In the remaining part of this section, model preparation, test
procedure, and test results reported by Chinkulkijniwat et al.
(2017) are briefly mentioned for the sake of clarification. The
sandy soil, geocomposite drain, reinforcement of the wall fac-
ing, and instrumentation were carefully positioned in the
model. Groundwater flow during the test was activated by the
difference of water levels in upstream and downstream water
tanks. The water level in the downstream tank was kept constant
at a depth of 0.4 m (4+0.0 m) using a control weir. The water
level in the upstream tank was increased stepwise from a depth
of 0.4m (+0.0m), to 0.8 m (+0.4m), 1.1 m (4+0.7 m), and
1.4 m (+1.0 m). Increments in water level in the upstream tank
were made when the steady state was observed, which was indi-
cated by steady water content values, detected by time domain
reflectometry (TDR) probes. Fig. 3 presents time series plots
of water content at M2, M6, and M8 TDR probes and distribu-
tion of water content and groundwater levels at the steady
state in sandy soil for an upstream water level of +0.4, +0.7,
and +1.0 m. At any height of upstream water, the groundwater
level decreased through the wall face and dropped drastically
in the protected zone (or reinforced zone). The water content val-
ues in the protected zone were also much lower than that in the
outside zone. These measurements showed that the installation
of high permeable geocomposite could prevent water flow to
the protected zone effectively.
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Fig. 2. (a) Grain size distribution of studied sandy soil, geotextile, and
lateritic soil utilized in this study; (b) WRC of studied sandy soil, geo-
textile, and lateritic soil utilized in this study; and (c) permeability func-
tion of studied sandy soil, geonet, geotextile, and lateritic soil utilized
in this study. (Adapted from Bui Van et al. 2017.)

Numerical Simulations

A series of numerical experiments were conducted using the finite-
element code Plaxis. Fig. 4 depicts the discretized finite-element
mesh for the MSE wall model and the shape parameters investi-
gated in this study. The shape parameters included the height of
the wall (H), the width of the protected zone (W), the distance
from the upstream water source to the drainage face (L), and
the distance from the wall base to the impervious boundary (D).
The groundwater flow only mode was selected for the Plaxis calcu-
lations. Fifteen-node triangles were assigned to the generated
models, and a fine mesh with an average element size of 0.05 m
was selected. Since the hydrological related properties, including
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permeability and VG parameters, had to assigned to the geotextile
and geonet, the geotextile and geonet in this study were prescribed
as soil materials having own hydrological related properties. Finer
meshes of 15-node triangle were also assigned to the geotextile and
the geonet. Dirichlet boundary conditions with prescribed pressures
were imposed on the left, right, and upper boundaries of the model,
and the bottom boundary of the model was defined as impermeable.
The left and right boundaries were assigned hydrostatic pressure,
whereas the upper boundary was assigned atmospheric pressure.
Groundwater flow was simulated by applying hydrostatic pressure
according to the upstream water level equal to any desired height.
Time steps were automatically assigned by the software. At each
time step, the nonlinear differential equation [Eq. (2)] was solved
iteratively using a modified Newton—Raphson model. In each iter-
ation, the increment of the groundwater head was calculated from
the imbalance in the nodal discharge and added to the active
head. This process continued until the norm of the imbalanced
vector—that is, the error in the nodal discharge—was smaller
than that of the error tolerance of 0.01 (or 1%).

For calibration purposes, the model was designed to replicate
the experimental studies mentioned previously. This model incor-
porated sandy soil, structural components (reinforced bar and
acrylic facing), and drainage components (geotextile and geonet).
The seepage characters of the relevant materials were described
using Egs. (2) and (3). To ensure the validity of the Plaxis-based
model on different scales, the Plaxis-based model was established
to keep identical shape ratios at double the size of the physical
model: H=2.0m, H,,=2.0 m, W=1.6 m, and D =0.8 m. Further-
more, the thickness of geotextile and geonet was also enlarged two
times thicker than that of the physical model, i.e., thickness values
of geonet and geotextile were 10 and 5 mm, respectively.

