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A B S T R A C T

This paper presents a numerical study investigating the hydraulic response and stability of geosynthetic-re-
inforced soil slopes subject to rainfall. A series of numerical simulations of unsaturated slopes with various
backfill–reinforcement–drainage systems subject to rainfall infiltration was performed by comprehensively
considering the combined effect of backfill (i.e., sand, silt, and silty clay), reinforcement type (i.e., geogrid or
nonwoven geotextile), and rainfall intensity (350 and 500mm/day). The backfills were modeled using three
soil–water characteristic curves (SWCCs) representing the general suction range associated with sand, silt, and
clay. The influence of sand cushions in improving the stability of reinforced clay slopes was also assessed. The
numerical results reveal that the loss of matric suction and development of a capillary barrier effect within clay
backfills could have adverse impacts on both the global and local stabilities of the reinforced clay slopes. The
contribution of matric suction in enhancing slope stability was initially high for reinforced clay slopes; however,
the global stability of the reinforced clay slope substantially decreased due to the loss of matric suction as the
rainfall infiltration proceeded. The local instability of the geotextile-reinforced clay slope occurred due to the
capillary barrier effect at the geotextile–clay interface. The reinforced marginal soil slopes cannot effectively
drain the infiltrating water under torrential rainfall. Free drainage conditions may not be assumed for these
slopes if the drainage is not properly considered. Both the global and local factors of safety (FS) of the reinforced
sand slope were minimally influenced by the loss of matric suction induced by rainfall infiltration. The required
reinforcement tensile strengths for the reinforced silt and clay slopes to maintain FS=1.3 were, respectively,
approximately 3 and 4 times larger than that for reinforced sand slopes. Numerical results also indicated that the
inclusion of sand cushions, which provide both strength and drainage functions, can effectively enhance the
slope stability. An optimal sand cushion thickness of 15 cm (replacing 20% of marginal backfill with sand) was
determined in this study.

1. Introduction

Geosynthetic-reinforced soil (GRS) structures are typically com-
posed of four components: soil, reinforcement, facing, and drainage.
Each component has various material options that can have different
influences on the performance of the GRS structure. Considering
backfill types as an example, design guidelines [1,5,12,39] recommend
the use of coarse-grained soils as a backfill material within the re-
inforced zone. However, fine-grained backfill soils (referred to as

marginal fills), which are often locally available and provide both
economic and sustainability benefits, have gained increasing popularity
as an alternative to high-quality granular fills [4,42,45,51,65]. The
contrasting merits and demerits of using marginal fills have been re-
ported and discussed.

Positive aspects of using locally available marginal fills are reducing
transport costs and minimizing environmental impacts associated with
the disposal of excavated soils. In addition, because the backfills are
usually compacted within±2% of optimum moisture content, the
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matric suction generated within unsaturated fills could exert favorable
effects on reinforced soil structures [30,53,54]. Matric suction plays a
crucial role in the interparticle or effective stress state of unsaturated
soils [14,19,33,48,54,63]. The presence of suction can increase soil
effective stress and thus enhance the performance and stability of re-
inforced soil structures by increasing soil stiffness and shear strength
[13,19,27], increasing soil–reinforcement interface strength [4,41,65],
and reducing mobilized reinforcement load [25,46,54].

The key criticism of the use of marginal fills concerns the un-
certainty and variation of porewater pressure (PWP) within reinforced
zones subjected to various moisture conditions. Some fine-grained soils
with a low drainage capacity have been observed to compromise the
performance of reinforced soil structures upon rainfall infiltration
owing to the development of a positive PWP [8,26,28,32,35,56,61,65].
Despite this fact, studies have demonstrated that the problem of PWP
accumulation within marginal fills can be appropriately alleviated by
installing sufficient and efficient drainage [10,38,41,44].

In addition to backfill types, the influence of reinforcement types
(i.e., geogrid or geotextile) on the performance and stability of re-
inforced structures has been discussed in the literature. In addition to
reinforcement function, nonwoven geotextiles are expected to provide
drainage functions to facilitate PWP dissipation within saturated
backfills [15,18,41,43,44]. However, studies have reported that, under
unsaturated soil conditions, nonwoven geotextiles can retard water
flow due to the capillary barrier effect [15,25,36,42,64]. Because of the
capillary barrier effect, a measurable amount of water does not flow
from the backfill soil to the underlying nonwoven geotextile drain until
a critical suction threshold is achieved; hence, nonwoven geotextile
may act as a water barrier instead of a drainage material and lead to an
increase in PWP in the soils immediately above it. Bouazza et al. [7]
and Iryo and Rowe [23] suggested that considerable care is required
when selecting nonwoven geotextiles for use within soil structures in
order to avoid increased PWP developing.

The preceding discussion explains the dilemma of selecting backfill
and reinforcement for GRS structures and describes the complex in-
teraction and mutual influence between back-
fill–reinforcement–drainage systems in GRS structures. Few studies on
the overall evaluation of such systems have been published.
Accordingly, this study addressed this concern by performing a series of
numerical analyses to investigate the hydraulic response and stability of
reinforced slopes subject to rainfall by comprehensively considering the
combined effect of backfill (i.e., sand, silt, and silty clay) and re-
inforcement types (i.e., geogrid or nonwoven geotextile) and rainfall
intensity (350 and 500mm/day). The study findings can facilitate de-
veloping improved methodologies for the analysis and design of re-
inforced soil structures constructed using marginal soils and can pro-
vide suitable guidance for selecting an appropriate
backfill–reinforcement–drainage system for GRS structures. The specific
objectives of this study were as follows: 1. to assess the rainfall-induced
suction variation in reinforced slopes with various back-
fill–reinforcement–drainage systems; 2. to examine the influence of
suction variation on both the global and local stability of reinforced
slope systems; and 3. to evaluate the required reinforcement tensile
strength to achieve a consistent stability level for the reinforced slopes
with various backfills under specified rainfall conditions.

This study also assessed the effectiveness of sand cushions, granular
soil-layer sandwiching reinforcement and drain layers, in improving the
drainage and stability of reinforced marginal soil slopes. Fig. 1 illus-
trates the application of granular soils as facing drains and sand cush-
ions in a GRS structure in current practice. Studies have demonstrated
that the application of sand cushions can accelerate PWP dissipation
under saturated conditions [43,44], reduce the capillary barrier effect
under unsaturated conditions [51], mitigate the surficial intrusion and
long-term clogging in nonwoven geotextiles by fine-grained soils
[9,31], enhance pullout resistance [3], and improve the strength and
deformation characteristics of reinforced clay by improving the

soil–reinforcement interface shear strength [2,52,60]. In this study, the
influence of the use of sand cushions in improving the stability of re-
inforced slopes was assessed, and the contribution of sand cushions
resulting from their strength and drainage functions was quantified.
The optimal thickness of the sand cushions was also determined.

