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ABSTRACT: The use of nonwoven geotextile drains in geosynthetic-reinforced soil (GRS) structures
has been suggested to facilitate the dissipation of pore water pressure. It has also been recognised that
the nonwoven geotextile may retard water penetration due to the capillary barrier effect under
unsaturated soil conditions and can function as a drainage material only once the soil immediately
above it is nearly saturated. In this study, numerical models of unsaturated slopes with nonwoven
geotextile drains, subjected to rainfall infiltration were developed to investigate the unsaturated
hydraulic behaviour and stability of slopes constructed with nonwoven geotextile drains in thin layers of
highly permeable sand (i.e. sand cushions). The numerical models were first validated for their
suitability for modelling water flow and the capillary barrier effect within unsaturated soils using the
experimental results from a one-dimensional soil column infiltration test and full-scale infiltration tests.
Next, a series of numerical simulations of unsaturated slopes with and without sand cushions and under
different infiltration conditions were performed. The numerical results indicated that the sand cushions
reduced the development of the capillary barrier effect by acting as an intermediate material between
the backfill and the nonwoven geotextile, which bridged the gap between two materials with very
different unsaturated hydraulic characteristics. The reduction of the development of the capillary barrier
effect led to the accumulation of pore water pressure above the nonwoven geotextile being effectively
dissipated downward. The sand cushions also acted as additional drain layers to facilitate the drainage
of water within the slope system. Thus, the inclusion of sand cushions enhanced the local slope stability
for soils above the top geotextile layer. Based on the numerical results, methods for determining the
occurrence of the capillary barrier effect are identified from the literature and discussed.
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index of the backfill is also specified (PI<6 and 20 for
walls and slopes, respectively). However, to reduce the

1. INTRODUCTION

The backfill material forms one of the major constituents
of geosynthetic-reinforced soil walls and slopes and ac-
counts for 30-40% of their cost (Christopher and Stuglis
2005; Raisinghani and Viswanadham 2011). Design
guidelines (Elias et al. 2001; AASHTO 2002; Berg et al.
2009; NCMA 2010) limit the use of fine-grained soils
as backfill material within the reinforced zone. Figure 1
shows the gradation limits specified in the design guide-
lines. In addition to the gradation limits, the plasticity
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construction cost of geosynthetic-reinforced soil (GRS)
structures and minimise the transportation cost and en-
vironmental impact associated with the disposal of the
excavated soil, locally available soils with relatively low
hydraulic conductivity (usually referred to as marginal
fills) have been used as alternative backfills.

It has been reported that the low draining capacity of
fine soils compromised the performance of reinforced soil
walls upon rainfall infiltration because of the build-up of
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Figure 1. Grain size distribution of backfill in GRS structures as
recommended by design guidelines and the soils used in this study

pore water pressure (Zornberg and Mitchell 1994,
Mitchell and Zornberg 1995; Yoo and Jung 2006;
Koerner and Koerner 2013; Valentine 2013; Santos
et al. 2014). The use of geosynthetic drains (nonwoven
geotextile or geocomposites) for improving the drainage
capacity of marginal fills has been suggested (Mitchell
and Zornberg 1995; Christopher et al. 1998). Several
studies have been conducted to better understand the
drainage performance of soil-geosynthetic systems.
Geosynthetic drains play a significant role in enhancing
pore water pressure dissipation and increasing the stability
of low-permeability backfill slopes under saturated soil
conditions (Mitchell and Zornberg 1995; McKean and
Inouye 2001; Raisinghani and Viswanadham 2010).

Many studies have shown that nonwoven geotextiles act
as a drainage material in situations where pore pressures
are positive. However, considering that during the con-
struction of earth-retaining structures in the field, backfill
soils are compacted at £2% of the optimum moisture
content, these soils are usually unsaturated and negative
pore pressure (i.e. suction) is generated (Yoo and Jung
2006; Huang et al. 2008; Liu et al. 2012; Huang and Lo
2013; Valentine 2013). In unsaturated soil-nonwoven geo-
textile systems, nonwoven geotextiles have been reported
to function as a moisture barrier rather than a drainage
material owing to the capillary barrier effect, and this may
obstruct seepage flow under some circumstances (Iryo and
Rowe 2003, 2004, 2005a, 2005b; Bathurst et al. 2007,
2009; Siemens and Bathurst 2010; Zornberg et al. 2010;
Bouazza et al. 2013).

Zornberg et al. (2010) stated that the development of
geosynthetic capillary barriers may benefit a number of
geotechnical and environmental applications (e.g. preven-
tion of frost heave and moisture migration in pavement,
application of alternative cover system in landfill design,
and increase of moisture storage in agriculture and
turf systems) or have adverse impact on geotechnical
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application (e.g. moisture accumulation in slopes and rein-
forced earth structures). The pore pressure increase could
weaken the soil in the vicinity of the geotextile and at
the interface between the soil and the geotextile, leading
to soil deformation or even soil failure. Failures caused by
the capillary barrier effect have been reported by many
studies (Richardson 1997; Garcia et al. 2007; Mancarella
et al. 2012). Thus, Bouazza et al. (2013) and Iryo and
Rowe (2004) suggested that considerable care is required
when selecting nonwoven geotextiles for use within
soil structures, to avoid the undesirable development of
increased water content. Methods including placing
geotextile in the form of strips (Garcia et al. 2007) and
using wicking geotextile (Azevedo and Zornberg 2013)
have been introduced to minimise the capillary barrier
effect and facilitate water drainage.

The concept of sandwiching nonwoven geotextile
drains in thin layers of sand (known as sand cushion
or sandwich technique) has been applied to accelerate
pore water pressure dissipation, increase soil-geotextile
system’s drainage capacity under saturated conditions
(Raisinghani and Viswanadham 2010), reduce the surfi-
cial intrusion and long-term clogging in the nonwoven
geotextiles by fine-grained soils (Lin and Yang 2014),
enhance pullout resistance (Abdi and Zandieh 2014), and
improve the strength and deformation characteristics of
reinforced clay by improving the soil-reinforcement inter-
face shear strength (Unnikrishnan ez al. 2002; Abdi et al.
2009). In particular, sand cushions have been used in
drainage installation in Taiwan to reduce the possibility
of long-term clogging of nonwoven geotextile drains
(Figure 2). Although intensive studies have been per-
formed on water infiltration into soil-geotextile systems,
the unsaturated hydraulic performance of soil-sand
cushion—geotextile drain systems during rainfall infiltra-
tion has not been comprehensively studied. For the
effective and appropriate use of sand cushions, studies
of the characteristics of these systems are necessary.