The results of the simulations are plotted in Fig. 3. Since the
calculations were extracted from the double-sized model, the di-
mensions shown in Fig. 3 are presented in terms of ratios to the
wall height H. Good agreement between the data from the physical
tests and the corresponding simulations was obtained from the
plots, proving that the relevant seepage responses, including
water content and ground water level, were well captured using
the established model in the Plaxis environment regardless of the
size of the model.

The numerical experiment was carried out in two parts. In the
first part, a series of numerical simulations were produced to inves-
tigate the individual effects of shape parameters W, H, L, and D on
seepage responses, including the highest water level in the pro-
tected (ho), and the water saturation profile inside the protected
zone. During the experiment, all the shape parameters, except
the parameter being varied, were kept constant at H=2.0 m,
W=1.6m, L=2.0 m, and D=0.8 m. The simulations were con-
ducted in three scenarios based on the soil types prescribed as na-
tive and backfill soils. The numerical simulations conducted in this
part are summarized in Tables 2 and 3. It is noteworthy that the S-S
scenario, which the native and backfill soils were placed by the
sandy soil, rarely exists in field conditions. This scenario, however,
was established for the sake of comparison. In total, 66 simulations
were made, 22 for each scenario. The height of upstream water
level H,, was kept constant at 2.0 m through 66 simulation cases.
The model parameters imposed for the seepage characters of the
sandy soil, lateritic soil, geotextile, and geonet were those reported
by Chinkulkijniwat et al. (2017) and Bui Van et al. (2017) and are
presented in Table 1. These model parameters (&, &, 1, Syes, Ssar) IN-
cluding thickness of geotextile and geonet were kept constant
throughout the first part of the numerical experiment.

The second part of the numerical experiment comprised 27
cases. In this part, a series of numerical simulations was
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Table 1. Basic and relevant physical and hydraulic properties of studied sandy soil, geotextile, geonet (adapted from Chinkulkijniwat et al. 2017), and lateritic

soil (adapted from Bui Van et al. 2017) utilized in this study

Physical property

Hydraulic property and VG model parameter
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Material m’) (—) (%) (%) (—) (mm) (kg/m’)  (mm) (m/s) 107 (m?/s) s m™) (—) () )
Soil material
Sandy soil 150 274 — — — — — — 1.97x107* — — 20 1.5 1.0 0.03
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Fig. 3. (a) Water saturation profiles, phreatic level adopted from the physical model test reported in adapted from Chinkulkijniwat et al. (2017) and
the corresponding calculations; and (b) time series plot of water content adopted from the physical model test report adapted from Chinkulkijniwat

et al. (2017) and the corresponding calculations.

Geocomposite materials
[~

! Geotextile
Geonet
Geotextile

= MSE wall face
Geogrid
— (Geocomposite drainage

—=—="= Lefl, right and upper boundaries
X Water level at upstream and downstream
m— Hoiiom boundary (Impermeable)

Fig. 4. Plaxis model of mesh discretization and the relevant shape pa-
rameters of the MSE wall with back drain using geocomposite.

produced to investigate the effects of geonet transmissivity (7yet)
on seepage responses, including the highest water level in the
protected (4,), and the water saturation profile inside the pro-
tected zone. Geonet transmissivity was controlled by geonet
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thickness (#,e;) and geonet permeability (k,.;) through the fol-
lowing relationship:

Tnct = knct X Inet (4)

where T, =geonet transmissivity (mz/s); thet = geonet thickness
(m); and k. =geonet permeability (m/s). In this experimental
part, all the shape parameters were kept constant at H=2.0 m,
W=1.6m,H,=2.0m,L=2.0m,and D=0.8 m. The ¢, was var-
ied at 10, 15, and 20 mm, while the £, was varied at 0.8, 0.08, and
0.008 m/s. The simulations were also conducted in three scenarios
based on the soil types prescribed as native and backfill soils.
Tables 4 and 5 summarize details of the second part of the numer-
ical experiment.