2. Numerical analysis of reinforced slope

2.1. Numerical model and verification

Numerical analyses were performed to investigate the hydraulic
response and stability of reinforced slopes with various soil–reinforce-
ment–drainage systems subject to rainfall. Two-dimensional embank-
ment models (Fig. 2) were developed using SEEP/W and SLOPE/W
software [16,17]. The numerical models were established on the basis
of the full-scale embankment model tests conducted by the Public
Works Research Institute (PWRI), Japan, reported by [25]. The em-
bankments were 3m high and 6m long, with a slope of 0.7H:1V
(=55°). Four layers of geosynthetic reinforcements were placed with a
vertical spacing of 0.75m. A flow flux was specified as the boundary
condition on the top and side slope surfaces of the embankment to
model rainfall infiltration.

The validation of the numerical model was reported by the authors
in a companion paper [51]. A reasonably good agreement was achieved
between the measured and numerical results of PWP distribution within
the embankment. In addition, the authors demonstrated that numerical
analysis is capable of capturing the capillary barrier effect at the
soil–geotextile interface. Notably, this companion paper [51] primarily
investigated the influence of the capillary barrier effect on nonwoven
geotextile-reinforced soil slopes, whereas the present study compre-
hensively evaluated the complex interaction and mutual influence
among various backfill–reinforcement–drainage systems.

In this study, a series of numerical reinforced slope models with
various backfill–reinforcement–drainage systems was established
(Fig. 2). Numerical investigation was conducted by considering various
types of backfills (sand, silt, and silty clay) and geosynthetic re-
inforcements (geogrid and nonwoven geotextile). Sand represents a
good-quality backfill, and silt and silty clay represent marginal backfills
with different fine contents. For modeling geosynthetics, the geogrid
provides only the reinforcement function, whereas nonwoven geotextile
is equipped with both reinforcement and drainage functions. The 3-mm
thick nonwoven geotextile was modeled using six-node triangular ele-
ments with prescribed hydraulic properties across the thickness of the

20 cm
(typical thickness
used in practice)

Granular soil as sand cushion 
for improving drainage and 
soil-reinforcement interaction 
(evaluated in this study) 

Granular soil as facing drain
(conventional drainage design) 

 backfill

Reinforcement

Longitudinal drainage 
collection pipe

Fig. 1. Illustration of application of granular soils as facing drain and sand cushion in a
geosynthetic-reinforced soil structure in current practice.
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geotextile. The geotextile-reinforced slopes were modeled using 4668
six-node triangular elements, whereas the geogrid-reinforced slopes
were modeled using 3396 six-node triangular elements.

In the case of reinforced slopes with sand cushions (Fig. 2b), the
geosynthetics were sandwiched between sand layers (on the top and
bottom of the geosynthetics). The sand cushion layers were placed

15 cm away from the slope face to prevent the water from directly
entering into the slope. The thickness of the sand cushions was varied
from ts=0 to 35 cm to evaluate the influence of sand cushion thickness
in improving the stability of the reinforced clay slopes.

(a)

(b)

Sand 
cushion

Sand 
cushion

Sand 
cushion Zero flux, (q=0)

Zero flux, (q=0)

Fig. 2. Numerical models: (a) geotextile- or
geogrid-reinforced slope; (b) reinforced
slope with sand cushions.
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2.2. Input material properties

The backfills were modeled using three soil–water characteristic
curves (SWCCs), adopted from Zhang et al. [63], to represent the
general suction range associated with sand, silt, and silty clay. The
water retention curve (WRC) of the nonwoven geotextile was deduced
from Iryo and Rowe [24]. In this study, van Genuchten–Mualem’s
model [59] was applied to define the relationship between matric
suction and volumetric water content and to estimate the changes in
hydraulic conductivity with matric suction, expressed as follows:
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where Θ is the normalized volumetric water content; θs is the saturated
volumetric water content; θr is the residual volumetric water content;
(ua− uw) is the matric suction (where ua and uw are the pore air and
porewater pressures, respectively); α and n are the curve fitting para-
meters in van Genuchten-Mualem’s model; krel is the relative hydraulic
conductivity; k is the hydraulic conductivity at any soil degree of sa-
turation; and ks is the saturated hydraulic conductivity. Fig. 3 presents
the hydraulic characteristics of the backfills and nonwoven geotextile.
Table 1 summarizes the curve-fitting parameters and saturated hy-
draulic conductivities of backfills and the nonwoven geotextile ob-
tained using van Genuchten–Mulem’s model [59].

The unsaturated soil shear strength was calculated using the ex-
tended Mohr–Coulomb criterion proposed by Vanapalli et al. [57]:

= ′ + − ′ + − ′c u ϕ u u ϕτ (σ )tan Θ( )tann a a w (3)

where τ represents soil shear strength; c′ is the effective cohesion; ϕ′ is
the effective friction angle; and σn is the total normal stress on the
failure plane; the rest of parameters have been defined earlier. By
comparing Vanapalli’s equation (Eq. (3)) with numerous unsaturated
soil shear strength equations, Zhang et al. [63] found that it can effi-
ciently describe and predict the nonlinear relationship between soil
strength and matric suction. Furthermore, the applicability of Eq. (3) to
predicting the failure loadings of shallow foundations on variably sa-
turated soils was validated by Oh and Vanapalli [40], Vanapalli and
Mohamed [58] and Vahefifard and Robinson [55].

To evaluate the local stability against soil interlayer sliding, the
soil–reinforcement interface shear strength was considered in the si-
mulation. The interface efficiencies (=tanδ′/ tanϕ′) were assumed to be
Rinter=0.9, 0.7, and 0.5 for the sand–reinforcement, silt–reinforce-
ment, and clay–reinforcement interfaces based on the values reported
by Eigenbrod and Locker [11], Koutsourais et al. [29], Martin et al.
[34], and Zornberg et al. [66]. Similar to Eq. (3), the unsaturated in-
terface shear strength was calculated as follows:

= ′ + − ′ + − ′c u u uτ (σ )tanδ Θ( )tanδa n a a w (4)

where τ represents soil-reinforcement interface shear strength; ca′ is the
interfacial cohesion; and δ′ is the interfacial friction angle; the rest of
parameters have been defined earlier. Eq. (4) was used by Hamid and
Miller [20] to evaluate the shear strength of unsaturated soil interfaces.
Studies have reported the influence of matric suction on the soil–rein-
forcement interface shear strength. Hatami and Esmaili [67] conducted
a series of pullout and interface shear tests to investigate unsaturated
marginal soil–geotextile behavior. The test results suggested that the
soil–reinforcement interface shear strength increased with the increase
in soil matric suction. Hatami et al. [21] constructed a series of re-
duced-scale unsaturated embankment tests. The embankments were
constructed using lean clay that had been compacted to with different
water contents (i.e., optimum moisture content OMC and OMC± 2%).
The embankments were subjected to strip loading at the top, and the
observed failure mode was the direct shear sliding of a block of soil over
the top reinforcement layer. The test results confirmed that higher
matric suction in drier soils yielded higher soil–reinforcement interface
shear strength and consequently resulted in higher stability embank-
ments that can bear relatively high failure loads.