Geotextile (separation)

200 mm
Coarse soil layer
(drainage and filtration)

Geocomposite
(drainage)

Figure 2. GRS wall construction: provision of a 200 mm thick
layer of coarse soil cushion above drainage layers prior to placing
of locally available backfill soil (courtesy of Gold-Joint Industry
Company)
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The main objectives of this study were twofold: to
examine the suitability of finite-element formulations for
modelling the capillary barrier effect and to investigate
unsaturated soil hydraulic behaviour when geotextile is
sandwiched between sand layers, especially to evaluate the
effect of sand cushions on the development of the capi-
llary barrier effect. First, a one-dimensional model was
developed and calibrated using experimental results for a
one-dimensional homogeneous clay-nonwoven geotextile
system subjected to water infiltration. Second, numerical
experiments on unsaturated slopes with nonwoven geo-
textile drains with and without sand cushions were
conducted to provide insights into the hydraulic beha-
viour of such systems. Based on the findings of the
numerical studies, the hydraulic behaviour of unsaturated
soil-nonwoven geotextile systems subjected to infiltration
and the effect of sand cushions are discussed. The results
obtained from this study are expected to provide insightful
information on the unsaturated flow within GRS
structures.

2. REVIEW OF GEOSYNTHETIC
CAPILLARY BARRIERS

To determine the factors influencing the occurrence of the
capillary barrier effect, a review of methods used to
determine whether the capillary barrier effect will occur
was conducted and presented in this section. The methods
discussed in this section will be examined based on the
infiltration simulation results presented in Section 5.4.
Readers are also referred to Zornberg et al. (2010) for a
comprehensive review of the current state of knowledge on
geosynthetic capillary barriers.

The capillary barrier effect occurs when a fine-grained
soil layer overlies a coarse material (coarse-grained soil
or nonwoven geotextile). The hydraulic characteristics
of fine and coarse materials are generally contrastive
(the coarse material has smaller water entry values and
a steeper hydraulic conductivity function) (Iryo and
Rowe 2005a; Zornberg et al. 2010). The main effect
of the capillary barrier effect is that a measurable
amount of water will not flow from the fine-grained soil
to the underlying nonwoven geotextile drain until a
critical suction threshold is reached. In this condition,
nonwoven geotextile acts as a water barrier and leads to
an increase in the pore water pressure in the soils
immediately above it, in contrast to its behaviour under
saturated conditions (McCartney and Zornberg 2010;
Bouazza et al. 2013). Such increase in the pore pressure
could also occur when the geotextile is used for filtration,
separation, or reinforcement.

Research has suggested that the water entry suction
value obtained from the water retention curve (WRC) of
the underlying coarse material can be used to determine
the critical (or threshold) matric suction value at which
water starts flowing into the underlying coarse material
(Stormont and Morris 2000; Iryo and Rowe 2005a;
McCartney and Zornberg 2010). At suctions greater
than the water entry suction, the available water pathways

are discontinuous and impeding water flow into the
underlying material; as a result, the capillary barrier
effect occurs. By contrast, at suctions lower than the water
entry suction, the water pathways are connected; conse-
quently, water flows into the underlying material and
the capillary barrier effect does not occur. Fredlund
(2006) stated that the water entry suction corresponds
to the residual matric suction y,; hereafter, in this paper,
the suction corresponding to the water entry value in the
WRC is referred to as y,.

Zornberg et al. (2010) indicated even if water infiltrates
the overlying fine-grained material during precipitation
events and reaches the interface of the two materials, it can
enter the underlying coarse-grained material only at a very
slow rate. Therefore, water accumulates at the interface
until the suction at the interface reaches a value at which
the hydraulic conductivity of the coarse-grained material
is no longer below that of the fine-grained material. In
other words, a measurable amount of water will not
infiltrate the underlying coarse layers until the suction
decreases to the y, value at which the conductivity of both
layers is identical at the interface (Iryo and Rowe 2005b;
McCartney and Zornberg 2010; Bouazza et al. 2013).
Hereafter, the suction at which the hydraulic conductivity
functions of the two materials intersect is denoted by s,
and the corresponding hydraulic conductivity is rep-
resented by k. In summary, the capillary barrier effect
occurs under the following condition

Yinitial > MIN(Yy, vy,) (1)

where winiia 18 the initial suction, y, and y, are defined
previously.

The hydraulic performance of unsaturated soil-geotex-
tile systems after capillary breakthrough — passage of the
wetting front through the geotextile layer — was discussed
by Iryo and Rowe (2004). They found that the develop-
ment of pore pressure profile was related to the relation-
ship among the infiltration rate ¢, saturated hydraulic
conductivity of the soil kg 5051, and nonwoven geotextile
ksat geotextile In the ponding water case, when ksat geotextile <
ksat soil, both the soil and geotextile are close to the
saturated state after capillary breakthrough, and the
built-up pore pressure above the geotextile is maintained
since the hydraulic conductivity of the geotextile is smaller
than that of the soil. However, if kg geotextile > Ksat soil, the
geotextile is more permeable than the soil under saturated
conditions, and the built-up pore pressure may dissipate
after capillary breakthrough. In the no-ponding case
(under infiltration case) where Ksar geotextile ™ Ksat soil and
infiltration rate g <kga soil, When the wetting front passes
through the geotextile, pore pressures in the soil below the
geotextile layer increase but do not become positive
because the inflow flux is smaller than the outflow flux
(q <ksat soir)- Thus, kgeotextile Will decrease with depth from
its saturated value at the geotextile’s upper surface to some
lower value at geotextile’s lower surface. The built-up pore
pressure above the geotextile layer dissipates but a relative
small pore pressure discontinuity remains at the soil-
geotextile interface.
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3. NUMERICAL VERIFICATION OF
CAPILLARY BARRIER EFFECT

3.1. The experiment

McCartney and Zornberg (2010) performed a series
of one-dimensional soil column tests to investigate the
effect of infiltration and evaporation on geosynthetic
capillary barrier performance. The test soil column was a
203-mm-diameter cylindrical polyvinyl chloride (PVC)
tube filled with unsaturated clay underlain by a geocom-
posite drainage layer (GDL).