A steady flow mode was selected to calculate the final ground-
water states due to elevated upstream water. The groundwater states
at steady state, including 4, and water saturation, extracted from the
numerical experiment were used to analyze the influence of the
studied parameters.

Int. J. Geomech.

308
309

310
311
312
313
314
315
316
317
318
319
320
321
322
323



324

325
326
327

T2:1

T2:2
T2:3
T2:4

T3:1
T3:2

T3:3
T3:4
T3:5
T3:6
T3:7
T3:8
T3:9
T3:10

T4:1

T4:2
T4:3
T4:4

T5:1

T5:2
T5:3

F5:1
F5:2

Influence of Shape Parameters
This section describes, via the location of the phreatic surface and

the distribution of water saturation inside the protected zone, the in-
fluence of shape parameters W, H, D, and L. The location of the

Table 2. Three scenarios conducted in the shape parameter study

Scenario Native soil Backfill soil
S-S Sandy soil Sandy soil
L-L Lateritic soil Lateritic soil
L-S Lateritic soil Sandy soil

Note: The height of upstream water level (H,,) was kept constant at 2.0 m
for all 66 simulations.

Table 3. Variation of shape parameters in the shape parameter study

Varied Referenced

parameter Definition value Varied values

W (m) Protected zone width 1.6 20,25

L (m) Length from upstream 2.0 0.5, 1.0, 3.0,
water to the drainage face 4.0,5.0

H (m) MSE wall height 2.0 2.5,3.0,3.5,

4.0,4.5,5.0

D (m) Distance from the wall 0.8 0.0, 0.2, 0.5,
base to the impervious 1.0, 2.0, 3.0,
boundary 4.0, 5.0

Note: The height of upstream water level (H,,) was kept constant at 2.0 m
for all 66 simulations.

Table 4. Three scenarios conducted in 7}, study

Scenario Native soil Backfill soil
S-S Sandy soil Sandy soil
L-L Lateritic soil Lateritic soil
L-S Lateritic soil Sandy soil

Table 5. Variation of geonet thickness and geonet permeability in the 7,
study

Studied values

10, 15, 20
0.8, 0.08, 0.008

Varied parameter Definition

Geonet thickness
Geonet permeability

tnet (mm)
knet (m/ S)

Note: Geometry parameters are kept constant at H(H,,)=2.0 m, L=2.0 m,
D=08m, W=1.6m.

0.16 T
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h, (M)
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(a) Shape parameter /, L, D, W (m)

phreatic surface inside the protected zone was represented by its
highest level (4,), and the distribution of water saturation inside
the protected zone was determined from the water saturation profile
in the protected zone along a vertical section located at 0.8 m apart
from the drainage interface.

Highest Water Level Inside Protected Zone (h,)

For the sake of brevity and comparability, the variations of 4, for
every shape parameter and every scenario were plotted together
(Fig. 5). For the S-S scenario, the native soil was sandy soil
which was different from L-L and L-S scenarios whose native
soil was lateritic soil. The calculation results show that /4, in the
S-S scenario was higher than that in L-L and L-S scenarios. In
fact, the phreatic surfaces in every scenario before approaching
the geocomposite were not much different (Fig. 6). The significant
difference of phreatic surface took place only near the drainage
interface.

It is known that flow across a boundary between two materials
of different permeabilities might result in a reflection of the flow
direction (as shown in Fig. 6), and the relationship between the re-
flected angles and the permeability of the materials is written as
follows:

tan f; ki

tan 3, ky )

where 5, = incident angle or angle of flow vectors in the native soil;
B> =reflected angle or angle of flow vectors in the drainage mate-
rial; k; =permeability of the native soil; and k, = permeability of
drainage material.

Since the drainage material possessed very high permeability,
the flow vectors in the drainage material directed almost vertical,
i.e., B, was almost 90°. The flow vectors in the soil before ap-
proaching the drainage interface had to direct themselves such
that the relationship between the incident angle (3;) and the re-
flected angle (f,) followed Eq. (5). For a given permeability of
drainage material, the high permeability native soil yielded the
higher incident angle than the low permeability native soil did. Ac-
cordingly, near the drainage interface, the phreatic surface in L-L
and L-S scenarios dropped below the phreatic surface in the S-S
scenario.