Table 2 summarizes the input soil and soil–reinforcement interface
shear strength properties. The soil unit weight was input as γ=17 kN/
m3 for all backfills, and the effective friction angles of sand, silt, and
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Fig. 3. Hydraulic characteristics and shear strength curves of sand, silt, clay, and geo-
textile: (a) water retention curves; (b) hydraulic conductivity functions; (c) soil shear
strength.

Table 1
Hydraulic characteristic parameters for soils and nonwoven geotextile.

Material θs θr α (kPa−1) n ks (m/s)

Geotextile 0.92 0.00 3.0 3.0 2.30× 10−2

Sand 0.40 0.03 1.0 1.8 1.00× 10−4

Silt 0.40 0.04 0.1 2.0 6.00× 10−6

Clay 0.40 0.05 0.01 2.0 1.18× 10−6

Table 2
Soil and soil-geosynthetic interface shear strength parameters.

Soil type Unit weight Effective friction
angle

Interface
reduction factor

Interface
friction angle

γ (kN/m3) ϕ′ (o) Rinter δ′ (o)

Sand 17 35 0.9 32.2
Silt 17 30 0.7 22.0
Clay 17 20 0.5 10.3
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clay were assumed to be ϕ′=35°, 30°, and 20°, respectively. The ef-
fective cohesion was assumed to be c′=0 kPa for all backfills because it
is common in practice to ignore any cohesive strength component of
soil strength if it is present [5,12]. Notably, despite the assumption that
c′=0, the apparent cohesion contingent on the soil suction was con-
sidered in the simulation [the term − ′u u ϕΘ( )tana w in Eq. (3)]. Sand
cushions have the same mechanical and hydraulic properties as sand
backfills. Fig. 3c presents the variation in soil shear strength with matric
suction under σn = 30 kPa, which corresponds to the overburden
pressure at the mid-slope. Matric suction clearly had a significant in-
fluence on the shear strength of clay (shear strength changed from 11 to
40 kPa when matric suction varied from 0 to 150 kPa), whereas it had a
negligible influence on the shear strength of sand.

2.3. Numerical program and simulation details

Table 3 summarizes the numerical program for modeling the un-
saturated reinforced slopes with various back-
fill–reinforcement–drainage systems. Table 4 presents the numerical
program of reinforced clay slopes with various sand cushion thick-
nesses. A total of 20 simulation cases were conducted. For each case,
transient seepage analysis and limit equilibrium (LE) analysis were
performed. The PWPs calculated from the transient infiltration analysis
were input into the LE analysis to calculate the soil effective stress and
the corresponding factor of safety (FS). In the LE analysis, both global
(overall slope failure) and local (soil interlayer sliding above the top-
most geosynthetic layer) stabilities were analyzed. The PWP profile and
global and local FSs of each case were compared in this study.

In the transient seepage analysis, the governing equation for tran-
sient flow within an unsaturated medium was derived by Richards [47]
from Darcy’s law and the continuity equation.
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∂
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where h= total hydraulic head; kx=unsaturated hydraulic con-
ductivity in the x direction; ky=unsaturated hydraulic conductivity in
the y direction; mw=coefficient of water volume change (slope of the
water characteristics curve); γw=unit weight of water; and θ= vo-
lumetric water content.

Initial suction values of −3.5, −12, and −100 kPa were specified
for sand, silt, and silty clay, respectively. These values were obtained on
the basis of the typical value of the as-compacted optimum water
content of each backfill [22] and the corresponding SWCC in Fig. 3a.
The importance of setting antecedent hydrology in numerical analysis
has been discussed in many studies [6,37,50,62].

During the transient seepage analysis, rainfall intensities of q=350
(i.e., 4.05×10−6 m/s) or 500mm/day (i.e., 5.79× 10−6 m/s), re-
presenting torrential rainfall and extremely torrential rainfall as defined
by Taiwan Weather Bureau, were prescribed on the top and side sur-
faces of the embankments for a period of 24 h. The selected rainfall
intensity, q=500mm/day, also reflects the extreme weather events
that have recently occurred in Taiwan during the typhoon and East
Asian monsoon season due to the influence of global warming. An
impervious boundary was prescribed at the bottom of the slope to
model an RC or well-compacted foundation. The prescribed impervious
boundary also allows the influence of the build-up of a positive PWP
from the bottom of the slope to be examined.

To allow seepage flowing out of the slope, once PWP became po-
sitive at any node on the top and side slope surfaces, the boundary
condition was switched from the flux-specified boundary condition
(i.e., q=350 or 500mm/day) to a pressure-head-specified boundary
condition (hp=0m). Surface runoff was permitted when the developed
PWP on the slope surface changed to a positive value. An automatically
adjusted time-step increment between 1 and 100 s was selected for at-
taining convergence.

In the LE analyses, slope stability calculations were performed using
Spencer’s method [49], which rigorously satisfies all equilibrium con-
ditions (i.e., vertical force, horizontal force, and moment equilibrium).
An allowable long-term tensile strength of Ta=21.6 kN/m adopted
from [25] was input for both the geotextile and geogrid. The same
tensile strength values were selected for both the geotextile and geogrid
with the intention of evaluating the difference between the calculated
FSs caused by the drainage function of geosynthetics (only geotextile
has a drainage function). The reinforcement force was assumed to be
uniformly distributed with depth and to act horizontally on the failure
surface (as-installed). The global FS for the entire slope and the local FS
for the interlayer soil sliding along the top reinforcement layer were
analyzed. By selecting the “optimization” function in Slope/W, multiple
circular/noncircular slip surfaces were automatically searched until the
critical failure surface corresponding to the minimum FS was identified.

3. Results and discussion

3.1. Moisture migration and porewater pressure profile

Fig. 4 presents the PWP profiles at a distance of x= 2.4 m from the
toe of the slope under torrential rainfall conditions (q=350mm/day),
corresponding to the following timings: 1. the initial condition
(t=0h); 2. the wetting fronts were temporarily halted and the max-
imum PWP developed within the soil immediately above the topmost
nonwoven geotextile layer (i.e., t=3.5, 4.1, and 5.6 h for the re-
inforced sand, silt, and clay slopes, respectively); 3. the wetting front
reached the bottom of the slope; and 4. the minimum global FS was
obtained (either under steady-state seepage conditions or at the end of
the rainfall event at t=24 h). The hydrostatic line is also depicted in
the figures for reference.