The soil used in the tests was classified as low-plasticity
clay (CL) according to the Unified Soil Classification
System (ASTM D2487) with basic properties shown in
Table 1. The soil specimen (column A) in one of column
tests was 1350 mm high, and it was compacted in 25 mm
lifts using a pneumatic piston compactor at an optimal
gravimetric water content of w=11.5% according to the
standard proctor compaction test (ASTM D698). The soil
column was subjected to a series of uniform infiltration
of water from the top at a rate ¢=3.4x10"° (m/s)
(=0.00005 kgat soit)- Figure 3 shows the hydraulic char-
acteristics of the clay and geotextile (a component of the
GDL), determined experimentally by McCartney and
Zornberg (2010). The moisture content profiles in the
soil column were monitored using time domain reflecto-
metry (TDR), as shown in Figure 4. No matric suction
information was reported for this test.

3.2. Numerical simulation

Transient seepage analysis was conducted to examine
the unsaturated hydraulic behaviour of the fine-grained
soil-nonwoven geotextile system subjected to infiltration,
with specific interest in the suitability of finite-element
formulations for modelling the capillary barrier effect.
SEEP/W software (Geo-Slope 2009) based on finite-
element code was used to solve Equation 2 which rep-
resents the two-dimensional form of the governing equation
for transient flow within an unsaturated medium; as the
two-dimensional form was derived by Richards (1931)
from Darcy’s law and the continuity equation.
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where k, and k,, represent the hydraulic conductivities in the
x- and y-direction, / is the total hydraulic head available for
flow, 6 is the volumetric water content, m,, is the coefficient
of water volume change (slope of the water characteristic
curve), p, is the density of water, g is the acceleration of
gravity, and ¢ is the time.
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Figure 3. Hydraulic characteristics for clay and nonwoven
geotextile: (a) water retention curves; (b) k-functions. Note:
arrows denote the drying and wetting processes. Star marks
indicate the wetting water retention curves and k-functions
estimated in this study and the curves without star marks were
adopted from McCartney and Zornberg (2010)

Table 1. Soil hydraulic and shear strength properties used in the simulation

Parameter Clay® Backfill® Sand cushion®
Saturated hydraulic conductivity, kg, (m/s) 6.2x107° 1.3x107° 1.0x1072
Saturated volumetric water content, 6 0.49 0.47 0.38
Residual volumetric water content, 6, 0.08 0.04 0.05

van Genuchten fitting parameter, o™ (kPa™") 4.44 0.6 0.72

van Genuchten fitting parameter, n 1.30 1.80 3.16
Friction angle, ¢’ (°) - 40 40

Friction angle relative to matric suction, ¢° (°) - 16 16
Cohesion, ¢’ (kPa) - 0 0

“Deduced from McCartney and Zornberg (2010).
*Deduced from Iryo and Rowe (2005b).

°Deduced from Iryo and Rowe (2005a) but increased the ke value from 107 to 1072 m/s.
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The van Genuchten (1980) model was used to fit
the WRCs and to predict the hydraulic conductivity
functions.

- <1+(1aw>”>m ?)

k = ksat@l/z[l _ (1 _ @1/?)1)"1]2 (4)

where @ is the normalised volumetric water content, 6, is
the saturated volumetric water content, 6, is the residual
volumetric water content, y is the suction (positive value),
k is the hydraulic conductivity, kg, is the saturated hydra-
ulic conductivity, and a, n, and m are curve-fitting para-
meters, with m=1—1/n being typically assumed.

The curve-fitting parameters of the drying WRC of
the clay (a®=2.22kPa”!, n?=1.3, 09=49%, 0¢=8%)
were deduced from McCartney and Zornberg (2010)
using the van Genuchten—Mualem model (Equation 3).
Considering that infiltration is a wetting process, drying
WRC parameters were used to approximate the para-
meters of the wetting curve by following procedures
proposed by Kool and Parker (1987) which were obtained
after comparing measured drying and wetting water char-
acteristic curves for different soils. In Kool and Parker’s
procedure, o is multiplied by two to obtain a% in the
wetting phase (i.e. a™=2 a®; where superscript d and w

refers to main drying and wetting curves, respectively),
while another parameter n remains the same. Thus, the
fitting parameters for the wetting WRC of clay were
determined as follows: a¥=2xa9=4.44kPa™!, n¥=pn=
1.3, and 6 =6¢=8%. The effect of air entrapment in soil
column was not considered in the simulation conducted
in the current study, and it was assumed that fully
saturated soil conditions could be achieved (i.e. O =6%=
49%). Figure 3 also shows a transition WRC measured by
McCartney and Zornberg (2010) from a 125 mm high soil
column (column B) with the same clay. The measured
transition WRC is to justify the predicted wetting WRC.

McCartney and Zornberg (2010) obtained the dry-
and wetting-path WRCs of geotextile physically by using
a hanging column apparatus. Interestingly, a 75% volu-
metric moisture reduction in 6% relative to 9 was observed,
indicating that a significant amount of air was entrapped
in the geotextile (75% of voids were occupied by entrapped
air) during wetting. The curve-fitting parameters of the
wetting WRC of the geotextile (a¥=5.0kPa™!, n¥=7.0,
0y =24%, 6 =0%) were also determined using the van
Genuchten—Mualem model. Since infiltration is a wetting
process, wetting WRCs were used in the numerical
simulation and to predict the hydraulic conductivity
functions (k-functions) for the clay and geotextile.

The column was modelled using 5694 four-node
quadrilateral elements with a global height of 0.01 m
(Figure 4(b)). The nonwoven geotextile was modelled as
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line elements. To ensure that the flow is only in the vertical
direction, zero horizontal flux boundary conditions were
set on both sides of the column. In this study, an auto-
matically adjusted time increment between 1 and 100s
was selected as per requirement for attaining convergence.
As suggested by Blake ez al. (2003), the initial pore
pressure was generated by applying a small prescribed unit
flux at the top of the soil column model for a long period
of time until steady-state conditions were reached. The
values of the prescribed unit flux were adjusted until the
calculated matrix suction distribution was close to and
not exceeding the initial soil conditions in the physical
model (i.e. Gipitia1 = 13.8% and the corresponding y;pisia1 >
100 kPa in this case). This is to ensure that the starting
pore pressure head will not affect the generated pore water
distribution in the subsequent transient seepage analyses.
The importance of modelling an antecedent hydrology
condition on any subsequent seepage modelling has been
fully discussed by Blake ez al. (2003).