Fig. 5 also shows that the 4, band in the L-L scenario was higher
than the band in the L-S scenario, indicating a higher mean phreatic
surface in the L-L scenario than that in the L-S scenario.

s
[ —e— L-L scenario (H) —o— L-S scenario (H)
r— —& — [-L scenario (1) - —a—— L-S scenario (L)
0.020 [ ++++@-++ L-L scenario (W) +.-g.... L-S scenario (W) By ks ]

-.—y—.- L-L scenario (D) -.—g—.. L-S scenario (D)
[7777] Variation of #, for L-L scenario k;
0.015 £/ 78 _[LUN Variation of A, for L-S scenario
Sl tanf &

. mp k

Conductivity boundary

ok

hy (M)

(b) Shape parameter H, L, D, W (m)

Fig. 5. (a) Variation of %, subjected to change in all shape parameters for S-S, L-L, and L-S scenarios; and (b) variation of 4, subjected to change in all

shape parameters for L-L and L-S scenarios.
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Fig. 7. (a) Setup of Conditions a, b, and ¢ for modeling of the MSE wall without back drain installation; and (b) variation of %, with D for Conditions

a, b, and c.

This finding is similar to that reported in Bui Van et al. (2017).
They argued that soil in the protected zone was more permeable
in the L-S scenario than in the L-L scenario; therefore, the flow
path reflection resulted in the lower phreatic surface in the protected
zone for the L-S scenario than that for the L-L scenario.

Dimensions of the Protected Zone

The dimensions of the protected zone comprised the protected zone
width (W) and the wall height (H). It is widely accepted that these
shape parameters play important roles in the mechanical responses
and hence internal and external stabilities of an MSE wall (Roy and
Singh 2008; Stuedlein et al. 2012; Kibria et al. 2014). However, the
effect of these shape parameters on the seepage responses in an
MSE wall is yet to be investigated. In this study, since the protected
zone was encapsulated by the geocomposite, ¥ and H were also
the length of geocomposite at the bottom and the backside of the
protected zone, respectively. W was varied from 1.6 to 2.5 m.
Based on the H value of 2.0 m, the WW/H ratio in this study ranges
from 0.8 to 1.25, which is about the practical recommendation of
0.8 to more than 1.1 (Berg et al. 2009). Keeping horizontal distance
from upstream to downstream water sources constant at 5.0 m,
h, negligibly drops with W (Fig. 5). As for the influence of the
wall height H on 4, since this shape parameter has no effect on
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flow geometry, the value of 4, did not change with H, as indicated
in Fig. 5.

Distance from the Wall Base to the Impervious Boundary (D)
Theoretically the distance from the base of an MSE wall to the im-
pervious layer beneath, identified as the shape parameter D, affects
the discharge of water flowing beneath the wall to the downstream
side. In a study of groundwater flow through a sheet pile barrier, Xu
et al. (2014) reported 3D numerical experiments that indicated the
downstream water level decreased at greater insertion depth ratios:
i.e., a ratio between penetration depth and distance from the tip of
the pile to the impervious layer. In MSE walls without a back drain,
an influence of D distance depends on the combination of soil types
in the flow domain. Fig. 7 presents the influence of D distance in
three conditions of the MSE wall without back drain installation,
including (a) the backfill and the native soils were identical,
(b) the backfill soil was sandy soil and the native soil was lateritic
soil; and (c) the backfill soil was lateritic soil and the native soil was
sandy soil. It is noteworthy that the last condition rarely exists in
the real condition since it is no sense to use lateritic soil as backfill
material if sandy is available. However, this study shows three dif-
ferent conditions, including the rarely exist condition (c), for the
sake of comparison and understanding the flow behavior.
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Fig. 8. (a) Setup of the extra numerical experiment to model MSE wall with back drain installation keeping the entry length of upstream water un-

changed; and (b) variation of 4, with D.