When the wetting front advanced downward, PWP increased from
the initial values (−3.5, −12, and− 100 kPa) to −2.0, −5.0, and
0 kPa at the top of the reinforced sand, silt, and clay slopes, respec-
tively. Compared with sand and silt, the clay backfills in Slopes 3-A and
3-B experienced greater loss of matric suction after the wetting front
passed. When the wetting front reached the bottom of the slope, the
sand and silt backfills remained unsaturated, whereas the clay backfills
became completely saturated (Fig. 4). This phenomenon can be eval-
uated using the ratio of rainfall intensity to saturated soil hydraulic

Table 3
Numerical program of reinforced slopes with various backfill-reinforcement systems.

Slope Backfill Rainfall intensity

Torrential rainfall
q=350 (mm/day)

= 4.05×10−6 (m/s)

Extremely torrential rainfall
q=500 (mm/day)

= 5.79× 10−6 (m/s)

q/ks Geotextile-
reinforced

Geogrid-
reinforced

q/ks Geotextile-
reinforced

Geogrid-
reinforced

1 Sand 0.04 1-A 1-B 0.06 1-C 1-D
2 Silt 0.68 2-A 2-B 0.96 2-C 2-D
3 Clay 3.50 3-A 3-B 4.90 3-C 3-D

Table 4
Numerical program of reinforced clay slopes with various sand cushion thickness.

Sand cushion thickness (cm) Clay backfill
Rainfall intensity, q=350 (mm/day)

Geotextile-reinforced Geogrid-reinforced

0 3-A 3-B
5 3-A-5 3-B-5
15 3-A-15 3-B-15
25 3-A-25 3-B-25
35 3-A-35 3-B-35
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conductivity (the q/ks value indicated in Table 3). For q/ks < 1 (q/
ks = 0.04 and 0.68 for the reinforced sand and silt slopes, respectively),
the inflow flux (i.e., q) was lower than the outflow flux (limited by the
ks of the backfill), resulting in an increase in PWP; however, the soil
remained unsaturated when the wetting front passed. For q/ks≥ 1 (q/
ks=3.50 for the reinforced clay slopes), because the inflow flux was
higher than the outflow flux, the negative PWP (or matric suction)
within the clay backfill was gradually lost with the passage of the
wetting front and eventually became completely saturated

(Fig. 4e and f).
As rainfall continued, when the steady-state condition or the end of

the rainfall event was reached, all cases to some extent exhibited a
positive PWP that built up at the bottom of the slope. For Slopes 2-B and
3-B, which had a low drainage capacity, the positive PWP even accu-
mulated up to the top of the slope. The numerical results suggest that
installing drainages at the bottom of the slope to minimize the build-up
of the positive PWP from the bottom of the slope is important. In ad-
dition, under the specified torrential rainfall condition (q=350mm/
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Fig. 4. Porewater pressure profile at a distance of x=2.4m from the
toe of slopes under q=350mm/day: (a) Slope 1-A (sand-geotextile);
(b) Slope 1-B (sand-geogrid); (c) Slope 2-A (silt-geotextile); (d) Slope
2-B (silt- geogrid); (e) Slope 3-A (clay-geotextile); (f) Slope 3-B (clay-
geogrid).
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day), the silt and clay slopes of the geogrid cannot effectively drain the
infiltrating water. Free drainage conditions may not be assumed for
these slopes if the drainage is not properly considered.

Fig. 4 reveals that the PWP profiles were more discontinuous for the
nonwoven geotextile-reinforced slopes (Slopes 1-A, 2-A, and 3-A) than
for those of the geogrid-reinforced slopes (Slopes 1-B, 2-B, and 3-B).
This difference in the PWP profiles is attributed to the capillary barrier
effect at the soil–geotextile interface in the geotextile-reinforced slopes.
As discussed in the introduction, the capillary barrier effect could in-
crease the water storage of the backfill soils immediately above the
nonwoven geotextile beyond the capacity limit that they could ordi-
narily retain under gravity [36,51]. Consequently, the water in the
backfill was momentarily halted and prevented from flowing into the
underlying nonwoven geotextile, resulting in excess PWP accumulation
at the soil–geotextile interface. Moreover, the capillary barrier effect
became more profound with the increase in the fine content in backfill.
PWPs in sand, silt, and clay backfills at the topmost geotextile layer
increased to −1.5, −2 and +3 kPa, respectively, when wetting fronts
were halted above the topmost geotextile layer (Fig. 4).

The capillary barrier effect also affected the infiltration time. For
slopes with the same backfill types, the required times for water to pass
through geotextile- and geogrid-reinforced slopes were different. The
wetting front reached the bottom of the geogrid-reinforced slopes at
t=13.5, 14.8, and 16.8 h for sand, silt, and clay backfills, respectively
(Fig. 4). However, the time required for the wetting front to reach the
bottom of the geotextile-reinforced slopes was considerably longer
(t=14.3, 18.5, and 21.2 h for sand, silt, and clay backfills, respec-
tively).

Fig. 5 presents the PWP profiles within the reinforced slopes sub-
jected to extremely torrential rainfall (q=500mm/day). Under this
rainfall condition, the reinforced sand slope with q/ks=0.06 remained
unsaturated, whereas the reinforced clay slopes with q/ks=4.90 were
completely saturated when the wetting front reached the bottom of the
slope. The reinforced silt slope with a q/ks value close to 1.0 (q/
ks=0.96) was nearly saturated when the wetting front reached the
bottom of the slope.

Rainfall intensity affects the time taken for the wetting front to
advance. For the slope subjected to a higher rainfall intensity, the time
required for the wetting front to reach a certain depth was shorter, and
the exposure to the same or larger PWP was longer. In addition, the
capillary barrier effect still occurred in the geotextile-reinforced slopes
under a high rainfall intensity (Slopes 1-C, 2-C, and 3-C in
Fig. 5a, c, and e), suggesting that rainfall intensity does not affect the
occurrence of the capillary barrier effect.

3.2. Global stability

Fig. 6 presents the variations in the global FS with time (or cumu-
lative rainfall) under different rainfall intensities. Table 5 summarizes
the calculated minimum FSs during the rainfall event. The global FS of
the reinforced clay slopes initially (t=0) were considerably higher
than those of the reinforced sand and silt slopes. This is because at the
beginning of infiltration, the clay backfills exhibited a high initial ma-
tric suction (−100 kPa) compared with that of the silt (−12 kPa) and
sand (−3.5 kPa) backfills, resulting in a higher soil shear strength and
slope stability in the reinforced clay slopes. As rainfall proceeded, the
global FS of the reinforced clay slopes substantially decreased due to
the loss of matric suction in clay backfills upon rainfall (Fig. 6). The rate
of decrease of FS in the reinforced clay slopes was considerably faster
than that of the reinforced silt and sand slopes. The minimum global FSs
in the reinforced clay slopes were less than those in the reinforced silt
and sand slopes, ranging from small to large for reinforced clay, silt,
and sand slopes, respectively.