To simulate infiltration, a ¢=3.4x 10~ m/s for 3106 h
was specified at the top. At the bottom of the column, to
allow water to exit the column, the flux boundary con-
dition was specified as ¢=0m/s and once the pore pres-
sure became positive at any node on the bottom surface,
the specified flux boundary condition was converted to
the specified pressure-head boundary condition /,=0.

3.3. Comparison between numerical and
experimental results

Figure 5(a) shows a comparison between the measured
and predicted volumetric water content development at
different elevations. As shown, for both the measured
and predicted results, 0 gradually increased because of
the passing of the wetting front and the development
of capillary barrier effect when the wetting front reached
the soil-nonwoven geotextile interface. The development
of the capillary barrier effect increased the water storage
capacity of the soils beyond the limiting level that the soil
could normally store under gravity. The predicted matric
suctions corresponding to the change of 8 with time were
shown in Figure 5(b), which shows the predicted matric
suctions decreased with the increase of 0 with time.

In general, the numerical results showed a similar trend
to the experimental results, suggesting that the numerical
simulation could capture the capillary barrier effect well.
The difference between the measured and predicted 6
increased to approximately 5% at TDR4, the TDR near
the GDL. This is likely to be because the effects of fine
soil particle intrusion (clogging) into the geotextile
during compaction and infiltration were not considered
in the numerical simulation. Furthermore, the reduction
of Keat geotextile du€ to air entrapment was not modelled.
Iryo and Rowe (2004) reported that high soil moisture
and pore pressure can be obtained above the geotextile
by considering these effects. Despite the possible effects
of soil clogging and air entrapment, the main objective of
the numerical simulation (i.e. to validate the suitability of
the developed numerical model for capturing the capillary
barrier effect) could be achieved.
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Figure 5. Moisture content and matric suction histories at
different elevations (a) comparison of measured and predicted
moisture content histories; (b) predicted matric suction histories
(measured moisture content histories were adopted from
McCartney and Zornberg (2010))

4. NUMERICAL ANALYSES OF
INFILTRATION INTO UNSATURATED
SLOPES

4.1. Model development and verification

4.1.1. The experiment

Iryo and Rowe (2005b) reported on the performance of
full-scale embankment tests conducted by the Public
Works Research Institute (PWRI), Japan. The embank-
ments considered were 3 m high and 6 m long and had a
slope of 0.7H:1V (=55°), as shown in Figure 6(a). A
series of finite-element simulations and a parametric study
were conducted by Iryo and Rowe (2005b) to examine the
effect of rainfall on the performance of the two slopes:
one unreinforced (slope 1) and the other reinforced with
nonwoven geotextile drains (slope 2).

Silty sand with 8% fine content was used as the backfill
material. Figure 1 shows the grain size distribution
and Table 1 summaries the hydraulic and shear strength
properties of the backfill. Based on the gradation limits
specified by design guidelines (Figure 1), the selected
backfill material was on the boundaries of gradation
limits between compliant and marginal soils. The backfill
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Figure 6. Typical infiltration model: (a) without sand cushion; (b) with geotextile sandwiched in sand cushion

had a gravimetric water content w =24%, and unit weight
»=17.5kN/m>. The saturated hydraulic conductivity
was kg backin = 1.3% 107> m/s. Four layers of nonwoven
geotextile with a thickness of 3 mm for each layer were
used as the drainage as well as the reinforcement material.
The nonwoven geotextile had a mass per unit area of
310 g/m?, porosity of 0.92, and saturated hydraulic con-
ductivity of ki geotextiie=2-3% 107> and 3.5x 107> m/s
in the in-plane and cross-plane directions, respectively. A
1.5 m long geotextile layer was placed at the toe of each
embankment to prevent pore water pressures from devel-
oping at the base, and three layers of 2 m long nonwoven
geotextile were placed with vertical spacings of 0.75m
within the backfill soil of the reinforced slope (Figure 6).
Iryo and Rowe (2005b) reported that 10 cm of geotextile
protruded above the slope surface. Therefore, the region
10cm below each geotextile layer was shielded from
infiltration.

After the slopes were constructed, artificial rainfall
with an intensity of ¢=3.52% 10" m/s (=12.7 mm/h) was
applied to the top and the sloping side of the slopes.
During the experiment, the water content of the slopes
was monitored using the radio isotope method along
three vertical observation lines (1.2, 2.4, and 4.8m
from the toe). It was reported that the unreinforced
slope (slope 1) failed first when the cumulative rainfall
reached R=90 mm (after 7.1 h). Slope 1 failed suddenly
over the entire slope surface whereas slope 2 failed
because of partial erosion on the slope surface. Erosion
was initiated at a slope surface when the wetting front
was stopped by the nonwoven geotextile layers, leading
to the development of nearly saturated soil conditions
within the soils immediately above the nonwoven
geotextile.

4.1.2. Numerical simulation

In this study, two-dimensional models (Figure 6(a))
were developed by using SEEP/W software (Geo-Slope
2009). The slopes were modelled using 6445 six-node
triangular elements arranged as shown in Figure 6(a). The
global height of the elements was set to 0.1 m, constrained
to a third of the global element size on top of the geo-
textile. To replicate the slopes constructed by the PWRI
(described by Iryo and Rowe (2005b)), the base was con-
sidered to have a zero flux boundary, to simulate an
impermeable solid concrete slab.

A ¢=3.52%10"° m/s (=0.27kgy soi1) Was specified as the
boundary condition on the top and side slope surfaces
of both slopes 1 and 2 of the model for a period of 7.1 h.
For simulating seepage from the embankment, once
the pore pressure became positive at any node on the
top surface and side slope surface, the boundary condition
was changed from the specified flux boundary condition
(i.e. infiltration rate) to a specified pressure-head con-
dition (f,=0m). An automatically adjusted time step
increment between 1 and 100 s was selected for attaining
convergence.

No information was provided on the unsaturated
hydraulic properties of the soil used by the PWRI. Iryo
and Rowe (2005b) obtained the van Genuchten—Mualem
model parameters for the soil by considering typical
published values and the parametric study results on the
infiltration into the unreinforced slope. In this study, a
drying WRC was first estimated from the soil particle size
distribution using the method proposed by Fredlund et al.
(1994). The estimated drying WRC was applied to deduce
the drying curve fitting parameters (a%, n9, 6, 6) of the
backfill soil using the van Genuchten—-Mualem model.
Thereafter, these drying parameters were used to
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determine the wetting curve-fitting parameters (a%, n%, 65,
6Y) using the Kool and Parker’s procedure (Kool and
Parker 1987).