For Condition (a), whose backfill and the native soils were iden-
tical, the greater D distance resulted in a lower phreatic level due to
the existence of a larger flow channel beneath the protected zone.
For Conditions (b) and (c), whose backfill and the native soils
were different, the type of backfill soil played role in the flow be-
haviors. In Condition (b), whose backfill material was the sandy
soil and the native soil was lateritic soil, the water flow tended to
direct to the sandy soil as it possessed high permeability. For the
larger D distance, there was the wider area to allow the water
flow into the concerned domain. Since the water flow tended to di-
rect to the sandy soil which was placed as backfill soil, enlarging D
distance would result in a higher phreatic level. In Condition (c),
the lateritic soil was placed as backfill soil and the native soil
was sandy soil. Enlarging D distance resulted in the drop of phre-
atic level since the sandy soil which located below the MSE wall
could accept more amount of water flow.

For an MSE wall with geocomposite back drain installation, en-
larging D distance resulted in little rise of 4, level as shown in
Fig. 5. Variation of %, with D distance was found only within the
limit range of D from 0.0 to 2.0 m. Increment of D beyond 2.0 m
did not change the #, level. It is noteworthy that the cases with
D of 0.0 m were conducted to simulate impervious foundation at
the wall base. However, it is yet to be clarified whether the contri-
bution to this increment of /4, is due to the thickness of the founda-
tion soil or the area of water contribution on the upstream side.

The extra numerical experiment was conducted in the MSE wall
with the back drain installation model. In this model, the vertical
impervious boundary of length 7 was prescribed at the bottom cor-
ner of the upstream side, as shown in Fig. 8. In this experiment en-
larging the distance D was incorporated with extending the length
of vertical impervious boundary line (/) such that the entry length
of the upstream water [Fig. 8(a)] keeps unchanged at 2.0 m.
Fig. 8(b) presents variation of s, with D distance when the entry
length of upstream water was kept constant. The A, level did not
change with D for all scenarios implying that the increment of 7,
with D found in Fig. 5 was solely contributed by the entry length
of the upstream water.

One must be aware that the geonet transmissivity, which is a
product of geonet permeability (ko= 0.8 m/s) and geonet thickness
(t2e¢= 10 mm), assigned in this study is very high (0.008 mz/s). In the
field condition, reduction of geonet- and geotextile transmissivities
might be encountered by various factors, including creep, mineral/
biological clogging, geocomposite intrusion, damage on implemen-
tation, discontinuity at the connection, and so on. The conclusion
drawn in this study is valid if the geocomposite does not exceed
its drainage capacity.
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Length from Upstream Water to the Drainage Face (L)

There is no doubt that the longer the distance from the upstream
water to the drainage face (L), the more the hydraulic head falls
and with it the phreatic level 4, at the downstream exit. Fig. 5(a)
shows the variability of 4, with shape parameter L. When L was
small, &, fell very fast with increments of L but the rate of fall de-
creased when L was greater. In the S-S scenario, the magnitude of
h, approached asymptote when the shape parameter L was greater
than 4.0 m, i.e., 200% of the wall height. This behavior implies that
the influence of shape parameter L was eliminated if L was large
enough. On the other hand, the phreatic height in the protected
zone could be as high as 10% of the wall height when L was shorter
than one-fourth of the wall height. When MSE walls are installed in
mountainous areas, the distance from the upstream water source to
the protected zone can be very short. Accordingly, engineers must
pay close attention to the potential phreatic levels in the protected
zone of an MSE wall in mountainous terrain.