A marked decrease in FS was observed in the geotextile-reinforced
clay slope during t=3.0–5.6 h in Slope 3-A (Fig. 6a) and t=1.0–4.0 h
in Slope 3-C (Fig. 6b). This marked decrease in FS corresponds to the

time when excess PWP accumulated at the topmost nonwoven geo-
textile–backfill interface due to the capillary barrier effect
(Figs. 4e and 5e). The capillary barrier effect also resulted in a differ-
ence in the front part of the FS curves between the geotextile- and
geogrid-reinforced clay slopes (Fig. 6). Once the entire slope was sa-
turated as the wetting front reached the bottom of the slope (t > 21.2 h
in Slope 3-A and 18 h in Slope 3-C), the capillary barrier effect became
inactive, and the FSs in the geotextile- and geogrid-reinforced clay
slopes thus finally converged to a close value.

Both the geotextile-reinforced (Slopes 3-A and 3-C) and geogrid-
reinforced (Slopes 3-B and 3-D) clay slopes failed (FS < 1) before the
wetting front reached the bottom of the slope because of a significant
loss of matric suction in the clay backfills. The slope failure suggests the
inadequate drainage or reinforcement capacity of the reinforced clay
slopes under the specified rainfall conditions. Remedial measures in-
volving increasing reinforcement tensile strength or installing sand
cushions in the reinforced clay slopes were investigated and discussed
later.

Regarding the influence of rainfall intensity, the minimum FSs of
the reinforced clay slope under different rainfall conditions were close
to each other. This is attributed to the low permeability of clay (q/
ks≫ 1 for both rainfall intensities), due to which the reinforced clay
slope becomes completely saturated under both rainfall conditions. The
extra rainfall when q increases from 350 to 500mm/day becomes
surface runoff and does not enter the slope to increase PWP. Although
rainfall intensity appears to have little influence on the minimum FS
values, the heavier rainfall caused slopes to fail earlier. For example,
considering the geotextile-reinforced clay slopes under q=350 (Slope
3-A) and 500mm/day (Slope 3-C), Slope 3-C failed at t=18.5 h,
whereas Slope 3-A failed at t=21 h.

For the reinforced silt slopes, an insignificant difference in FS be-
tween the geotextile- and geogrid-reinforced silt slopes (Slope 2-A vs.
Slope 2-B and Slope 2-C vs. Slope 2-D) was observed at the front part of
the FS curves because the capillary barrier effect was less profound at
the silt–geotextile interface than that at the clay–geotextile interface.
However, a clear difference in the rear part of the FS curves was ob-
served. For example, the geotextile-reinforced silt slopes exhibited
minimum FS=1.50 (Slope 2-A) and 1.48 (Slope 2-C), whereas the
geogrid-reinforced silt slopes (Slopes 2-B and 2-D) exhibited a
minimum FS of slightly less than 1.0 (unstable conditions). The failure
of Slopes 2-B and 2-D occurred after the wetting front reached the
bottom of the slope because of the build-up of a positive PWP at the
impervious base (Figs. 4d and 5d). The difference in FS is attributed to
the drainage function of the nonwoven geotextile and the lack of
drainage function of the geogrid. Because of the drainage function of
the geotextile, the geotextile-reinforced silt slopes had FSs higher than
those of the geogrid-reinforced silt slopes; consequently, failure did not
occur under the specified rainfall conditions.

For the reinforced sand slopes (Slopes 1-A, 1-B, 1-C, and 1-D), the
FSs appeared to be consistent with time, suggesting that rainfall in-
filtration had a minor effect on the FSs. This is because the shear
strength of sand exhibited a negligible change with matric suction
(Fig. 3c), and the high permeability of sand (q/ks< < 1 for both
rainfall intensities) prevented the accumulation of a positive PWP.
Consequently, the reinforced sand slopes were not completely saturated
and could maintain stability under the specified rainfall conditions.
This finding supports the use of conventional design methods for GRS
structures backfilled with granular soils, in which the effect of PWP is
not considered in design by assuming that the granular backfill has a
high drainage capacity. Moreover, because sand has a high drainage
capacity, the drainage provided by the nonwoven geotextile and rain-
fall intensity had only a minor effect on the global stability of the re-
inforced sand slopes because the FSs of Slopes 1-A, 1-B, 1-C, and 1-D
were close.
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3.3. Local stability

Fig. 7 presents the variations in local FS with time (or cumulative
rainfall) under different rainfall intensities. The calculated minimum
FSs during the rainfall event are summarized in Table 5. A sudden and
marked drop in FSs was observed in the geotextile-reinforced clay
slopes (Slopes 3-A and 3-C). The FS of Slope 3-A reached its lowest
value at t=5.6 and lasted for approximately 1.0 h until t=6.5 h
(Fig. 7a), and the FS of Slope 3-C reached its lowest value at t=4h and

lasted for approximately 1.2 h until t=5.2 h (Fig. 7b). These sudden
drops in FS corresponded to the development of a positive PWP caused
by the capillary barrier effect at the clay–nonwoven geotextile interface
(Figs. 4e and 5e), as discussed previously. The occurrence of the
minimum local FS in the geotextile-reinforced slopes corresponded to
the time at which the maximum PWP occurred in the soil immediately
above the topmost nonwoven geotextile due to the capillary barrier
effect (t=5.6 h for Slope 3-A and 4 h for Slope 3-C).

The capillary barrier effect had an adverse influence on the local
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Fig. 5. Porewater pressure profile at a distance of x=2.4m from the
toe of slopes under q=500mm/day: (a) Slope 1-C (sand-geotextile);
(b) Slope 1-D (sand-geogrid); (c) Slope 2-C (silt-geotextile); (d) Slope
2-D (silt- geogrid); (e) Slope 3-C (clay-geotextile); (f) Slope 3-D (clay-
geogrid).
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stability of the geotextile-reinforced clay slopes (Slopes 3-A and 3-C).
The local FS of these slopes decreased to below 1, indicating that the
local failure of the interlayer soil sliding along the top reinforcement
layer occurred. After the capillary barrier breakthrough, the PWP on
the top geotextile layer dissipated, leading to a slight recovery of the FS.
Unlike Slopes 3-A and 3-C in which the local failure occurred early, the
failure of Slopes 3-B and 3-D (FS slightly less than 1.0) occurred late
because of the decrease in the soil–geogrid interface shear strength
caused by the loss of matric suction as rainfall continued. Similar to the
results for global stability, heavier rainfall caused local slope failure to
occur earlier, as is revealed by comparing Fig. 7a and b.