Figure 7 shows a comparison of the determined WRC
and the results estimated by Iryo and Rowe (2005b). The
WRC presented by Iryo and Rowe (2005b) appears to be
the average of the drying and wetting WRCs determined
in the present study. The nonwoven geotextile hydraulic
characteristics used in this study agree with those
determined by Iryo and Rowe (2005b); they obtained
the hydraulic characteristics from the published physical
properties of nonwoven geotextile with similar kg geotextile
and 0, values. Figure 8 shows the hydraulic characteristics
of the backfill soil and geotextile used in this study.

4.1.3. Comparison between numerical and experimental
results

Figure 9 shows a comparison of the numerical and
experimental degrees of saturation profiles and distri-
bution contours for slopes 1 and 2. It can be observed
that, in slope 2, the water content of the soils immediately
above the geotextile layers is higher. Predictions related
to the progress of the wetting front and moisture
distributions within the slope during infiltration were
consistent with experimental observations. The reason
for the experimental results showing lesser variations in
the S, profiles can be attributed to the fact that the radio
isotope method works on the basis of volume averaging
principles, having limited resolution in water content
measurements (Iryo and Rowe 2005b). A fair agreement
between the numerical and experimental results suggests
that the finite-element model is capable of modelling
unsaturated seepage flow within soil slopes.

4.2. Numerical simulation program

After the numerical model was validated, numerical
experiments were conducted to investigate the unsaturated
hydraulic behaviour of soil slopes with nonwoven geo-
textile drains. In addition, the effect of sandwiching non-
woven geotextile drains in thin layers of sand was also
investigated. Table 2 summarises the numerical simu-
lations program. Each simulation case comprised three

06—

Estimated drying
curve (this study)
(=0.3 kPa™', n=1.80,
6,=0.47, 6,=0.04)

N
Estimated wetting A
curve (this study)

(a=0.6kPa!, n =180,
6, = 0.47, 6,= 0.04)

04—

0.2 = Estimated curve

(Iryo and Rowe 2005)
(¢=0.4kPa™', n=2.0,
6, = 0.47, 6, = 0.04)

Volumetric water content (m3/m?3)
T

0 I ool 1 el L e eaaal

0.01 0.1 1 10
Matric suction (kPa)

Figure 7. Comparison of estimated water retention curves of
backfill soil
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analyses: (1) infiltration at a specific infiltration rate;
(2) overall stability analyses; and (3) local stability
analyses.

A slope configuration presented previously was used
(Figure 6). In cases where the nonwoven geotextile was
sandwiched between sand cushions (Figure 6(b)), a 200
mm sand cushion was used to sandwich geotextile drains
(100mm on top and 100 mm at the bottom of the
nonwoven geotextile). The fitting parameters of WRC of
the sand cushion were adopted from Iryo and Rowe
(2005a) but the saturated hydraulic conductivity was
increased from 107 to 107> m/s to ensure a distinguish
difference in the saturated hydraulic conductivity values
between the selected backfill and sand cushion. The
nonwoven geotextile reported by Iryo and Rowe (2004)
(originally reported by Bathurst ez al. (2007)) was selected
in the numerical simulation program (slopes 3 and 4) to
replace that used in the verification models (slope 2). The
purpose is to achieve a clear increase in the pore water
pressure due to the capillary barrier effect by using the
nonwoven geotextile with lower permeability (the selected
nonwoven geotextile had a kg geotextie Value approxi-
mately one order lower than that used in the verification

1.0 —
o Geotextile
e 08|
&> (r=3.0kPa~', n=3.0,
E L 6, =0.92, 6, = 0.00)
5
€ 06
o
o
P L
S o4l /
.Q
@ - Backfill soil
5 02l («=06kPa’,n=1380,
S 6, =047, 6,=0.04)
0 Lol ool
0.01 0.1 1 10
Matric suction (kPa)
(a)
. Geotextile (in plane)
102 _ ")
(Ksqt = 2.3%107% m/s)
@ =
£
2 104 —
=
© =
=}
T
C
8 108 —
2 Backfill soil
3 T (kg = 1.3%1075 m/s)
©
£ 108
10710 1 1 lllllll 1 1 lllllll 1 llllllI
0.01 0.1 1 10
Matric suction (kPa)
(b)

Figure 8. Material hydraulic characteristics used in slopes 1 and
2: (a) water retention curves; (b) hydraulic conductivity functions
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from Iryo and Rowe (2005b))
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Figure 9. Numerical and experimental results of S profiles and distribution contours at R =90 mm (after 7.1 h): (a) slope 1 (without
geotextile drains); (b) slope 2 (with geotextile drains). Note: values inside white boxes indicate the predicted S, results

models). Figure 10 shows the material hydraulic charac-
teristics used for slopes 3 and 4.

Three infiltration conditions representing different rain-
fall intensities were used in each experiment. These con-
ditions corresponded to infiltration boundary conditions
for specified fluxes ¢ =0.1kgy packan (= 1.3 X 1076 m/s), ¢=
0.5k sat backinn (=6.5%107°m/s) and for the specific pres-
sure head /,=0.1 m (simulating the ponding case). The
antecedent hydrology, as discussed earlier, was used to
ensure that the initial condition was a uniform distri-
bution of the pore pressure of —3.5 kPa. As the soil was
placed with a controlled water content, this initial pore
pressure value of —3.5 kPa was reported by Iryo and Rowe
(2005b) based on the average value reported for all of the
full-scale embankment tests.

To examine the effect of pore water increase resulting
from the capillary barrier effect on the slope stability,
limit-equilibrium-based slope stability analyses were con-
ducted using the SLOPE/W software (Geo-Slope 2008).
The overall factor of safety (FS) for the entire slope and
the local FS for the soil above the top geotextile layer

Table 2. Numerical simulation program

were analysed by applying the Spencer method for circular
surfaces. The pore water pressures predicted by the
SEEP/W software were used as the input pore pressures
to calculate the soil effective stress. The unsaturated
soil shear strength was determined using the modified
Mohr—Coulomb failure criterion proposed by Fredlund
et al. (1978).