Water Saturation Profile in the Protected Zone

The distribution of water saturation inside the protected zone was de-
termined from the water saturation profile along the vertical line lo-
cated at 0.8 m apart from the drainage interface. In general, the water
saturation profile in a given soil is governed by the shape of the WRC
and the phreatic level in the corresponding soil. Consequently, water
saturation profiles in the protected zone were plotted according to the
type of soil used as backfill material. Water saturation profiles for S-S
and L-S scenarios are presented in Fig. 9(a) and profiles for the L-L
scenario in Fig. 9(b). The profiles were plotted along a vertical direc-
tion, and they were plotted from the wall base to the top of the wall.
In other words, the saturation profiles were plotted to equal height of
the wall height (). Since the wall height was kept constant at 2.0 m
when modeling the influence of the shape parameters W, L, and D,
the profiles for these shape parameters were generated from the ele-
vation of 0.0 m at the wall base to the elevation of 2.0 m at the top of
the wall [Figs. 9(a and b)]. For the shape parameter H, the height of
the wall was varied from 2.0 to 5.0 m. The profiles must be extended
equal to the height of the wall and plotted separately in Fig. 9(c).
In S-S and L-S scenarios, a high level of water saturation was
found only near the wall base. The level dropped very fast with dis-
tance from the wall base and water saturation was lower than 50%
at a height of 0.2 m from the wall base. The water saturation curve
approached asymptote at the middle height of the wall. In the L-L
scenario, water saturation dropped so slowly that it was greater than
80% over the entire height of the wall. The influences of the studied
shape parameters on the water saturation profile are also presented
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Fig. 9. (a) Water saturation profile subjected to variation of D, W, L shape parameter in S-S and L-S scenarios; (b) water saturation profile subjected to
variation of D, W, L shape parameter in L-L scenario; and (c) water saturation profile for H shape parameter in 3 scenarios as S-S, L-L and L-S.

in Fig. 9. This figure combines the plots of all assigned values of
every shape parameter and presents the plots as the boundaries of
the profiles of each shape parameter. Wider boundaries indicate a
greater influence of the corresponding shape parameter on the
water saturation profile. As shown by the boundary plots in
Fig. 9, the influence of all shape parameters on the water saturation
profile is in accordance with the influence on 4,. The boundary
width of water saturation profiles for shape parameter L is larger
than it is for the other shape parameters. The water saturation pro-
files for shape parameter H are plotted as three single lines, one line
for each scenario. There is little deviation between the water satu-
ration profiles for S-S and L-S scenarios, in which the backfill soil
was identical. This similarity indicates that the water saturation pro-
file was mainly governed by the WRC of the corresponding soil.

Geocomposite Drain Properties

The transmissivity of the geonet (7, is widely accepted as a
crucial property for drainage purposes (Gallichand et al. 1992;
Clement et al. 1996; Koerner et al. 2005; Giroud et al. 2000;
Bourges-Gastaud et al. 2013; Yarahmadi et al. 2017). In Plaxis,
the magnitude of 7, must be prescribed through the geonet thick-
ness (#,e;) and its permeability (k). A series of numerical simula-
tions were produced to investigate the individual effects of 7, and
kner ON seepage responses, including the highest water level in the
protected zone (4,), and the water saturation profile inside the pro-
tected zone. The ¢, and k. were varied at 10 and 20 mm and 0.8
and 0.008 m/s, respectively (Table 5).

Fig. 10 presents the variation of water saturation profile with .
for three studied scenarios having k. of 0.8 m/sec. The profiles
were plotted along a vertical section at 0.8 m apart from the drain-
age interface inside the protected zone. In general, varying #,., had
very little effect on the water saturation profile. The water
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Fig. 10. Water saturation profile subjected to the variation of geonet
thickness (o) in S-S, L-L, and L-S scenarios.

saturation profile in the protected zone mainly depended on the
soil type prescribed. Since the soil type in the protected zone in
S-S and L-S scenarios was sandy soil, and in the L-L scenario, lat-
eritic soil, the water saturation profiles of S-S and L-S scenarios dif-
fered significantly from the profiles of the L-L scenario.
Furthermore, Fig. 10 also shows little difference in the water satu-
ration profiles of S-S and L-S scenarios. In the S-S scenario, water
saturation in the lower part of the protected zone was greater than in
the L-S scenario because the phreatic level inside the protected zone
in the S-S scenario was higher than in the L-S scenario [Fig. 5(a)].
However, in the upper part of the protected zone, water saturation
was higher in the L-S scenario than in the S-S scenario. Figs. 11(a
and b) present suction profiles over the domains in question for S-S
and L-S scenarios, respectively. The variation of suction with
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1 TTTTIm T e T ]