The local FSs of the reinforced silt slopes gradually decreased with

rainfall. No marked decrease in FSs in the geotextile-reinforced silt
slopes (Slopes 2-A and 2-C) was observed because the capillary barrier
effect was less profound in the silt–geotextile interface than in the
clay–geotextile interface. Consequently, the capillary barrier effect did
not cause the local failure of the geotextile-reinforced silt slopes (Slopes
2-A and 2-C). The geogrid-reinforced silt slopes (Slopes 2-B and 2-D)
had minimum local FSs lower than those of the geotextile-reinforced silt
slopes (Slopes 2-A and 2-C) because geogrid has no drainage function.

The local stability of the reinforced sand slopes (Slopes 1-A, 1-B, 1-
C, and 1-D) was not influenced by rainfall infiltration or the geosyn-
thetic type (with and without drainage function). In addition, rainfall
intensity (q=350 and 500mm/day) had a negligible effect on the local
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Fig. 6. Comparisons of the global FS of reinforced slopes under: (a) q=350mm/day; (b)
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Table 5
Summary of calculated minimum factor of safety during rainfall event.

Rainfall intensity Backfill Geotextile-reinforced Geogrid-reinforced

Slope Global FS Local FS Slope Global FS Local FS

q=350 (mm/day) Sand 1-A 1.99 1.84 1-B 1.93 1.84
Silt 2-A 1.50 1.68 2-B 0.96 0.99
Clay 3-A 0.53 0.58 3-B 0.45 0.66
Clay 3-A-5 1.41 0.97 3-B-5 1.18 0.91
Clay 3-A-15 1.52 1.28 3-B-15 1.36 1.17
Clay 3-A-25 1.57 1.34 3-B-25 1.51 1.33
Clay 3-A-35 1.62 1.47 3-B-35 1.58 1.47

q=500 (mm/day) Sand 1-C 1.97 1.83 1-D 1.87 1.83
Silt 2-C 1.48 1.26 2-D 0.96 0.99
Clay 3-C 0.53 0.54 3-D 0.44 0.64
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Fig. 7. Comparisons of local FS of reinforced slopes under: (a) q=350 mm/day; (b)
q=500mm/day.
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FS of the reinforced sand slopes. This can be attributed to the high
permeability of sand compared to the given rainfall intensities
(q < < ks), thus the infiltrating water can be efficiently dissipated and
the matric suction did not completely diminish. Similar to the ob-
servations in global stability, the minimum local FSs in the reinforced
sand slopes were higher than those in the reinforced silt and clay slopes.

3.4. Required reinforcement tensile strength

As previously discussed, the stability of reinforced slopes with
marginal backfills (i.e., silt and clay) is lower than that of reinforced
slopes with high-quality backfills (i.e., sand) under the specified rainfall
conditions. Either the drainage or reinforcement capacities of the re-
inforced marginal backfill slopes should be improved to enhance the
slope stability. The required reinforcement tensile strength Treq to
achieve the same stability level was evaluated. To determine the Treq for
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Fig. 9. Porewater pressure profile at a distance of
x=2.4 m from the toe of the slope with different sand
cushion thickness when: wetting front reached to the
bottom of slope, (a) geotextile reinforced slope, (b)
geogrid reinforced slope; at 24 h, (c) geotextile re-
inforced slope, (d) geogrid reinforced slope.
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each slope, the input reinforcement tensile strength was gradually in-
creased until a global FS=1.3 was attained. The value of FS=1.3 was
selected according to the required FS for the reinforced slope in the GRS
structure design guidelines [12].

Fig. 8 presents the required reinforcement tensile strength for re-
inforced slopes at FS=1.3. Treq ranges from small to large in the order
of reinforced sand, silt, and clay slopes. The Treq values for the re-
inforced silt and clay slopes to satisfy FS=1.3 were, respectively, ap-
proximately 3 and 4 times larger than that for reinforced sand slopes,
irrespective of the reinforcement type and rainfall intensity. This
finding was supported by Vahedifard et al. [54], who compared the
reinforcement loads of two GRS walls with high-quality and marginal
backfills under various surcharge and rainfall levels.

The Treq values for geotextile-reinforced slopes are generally less
than those for geogrid-reinforced slopes with the same backfill. The
difference is attributed to the drainage role played by the nonwoven
geotextile, particularly at saturated conditions. Regarding the effect of
rainfall intensity on Treq, heavier rainfall (q=500mm/day) generally
requires a higher reinforcement strength to maintain the same stability
level. Nevertheless, the difference in Treq values for reinforced clay
slopes subjected to two specified rainfall conditions was minimal. As
previously explained, this is because the maximum amount of water
that could infiltrate into the slope is governed by the q/ks ratio. Because
clay has a low hydraulic conductivity (q/ks > 1 for both rainfall in-
tensities), further increase in rainfall intensity does not lead to a sig-
nificant increase in water infiltration.

4. Evaluation of the effects of sand cushions

4.1. Porewater pressure profile

Fig. 9 presents the PWP profiles of the reinforced clay slopes with
different sand cushion thicknesses (i.e., ts=0–35 cm) at the time when
the wetting front reached the bottom of the slope (Fig. 9a and b) and at
the end of the rainfall event at t=24 h (Fig. 9c and d). Clearly, PWP
development in the slopes with sand cushions was less than that in the
slopes without sand cushions (Slopes 3-A and 3-B). This result suggests
that the inclusion of sand cushions, acting as a drain layer, can effec-
tively facilitate PWP dissipation within the reinforced clay slopes. The
difference in PWP between the slopes with and without sand cushions
increased with the increase in the sand cushion thickness, particularly
at the part of the slope in which the positive PWP developed. Never-
theless, a substantial reduction in PWP was achieved by using 5–15-cm-
thick sand cushions, indicating that an optimal sand cushion thickness
exists, beyond which the drainage benefits provided by the sand
cushion exhibits no significant increase.

As reported in the companion paper [51], the inclusion of sand
cushions can also reduce the development of the capillary barrier at the
clay–geotextile interface under unsaturated conditions. Thuo et al. [51]
reported that sand cushions acted as an intermediate material between
the backfill and the nonwoven geotextile, which bridged the gap be-
tween two materials with contrasting unsaturated hydraulic char-
acteristics; consequently, the accumulated PWP at the clay–geotextile
interface caused by the capillary barrier effect in the soils could be
effectively dissipated downward.

4.2. Global and local stabilities

Fig. 10 presents the variation in the global FS of the reinforced clay
slopes with different sand cushion thicknesses. At the beginning of the
rainfall (t=0h), the global FS decreased with an increase in the sand
layer thickness. This is because clay backfill had a higher initial suction
(−100 kPa) compared with that of sand (−3.5 kPa); thus, the shear
strength of clay at the initial conditions was higher than that of sand
(see Fig. 3c). Consequently, an increase in the sand cushion thickness
initially causes a decrease in the global FS.