1=+ (0 — uy) tan ¢’ + (uy — uy) tan ¢° (5)

where 7 is the unsaturated soil shear strength, ¢’ is the
effective cohesion of the saturated soil, ¢’ is the effective
friction angle of the saturated soil, o is the total stress on
the failure plane, u, is the pore air pressure, u,, is the
pore water pressure, and ¢° is the friction angle indicating
the rate of increase in shear strength relative to the
matric suction. In this study, the backfill soil and sand
cushions were modelled by considering y=16.0 kN/m?,
¢'=40°, ¢ =0kN/m> and ¢°=16°. The same soil prop-
erty values were purposely selected for both backfill soil

Slope Description Infiltration condition
Case A Case B Case C
q= 0. 1ksat backfill q= O'Sksat backfill hp =0.1m
(1.3x107° m/s) (6.5x107 m/s) (ponding case)
3 Backfill-nonwoven geotextile system 3-A 3-B 3-C
4 Backfill-sand cushion-nonwoven geotextile system 4-A 4-B 4-C

Note: slopes 1 and 2 are for model verification in Section 4.1.3.
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Figure 10. Hydraulic characteristics of material used in slopes 3
and 4: (a) water retention curve; (b) k-functions

and sand cushion with the intention of emphasising the
difference in the calculated FS values caused solely by the
capillary barrier effect rather than the effect of the
difference in input soil shear strength properties. The
tensile strength of the nonwoven geotextile was considered
to be 20 kN/m according to the typical tensile strength
range of geosynthetics reported by Shukla (2002) and
Rowe (2001).

5. RESULTS AND DISCUSSION

5.1. Moisture and pore pressure profile

Figures 11 and 12 show the degree of saturation (S;)
contours and profiles, and pore water pressure profiles
when the maximum pore pressure occurred above the
first (top) geotextile layer (at time r=4.9h, with the
corresponding accumulated rainfall R=115 mm) in slopes
3-B (backfill-nonwoven geotextile system) and 4-B (back-
fill-sand cushion—nonwoven geotextile system). The pore
pressure profiles in each geotextile layer in slope 3-B can
be observed to be more discontinuous compared to those
in slope 4-B. A positive pore water pressure developed in
the top geotextile layer in slope 3-B, while the maximum
pore water pressure in each geotextile layer remained
negative in slope 4-B. These observations suggest that the
capillary barrier effect developed in slope 3-B and that its
effect was reduced by the inclusion of sand cushions. In
slope 3-B, the capillary barrier effect momentarily led to
restrictions on the water flow from the unsaturated

Thuo, Yang and Huang

backfill soil to the nonwoven geotextile. Consequently,
the capillary barrier effect increased the water storage
capacity of the soils above the nonwoven geotextile drain
beyond the limiting level that they could normally retain
under gravity.

In Figure 11(d), the seepage velocity vectors indicate that
when the wetting front reached the soil-geotextile interface,
water dispersion occurred in both (i.e. inward and outward)
directions in the soil above the geotextile drain. The inward
flow could also be caused by the advancing of the wetting
front from the slope face, suggesting that inclining the
drain toward the face of the slope would be helpful in
guiding the dispersion of water out of the slope. The effect
of geotextile inclination on the geotextile performance as
a drainage layer has been evaluated by Iryo and Rowe
(2005b). They suggested that geotextiles are more effective
when they have an inclination of 10% under high
infiltration. In Figure 12(d), the water entered the region
within the upper and lower sand cushions, suggesting that
the sand cushions also acted as additional drain layers
to facilitate the drainage of water from the slope system.

Figures 13(b) and 14(b) show the development of pore
pressure profiles in slopes 3-B and 4-B at a distance of
2.4 m from the toe, respectively. These profiles correspond
to the instant at which the wetting front was halted and the
maximum pore pressure developed above the top geo-
textile layer (1=17730s), second geotextile layer (1=
35100 s), and third geotextile layer (z=50 940 s). In slope
3-B, it can be observed that the pore water pressure
increased in two steps: the initial increase occurring when
the infiltration front passed through the soil layers and
the subsequent increase being when the infiltration
front was stopped by the nonwoven geotextile. When the
wetting front infiltrated the soil layers, the pore pressures
at the top of the slope increased to almost pressure levels
corresponding to saturated conditions (i.e. —0.7 kPa),
signifying a large loss of the matric suction from the
original value of —3.5 kPa. Upon reaching the geotextile,
the infiltration front was momentarily stopped, resulting
in water accumulation and positive pore pressures
(3.5kPa) developing in the soils immediately above the
top geotextile layer. In the soils below the geotextiles, the
water migrated under gravity ( < yiniga1) and was stopped
by the lower geotextile layer. After the wetting front had
passed through the geotextile layer, the developed positive
pore pressures on top of the geotextile dropped and
the pore pressure below the geotextile increased. The dis-
continuity in the pore pressure profiles decreased con-
siderably after capillary breakthrough. Similar hydraulic
behaviour was observed in the second and third geotextile
layers when the wetting front reached these layers at 1=
35100 and 50 940 s.

In slope 4-B, initially, when the wetting front infiltrated
the soil layers, the pore pressures increased from —3.5 to
0.7kPa at the top of the slope. This phenomenon was
identical to what was observed in slope 3-B. However, in
slope 4-B, when the infiltration front reached the first
geotextile layer, the maximum pore pressures above
the geotextile layer remained negative (—0.5kPa) and
the pore pressure profiles were less discontinuous at the
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soil-geotextile interface, compared to those of slope 3-B.
Similar hydraulic behaviour was observed when the
wetting front reached the second and third geotextile
layers. The developing pore pressure remained negative
above the second and third geotextile layers, suggesting
that the inclusion of sand cushions in slope 4-B prevented
the further development of pore water pressures.

The mechanism underlying the reduction in the capil-
lary barrier effect when sand cushions are used can be
explained as follows. The sand cushions acted as an inter-
mediate material between the backfill and the nonwoven

geotextile, which bridged the gap between two materials
with contrasting unsaturated hydraulic characteristics.
Thus, the use of the sand cushions reduced the amount
of moisture accumulation required for the suction at the
soil-geotextile interface to reach the critical value, thereby
dissipating the accumulated pore water pressure within the
soils above the geotextile downward effectively.