10 = -\\|! | ———-kLong[tude ik 107! :‘:“T“'"--." ! V)| ===== k{.ongilude ]
i TR == Kratde |} ~102 e Latitude |
g L] N T [T]][[L="— Ksandy soi 2 s TR (T KLateriti soil |

10° s\ @ 10 : =
L 1A 0 0 N RO
& Tl TSI T e [IAETIINY LI T

104 1 \!_\ blo | | a1\ |
2 | [l M| L = T T LI |
= 10 | ! \\‘:I 1 ! — 10r 1 1 \\\, 7 1
"B 107 (] \\.\\ \|I . S 107 L A ~U| !
S ool LU AN LTI | S e L LT TTTSA TS

T A\ 1 1 1 ] )

) 0 A AN g 1 A A A

109 AR 5 10° N
R . N 1 . A NN

ol L] LTSS TINE o 10 A

il T S 1 S

102 10" 10 10! 10 10° 10 10! 10° 10! 10 10°
(@) Suction (kPa) ®) Suction (kPa)

Fig. 12. (a) k-Functions of the geotextile and native soil for the S-S scenario; and (b) k-functions of the geotextile and native soil for the L-S

scenario.

elevation above the water table along a vertical section a-a located
at 0.75 m right apart from the drainage interface is shown in
Fig. 11(c). Since the water flow directed inclined downward to
the downstream side, the variation of suction with elevation
above water table deviated from 1:1 line to the left (Bear 1972).
Fig. 12 plots the k-function curves of the geotextile and the native
soil. The suction at the place where water started penetrating the
geocomposite in both scenarios was read from the point where
plots of k-functions intersected. The suction values at the intersec-
tion of k-functions are about 1 and 3 kPa in S-S and L-S scenarios,
respectively. Water saturation in the upper part of the protected
zone was higher in the L-S scenario than in the S-S scenario be-
cause, in the L-S scenario, water started to penetrate the geocompo-
site at a higher elevation [Figs. 12(a and b)].
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Fig. 13 presents the effects of #,,; and ke on 4, in the three
studied scenarios. Increasing #,¢; and/or ke produced a fall in £,
due to the increased capacity of the drainage channel. The A,
axis was plotted in a log scale for the sake of ease comparison.
For each £, the ratio of 4, for the lowest #, to 4, for the highest
thet Value is indicated as the number appeared on the corresponding
line. The drop of the /4, ratio with increasing #,, is greater for the
higher k., which means that the reduction of %, by enlarging geo-
net thickness is more effective in the higher geonet permeability.
These data sets were further employed to investigate the relation-
ship between 4, and geonet transmissivity (7,e), as plotted
in Fig. 14.

Fig. 14 shows the variation of %, against geonet transmissivity
(They) in the semi-log scale for the three studied scenarios. A linear
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Fig. 14. Linear relationship between %, and log T, for all 27 cases
conducted in the second part of the numerical experiment.

relationship existed between 4, and In 7}, that was represented
with a coefficient of determination (%) greater than 0.96. The gra-
dients of the linear plots were equal to 0.36 in the S-S scenario and
0.01 in L-L and L-S scenarios. The identical gradients in L-L and
L-S scenarios indicate that the fall in 4, with increments of In 7T}
was mainly governed by the soil type on the upstream side. Since
the gradient in the S-S scenario was 36 times steeper than in L-L and
L-S scenarios and the permeability coefficient of the upstream soil
in the S-S scenario was 49 times the permeability coefficient in L-L
and L-S scenarios, taking into account the very wide range of the
permeability coefficients (1.0 — 10™'? m/s), the gradient ratio of
36:1 is not very different from the permeability coefficient ratio
0f'49:1. The conclusion was drawn that a significant correlation ex-
isted between the rate of fall in 4, with In T}, and the permeability
coefficient of the upstream soil.
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Conclusions

This article investigated the influence of relevant shape parame-

ters on seepage responses, including the highest water level in

the protected (h,) and the water saturation in the protected

zone, in an MSE wall with a geocomposite back drain. Other

than the relevant shape parameters, the influence of geonet trans-

missivity, which is a main component of geocomposite drainage

systems, was also investigated. The following conclusions were

drawn from this study.