Because the matric suction was rapidly lost with rainfall, the de-
creasing rate of FS increased with a decrease in the sand cushion
thickness. The FS versus time curves eventually intersected at t=19 h,
and the global FS of the geotextile-reinforced slope with a thicker sand
cushion subsequently became higher than that with a thinner one
(Fig. 10a). Similar results were observed for the geogrid-reinforced
slope when t > 17.5 h (Fig. 10b). At this moment, the entire slope was
nearly completely statured, and matric suction had no influence on the
soil shear strength. The system stability was enhanced by sand cush-
ions, not only for more efficient drainage capacity (Fig. 9) but also for
the higher effective soil shear provided by the sand cushion.

Fig. 11 presents the results of the local FS of the reinforced slopes
with different sand cushion thicknesses. Similar to the results in the
global FS, a decrease in initial local FS at t=0h was observed with an
increase in the sand cushion thickness because of the replacement of
clay backfill, which had high initial suction with sand cushion layers.
For the geotextile-reinforced slopes (Fig. 11a), the local FS substantially
dropped because of the capillary barrier effect at the clay–geotextile
interface. Because the inclusion of sand cushions can effectively alle-
viate the capillary barrier effect and prevent the accumulation of PWP
at the interface, the local FS of the slopes with sand cushions became
higher than that of the slope without sand cushions when the capillary
barrier effect developed in Slope 3-A (approximately at t > 4.0 h);
thereafter, the local FS of the slopes increased with an increase in the
sand cushion thickness.

For the geogrid-reinforced slopes (Fig. 11b), the decrease in the
local FS was caused by the loss of matric suction at the soil–geogrid
interface. Compared with the slope without sand cushions (Slope 3-B),
the local FS decreased at a faster rate in the slopes with sand cushions
because of the high permeability of sand allowing a faster and easier
rainwater ingress from the slope face. The decrease in the local FS in the
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Fig. 10. Variation of global FS of reinforced slopes with different sand cushion thickness:
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slopes with sand cushions rapidly reached a steady-state condition, and
the local FS of the slopes subsequently increased with an increase in the
sand cushion thickness. As the local FS of the slope without sand
cushions continuously decreased with rainfall, the local FS of the slopes
with sand cushions became higher than that of the slope without sand
cushions when t > 16 h.

Table 5 summarizes the minimum global and local FSs for the slopes
with and without sand cushions during the rainfall event. Applying
sand cushions effectively enhanced both the local and global FSs by
contributing to drainage and strength, thereby enhancing system sta-
bility (sand has a higher saturated ks and ϕ′ than those of clay). An
increase in sand cushion thickness leads to an increase in the minimum
FS value. As shown in Table 5, a 5-cm sand cushion can improve the
global stability of the reinforced clay slopes from unstable (FS=0.53
and 0.45 for Slopes 3-A and 3-B) to stable conditions (FS=1.41 and
1.18 for Slopes 3-A-5 and 3-B-5), and a 15-cm sand cushion can im-
prove the local stability from unstable (FS=0.58 and 0.66 for Slopes 3-
A and 3-B) to stable conditions (FS=1.28 and 1.17 for Slopes 3-A-15
and 3-B-15).

4.3. Quantification of sand cushion contribution

Fig. 12 presents the contributions provided by the strength and
drainage functions of sand cushions in enhancing the global FS of the
reinforced clay slopes. The global FSs of Slopes 1-A and 1-B are depicted
as the upper limits, representing the cases of all clay backfill replaced
with sand, whereas the global FS of Slope 3-B is illustrated as the lower
limit, representing the cases without sand cushions. To separately
quantify the strength and drainage functions of the sand cushion, an

additional set of numerical analyses was conducted by inputting the
shear strength properties of clay and the hydraulic properties of sand
for sand cushions to obtain the sole contribution from the drainage
function of the sand cushion. Table 6 summarizes the results of per-
centage improvement in slope stability with respect to the FS of the
lower limit.

For the geotextile-reinforced slopes (Fig. 12a), the global FS clearly
increased with an increase in the sand cushion thickness. The percen-
tage improvements contributed by the drainage of the geotextile and
the drainage and strength of the sand cushion were 17%, 74–78%, and
120–163%, respectively (Table 6). The geogrid-reinforced slopes also
exhibited a similar trend of increasing FS with the sand cushion
thickness (Fig. 12b). The percentage improvements contributed by the
drainage and strength of the sand cushion were 45–87% and
116–163%, respectively (Table 6). Notably, the strength of the sand
cushion had a larger contribution in enhancing the global FS than the
drainage of the sand cushion and geotextile. The contribution from the
strength of the sand cushion increased as the sand cushion thickness
increased, with the upper bound considered to be the FS of the re-
inforced sand slope. The contribution provided by the drainage of the
sand cushion was not substantially affected by the sand cushion
thickness. An increase in the sand cushion thickness beyond 5 cm in the
geotextile-reinforced clay slope and 15 cm in the geogrid-reinforced
clay slopes did not further increase the contribution provided by the
drainage of the sand cushion.

Fig. 13 presents the results of the contribution of sand cushions in
enhancing the local FS of the reinforced clay slopes. The local FS in-
creased with an increase in the sand cushion thickness in both the
geotextile- and geogrid-reinforced slopes. For the geotextile-reinforced
slopes, the percentage improvements contributed by the drainage and
strength of the sand cushion were 51–71% and 15–80%, respectively
(Table 7). The drainage provided by the sand cushion had a larger

Fig. 11. Variation of local FS of reinforced slopes with different sand cushion thickness:
(a) geotextile-reinforced slope; (b) geogrid-reinforced slope.

1.41
1.52

1.57 1.62

0.87 0.88 0.88 0.88 

0.0

0.5

1.0

1.5

2.0

2.5

0 5 10 15 20 25 30 35

G
lo

ba
l f

ac
to

r o
f s

af
et

y 

Sand cushion thickness (cm)

Contribution from strength function of
sand cushion 

3-A, FS = 0.53
Contribution from drainage 
function of sand cushion 

1-A, FS = 1.99

3-B, FS = 0.45Contribution from drainage 
function of geotextile

(a)

1.18
1.36

1.51 1.58

0.65
0.84 0.84 0.84

0.0

0.5

1.0

1.5

2.0

2.5

0 5 10 15 20 25 30 35

G
lo

ba
l f

ac
to

r o
f s

af
et

y 

Sand cushion thickness (cm)

1-B, FS = 1.93

3-B, FS = 0.45

Contribution from drainage 
function of sand cushion

Contribution from strength 
function of sand cushion

(b)

Fig. 12. Contributions of sand cushion in enhancing global FS: (a) geotextile-reinforced
slope; (b) geogrid-reinforced slope.

K.-H. Yang et al. Computers and Geotechnics 96 (2018) 25–39

36



contribution in enhancing the local FS than the strength of the sand
cushion because sand cushions can facilitate the dissipation of the po-
sitive PWP accumulated at the soil–geotextile interface. For the geo-
grid-reinforced slopes, the percentage improvements contributed by the
geogrid to reduce capillary barrier effect and the drainage and strength

of the sand cushion were 12%, 39–57%, and 4–82%, respectively
(Table 7). Similar to the observation regarding global stability, an in-
crease in the sand cushion thickness beyond 5 cm in the geotextile-re-
inforced clay slopes and 15 cm in the geogrid-reinforced clay slopes did
not further increase the contribution from the drainage of the sand
cushion.