5.2. Overall and local stability

Figure 15 shows the variation of the overall and local FS
values with R. In Figure 15(a), the overall FS values of
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slopes 3-B and 4-B decrease with accumulated rainfall R.
The overall FS of slope 4-B is slightly greater than that of
slope 3-B at any given cumulative rainfall. The reason that
the overall FS of slope 4-B was slightly greater than that
of slope 3-B can be explained by comparing the variation
of pore pressure along the failure surface for both cases
(Figure 16). As the pore pressure along the failure surface
was used in the limit equilibrium analysis to evaluate the
slope stability (i.e. calculate FS), as shown in Figure 16;
there was longer segments of failure surface in total having
higher pore pressures in slope 3-B than in slope 4-B,
specifically for higher positive pore water pressures at the
location where each geotextile layer is intersected by the
failure surface.

Figure 15(b) shows the local FS of slopes 3-B and 4-B
for soils above the top geotextile layer. The local FS of
slope 3-B at the beginning of infiltration in Section (i),
which corresponds to the period when the system stability
was governed by ¢°, was greater than that of slope 4-B.
This is because at the beginning of infiltration, the backfill
soil in both slopes was unsaturated; however, because of
the relatively high hydraulic conductivity of the sand
cushion (in slope 4-B), water ingress was considerably
more rapid (water could also enter the slope from the
slope face), and thus, the decrease in the matric suction in
slope 4-B was subsequently relatively faster compared
with slope 3-B, leading to a relatively lower FS in slope
4-B in the initial stage of infiltration. As infiltration
continued, the matric suction decreased with increasing
cumulative rainfall (in both slopes) and with the develop-
ment of pore water pressure due to the capillary barrier
effect in slope 3-B. Consequently, the local FS of slope 3-B
decreased below that of slope 4-B when R>20 mm in
Section (ii), which corresponds to the period when the
system stability was governed by ¢'.

Interestingly, in Figure 15(b), at approximately R=
120 mm (¢=4.9 h), the local FS of slope 3-B reached the
lowest value. This value was reached when the wetting

Location of
second geotextile layer

Slope 3B
=== Slope 4B

3 -

Location of
third geotextile layer

Pore pressure along failure surface, u,, (kPa)

v

textile layer

1.5

2 25 3

Horizontal distance from toe, x (m)

Figure 16. Variation of pore pressure along the failure surface for slopes 3-B and 4-B under ¢ =0.5kg,¢ packrin at £=35100s (9.8 h)
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front was momentarily held by the top geotextile layer due
to the capillary barrier effect, and the development of
the maximum pore pressure was observed (Figure 13(b)).
After the wetting front had passed through the geotextile,
the pore pressures on the top geotextile layer dissipated,
leading to a significant increase in the FS in a short
period. It was also observed that the FS of soils above the
top geotextile layer in slope 3-B decreased below 1.0
(unstable condition), whereas that in slope 4-B was always
above one. This indicates that local failure occurred due to
the capillary barrier effect in slope 3-B. In this study, the
computation of the FS was continued for FS<1.0 (sig-
nifying slope failure) to demonstrate the recovery of the
FS after capillary breakthrough.

In summary, sandwiching nonwoven geotextile drains
between thin layers of highly draining sand can enhance
the local and overall factor of safety by reducing the
development of capillary barrier effect and improving the
horizontal drainage capacity of the slope system.

5.3. Effect of infiltration rate

Figure 13 shows the development of pore pressure
profiles at a distance of 2.4 m from the toe of slope 3 for
different infiltration rates. At ¢=0.1kg packrin (slope 3-A
in Figure 13(a)), the pore pressures at the top of slope
increased from an initial value of —3.5kPa to approxi-
mately —2.0 kPa. When the wetting front reached the top
geotextile layer, pore pressures further increased to 1 kPa
due to the capillary barrier effect. Since the infiltration
rate was low, water accumulation took a long time and
the numerical simulation of the infiltration process was
completed at r=86400s (24 h), before the pore water
pressure above the second geotextile layer reached the
maximum value.

Figure 13(b) shows the developed pore pressure profiles
in slope 3-B at ¢ = 0.5k packnin. As discussed previously,
when the infiltration began, the pore pressures increased
from —3.5 to —0.7 kPa at the top of the slope. When the
wetting front reached the top geotextile layer, it was
stopped due to the capillary barrier effect, and the pore
water pressures increased to 3.5 kPa.

Figure 13(c) shows the developed pore pressure profiles
in slope 3-C for the ponding case (1,=0.1 m). When the
wetting front passed through the soils, the pore water
pressures increased from —3.5 to 1kPa at the top of
the slope because of the effect of 0.1 m water ponding.
Subsequently, when the wetting front reached the

Table 3. Summary of infiltration simulation results

Thuo, Yang and Huang

top geotextile layer, it was momentarily held due to the
capillary barrier effect. The pore pressures increased up to
5.5 kPa.

Figure 13 also shows that ¢ does not affect the oc-
currence of the capillary barrier effect; rather, it affects the
maximum pore pressure above the geotextile layers
associated with the capillary barrier effect and the pore
pressure profile after capillary breakthrough (discussed in
Section 5.4.1). Choo and Yanful (2000) found the water
storage in a clay layer above the capillary barrier to be sen-
sitive to the rate of infiltration. In addition, the geosyn-
thetic capillary barrier can lead to an increase in # up to a
height of approximately 50-70 cm above the geotextile.
The influenced height varies with g.

Figure 14 shows the development of pore pressure
profiles at a distance of 2.4 m from the toe of slope 4 for
different infiltration rates. The loss of matric suction at the
top of the slope when the infiltration initiated was similar
to that observed for slope 3 at any given infiltration rates.
The main difference between infiltration into slopes 3 and
4 (from a comparison of Figures 13 and 14) was that when
the wetting front reached the nonwoven geotextile layers,
the inclusion of sand cushions in slope 4 reduced the
capillary barrier effect and the maximum pore pressure
in each geotextile layer remained negative, as shown
in Figures 14(a) and 14(b). Although a small amount
of water accumulated at the sand cushion—geotextile
interface, the influenced height is much less than that at
backfill-geotextile interface in slope 3 at a given g¢.