® Where the distance from the upstream water to the drainage face
(L) is short, this shape parameter (L) plays a significant role in
the seepage responses in the MSE wall. Accordingly, involved
engineers must pay close attention to the phreatic level in the
protected zone when dealing with an MSE wall in a mountain-
ous area, where the distance from upstream water to the drain-
age face might be very short (Fig. 5).

® The height of the wall (H) and the width of protected zone (W)
play no to negligible role in the magnitude of /,. However, the
vertical distance from the wall base to the impervious boundary
(D) also plays no role in the magnitude of %, whenever the con-
tribution upstream water source does not change (Fig. 8). This
conclusion is based on an assumption that the geocomposite
does not exceed its drainage capacity.

® Water saturation in the protected zone mainly depended on the
water retention curve of the soil used as fill materials (Figs. 9
and 10).

® Although distribution of water saturation in the
protected zone mainly depends on the properties of backfill
material, the k-function of the soil at the upstream side
might play little role in the water distribution in the protected
zone particularly at the upper elevation. This conclusion is
based on k-function plots of upstream soils and geotextile
(Figs. 10-12).

® The permeability of the upstream soil is important properties
contributing to the 4, level. The difference between the per-
meability of the drainage material and that of the upstream
soil governs the A, value (Fig. 6). Furthermore, the perme-
ability coefficient of the soil on the upstream side governs
the rate at which #,, falls with increments of geonet transmis-
sivity. The greater the permeability coefficient of the up-
stream soil, the faster &, falls with geonet transmissivity
(Fig. 14).

Data Availability Statement

All data and models generated or used during the study are avail-
able from the corresponding author by request. The following are
the list of data and models used in this study.
1. MSE wall models in the Plaxis environment having various wall
dimensions with and without back drain installation.
2. MSE wall with back drain installation models in the Plaxis en-
vironment having various geonet thickness (#,,;) and geonet per-
meability (kyer)-
3. All calculation results mentioned in this study include the
following:
® Variation of 4, subjected to the change in all shape parame-
ters, geonet thickness (#,c(), and geonet permeability (k) for
S-S, L-L, and L-S scenarios,

® Variation of water saturation profile subjected to the change
in all shape parameters, geonet thickness (), and geonet
permeability (k) for S-S, L-L, and L-S scenarios.
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Notation

The following symbols are used in this paper:
D = distance from the wall base to the impervious
boundary (m);
G, = specific gravity (—);
H = MSE wall height (m);
Hy, = height of upstream water level (m);
h = total head (m);
h, = highest water level inside protected zone;
h,, = matric suction head (m);
h,, = height of phreatic level at wall face (m);
I = length of vertical impervious boundary line (m);
k = coefficient of permeability (m/s);
ki atiude = coefficient of permeability of geotextile in the
x-directions (m/s);
Kt ongtitude = coefficient of permeability of geotextile in the
y-directions (m/s);

knet = geonet permeability (m/s);
k, = coefficient of relative permeability (—);
k., = coefficients of permeability in the x-directions (m/s);
k, = coefficients of permeability in the y-directions (m/s);

L = length from upstream water to the drainage face (m);
m = VG model parameter (—);
n = VG model parameter (—);
S = degree of saturation (—);
S, = effective degree of saturation (—);
S;es = residual saturation (—);
= saturated saturation (—);
Thet = geonet transmissivity (m*/s);
t = time (s);
thet = geonet thickness (m);
W = protected zone width (m);
a = VG model parameter (m™");
1 = incident angle or angle (deg.);
> = reflected angle (deg.);
y = unit weight (kN/m");
6 = volumetric water content (—);
6,5 = residual volumetric water content (—); and
6.c = saturated volumetric water content (—).
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