An optimal sand cushion thickness of 15 cm was determined by this
study. Considering a vertical reinforcement spacing of 75 cm in the
slope model applied in this study (Fig. 2), a 15-cm sand cushion is
equivalent to replacing 20% of marginal backfill with sand. This value
was determined on the basis that a 15-cm sand cushion can not only
achieve its maximum drainage contribution but is also adequate to
prevent local and global failures in both geotextile- and geogrid-re-
inforced clay slopes under the specified rainfall conditions.

5. Design implications

The study findings reveal that the loss of matric suction and de-
velopment of a capillary barrier effect within the marginal backfill
could have a negative impact on both the global and local stabilities of
reinforced clay slopes. In addition, the study indicates that the re-
inforced marginal soil slopes cannot effectively drain the infiltrating
water under torrential rainfall (q=350mm/day). Free drainage con-
ditions may not be assumed for these slopes if the drainage is not
properly considered. Consequently, GRS structures with cohesive soil as
an alternative backfill material should be designed with special caution
to prevent the aforementioned adverse effects.

To guarantee a satisfactory and safe design, the numerical proce-
dures presented and discussed in this paper can be applied to evaluate
the stability of reinforced marginal soil slopes subject to heavy rainfall.
First, a design rainfall intensity should be selected on the basis of the
annual exceedance probability or the return period specified in the
regional code for hydrological design. Subsequently, transient infiltra-
tion analyses should be performed by inputting the specified rainfall
condition to obtain PWP information. LE analyses based on framework
of unsaturated soil mechanics can be conducted using the estimated
PWP distribution obtained from the transient infiltration analyses to
evaluate the variation in FS with rainfall. If the minimum FS is less than
the required value under the specified rainfall condition, the measures

Table 6
Summary of percentage contributions of sand cushion to global FS.

Sand cushion thickness
(cm)

Geotextile-reinforced Geogrid-reinforced

Slope Geotextile drainage
(%)

Sand cushion drainage
(%)

Sand cushion strength
(%)

Slope Sand cushion drainage
(%)

Sand cushion strength
(%)

0 3-A 17 – – 3-B – –
5 3-A-5 17 74 120 3-B-5 45 116
15 3-A-15 17 76 143 3-B-15 85 116
25 3-A-25 17 78 152 3-B-25 86 148
35 3-A-35 17 78 163 3-B-35 87 163

Note: Percentage improvement with respect to the FS of slope 3-B
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Fig. 13. Contributions of sand cushion in enhancing local FS: (a) geotextile-reinforced
slope; (b) geogrid-reinforced slope.

Table 7
Summary of percentage contributions of sand cushion to local FS.

Sand cushion thickness
(cm)

Geotextile-reinforced Geogrid-reinforced

Slope Sand cushion drainage
(%)

Sand cushion strength
(%)

Slope Geogrid to reduce capillary
barrier (%)

Sand cushion drainage
(%)

Sand cushion strength
(%)

0 3-A – – 3-B 12 – –
5 3-A-5 51 15 3-B-5 12 39 4
15 3-A-15 64 55 3-B-15 12 54 34
25 3-A-25 71 58 3-B-25 12 57 58
35 3-A-35 71 80 3-B-35 12 57 82

Note: Percentage improvement with respect to the FS of slope 3-A
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to improve the drainage and reinforcement capacities of the reinforced
slopes can be proposed (e.g., enhancing the drainage design, increasing
the reinforcement tensile strength or layers, and installing sand cush-
ions). The effectiveness of these measures can be assessed by following
the same numerical procedures. Furthermore, based on the suggested
procedures, design charts for reinforced slopes with various geometries,
backfills, and geosynthetic systems subject to diverse rainfall intensities
can be developed to facilitate the design of GRS structures that can
withstand heavy rainfall.

6. Conclusions

This paper presents a numerical study investigating the hydraulic
response and stability of geosynthetic-reinforced soil slopes subject to
rainfall. A series of numerical simulations of unsaturated slopes with
various backfill–reinforcement–drainage systems were performed by
comprehensively considering the combined effect of backfill, re-
inforcement type, and rainfall intensity. The effectiveness of sand
cushions in improving the drainage and stability of the reinforced clay
slopes was also assessed. The following conclusions were drawn from
the results presented in this study:

• The matric suction had a significant influence on the stability of the
reinforced clay slopes. The contribution of matric suction in en-
hancing slope stability was initially high; however, as rainfall pro-
ceeded, the global FS of the reinforced clay slope decreased sub-
stantially due to the loss of matric suction.

• The capillary barrier effect affected the stability of the geotextile-
reinforced clay slopes. The wetting front momentarily halted and a
positive PWP accumulated at the interface between the soil and the
underlying geotextile. The local FS of the geotextile-reinforced clay
slopes decreased to below 1, indicating that the local failure oc-
curred due to the capillary barrier effect. The adverse influence of
the capillary barrier effect on local stability was more profound in
cohesive soil than in granular soil.

• Both the global and local stabilities of reinforced sand slopes were
minimally influenced by the geosynthetic type (with and without
drainage function) and rainfall intensity. Because sand has a high
permeability and its shear strength is insensitive to changes in ma-
tric suction, the FSs of the reinforced sand slopes appeared to be
consistent with rainfall infiltration.

• The minimum global and local FSs ranged from small to large in the
order of reinforced clay, silt, and sand slopes.

• The required reinforcement tensile strengths for the reinforced silt
and clay slopes to achieve the same stability level (FS=1.3) were,
respectively, approximately 3 and 4 times larger than that for re-
inforced sand slopes.

• The saturation and build-up of positive PWPs within the reinforced
slopes depends on the q/ks ratio and drainages at the bottom of the
slope. Numerical results indicated that reinforced marginal soil
slopes without bottom drainage cannot effectively drain the in-
filtrating water under torrential rainfall conditions. Free drainage
conditions may not be assumed for these slopes if the drainage is not
properly considered.

• The inclusion of sand cushions, which provide both strength and
drainage functions, can effectively enhance the slope stability of
reinforced clay slopes. The system stability increased with the in-
crease in sand cushion thickness.

• The improvement in system stability that resulted from the drainage
function of the sand cushion reached a maximum value when the
sand cushion thickness increased beyond 15 cm, whereas the im-
provement in system stability that resulted from the strength func-
tion of the sand cushion continued to increase with the increase in
the sand cushion thickness. An optimal sand cushion thickness of
15 cm (replacing 20% of marginal backfill with sand) was de-
termined in this study.
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