The magnitude of the capillary barrier effect is
quantified by

Au = Usoil—geotextile interface — Utop (6)

where Au is the pore pressure increase due to the capillary
barrier effect, u,p, is the pore pressure at the top of the
slope when the infiltration began, corresponding to the
condition in the soil layer in which there is no impact of
the capillary barrier effect, and usoii_geotextile interface WAS
the maximum pore pressure at the soil-nonwoven geo-
textile interface when the wetting front was stopped by the
capillary barrier effect. Table 3 summarises the infiltration
simulation results for various cases. As can be seen, both
Utop AN Usoil_geotextile interface 1N SlOpes 3 and 4 increased
with the infiltration rate. The Au induced by the capillary
barrier effect increased in slope 3 but decreased in slope 4
as the infiltration rate increased. In addition, Au in slope 4

Slope | Initial pore Maximum pore pressure within soils Pore pressure at the top of slope Pore pressure increase due to capillary
pressure (kPa) immediately above geotextile after wetting front passed barrier effect (Equation 6)
Usoil-geotextile interface (kPa) Utop (de) Au (kPa)
Case A Case B Case C Case A Case B Case C Case A Case B Case C
0.1kgaq backsin | 0-5ksat vackrin | 0.1 m | 0.1kgaq packsin | 0-5Ksat backrin | 0.1 m | 0.1kaq packsin | 0-5Ksat backrin | 0.1 m
3 -3.5 1.5 3.5 5.5 -2 -0.7 1 3.5 4.2 6.5
4 -3.5 -1 -0.5 1 -2 -0.7 1 1 0.2 0

Note: values were determined when capillary barrier effect developed at the top of geotextile layer.
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was less than that in slope 3 for various infiltration
conditions. These observations suggest that the sand
cushion effectively reduced the capillary barrier effect.

5.4. Discussion on occurrence of capillary barrier effect

The methods discussed in Section 2 were applied to
examine the occurrence of the capillary barrier effect
and to explain the pore water profiles after capillary
breakthrough. The critical suction values (y, and y,), as
discussed in Section 2, are indicated in the WRC and
k-functions in Figure 10. The suction at which the
hydraulic conductivity curve of the backfill soil intersects
the hydraulic conductivity curve of the sand cushion is
denoted by 4, and the corresponding hydraulic conduc-
tivity rate is represented by ky,;. Furthermore, subscript 2
refers to the point at which the hydraulic conductivity
curve of the backfill soil intersects the hydraulic conduc-
tivity curve of the geotextile (i.e. w1,y and kyy).

5.4.1. Discussion on slope 3

As discussed in Section 2, the capillary barrier effect
occurs in the soil-geotextile system when ;. > min
(Wr geotextiles Wb)- For the materials in slope 3 (Figure 10),
the following are the parameter values: Wijga=
3.5 kPa, Yy geotemle=0.15 kPa, and l//b2:0.08 kPa (Wb2<
Wr geotextile < Winitial). 1his indicates that water could freely
enter the geotextile at a matric suction of 0.15 kPa, but
only at a very small rate until the matric suction reached
Wp2=0.08 kPa, when the flow rate changed to that
matching the hydraulic conductivity of the geotextile at
the corresponding suction. Consequently, the capillary
barrier effect occurred in all infiltration simulations
performed for slope 3, as shown in Figure 13.

It was also observed that the infiltration rate influenced
the pore water pressure profiles after the wetting front
passed through the geotextile. In slopes 3-A and 3-B (¢g<
ksat vackfin), after capillary breakthrough, the pore press-
ures in the soil below the geotextile layer increased but
did not become positive because ¢ was smaller than
the outflow flux (=kguy packnn)- The capillary barrier did
not completely disappear after the wetting front broke
through the geotextile, a pore pressure discontinuity
remained above the geotextile (Figure 13(b)). In slope
3-C (¢=kgat vackinn), the discontinuity in the pore water
pressure was not observed after the wetting front passed
through the geotextile layer (the Au is fully dissipated
in Figure 13(c)) because the geotextile became more
permeable than the soil when it was saturated. The
aforementioned observations support the statements of
Iryo and Rowe (2004, 2005a) presented in Section 2.

5.4.2. Discussion on slope 4

For the sand cushions in slope 4 (Figure 10), the
following are the parameter values: iniia=3.5kPa,
Wr sand cushion — 1.5 kPa, and 49 =T7kPa (l//r sand cushion <
Winitial <Wp1). At the Dbackfill-sand cushion interface,
the hydraulic conductivity of the sand cushion was
higher than that of the backfill material at w,; <7 kPa;
however, water could not flow into the sand cushion until
Wy sand cushion = 1.5 kPa. The initial matric suction in the

backfill soil and sand cushion was 3.5 kPa (less than y,),
implying that when v, gund cushion Teached 1.5kPa, the
wetting front quickly dissipated in the sand cushion
because the hydraulic conductivity of the sand cushion
was higher than that of the backfill material. Therefore,
the capillary barrier effect could not occur at the backfill-
sand cushion interface (Figure 14) for y<1.5kPa.
Compared the critical suction threshold y=1.5kPa for
slope 4 with y=0.08 kPa for backfill soil-geotextile inter-
face in slope 3, the sand cushion acted as an intermediate
material between the backfill and nonwoven geotextile,
reducing the stored moisture required for attaining the
critical suction value at the soil-geotextile interface.

When the suction decreased to ¥ geotextile =0.15 kPa at
the sand cushion—geotextile interface, the wetting front
started to enter the nonwoven geotextile. A capillary
barrier effect would be expected to occur because the
hydraulic conductivity of the geotextile was lower than
that of the sand cushion. However, this interface is con-
sidered a relatively brittle capillary barrier because of the
high hydraulic conductivity of the sand cushion once the
water has broken through from the backfill. As a result, as
shown in Figure 14, only a small amount of water has
accumulated at the sand cushion-geotextile interface and
the pore water pressure did not increase to positive values
in slope 4-A and 4-B.

6. CONCLUSIONS

A series of numerical analyses were conducted to
investigate the hydraulic behaviour of unsaturated slopes
with nonwoven geotextile drains. The effect of sand
cushions on reducing the development of the capillary
barrier effect was evaluated and discussed. The con-
clusions drawn from this study are summarised below.

® The suitability of the numerical model for modelling
the capillary barrier effect and flow within unsaturated
soils was validated by using the experimental results of
a one-dimensional soil column infiltration test and
full-scale infiltration tests.

* For the slope with nonwoven geotextile drains without
sand cushions (slope 3), the numerical results indicated
that the wetting front was momentarily stopped due
to the capillary barrier effect at the interface between
the soil and the underlying geotextile, and positive
pore pressures developed in the soils immediately
above the geotextile. An apparent discontinuity in
the pore pressures was observed above and below the
geotextile layer. In this case, the nonwoven geotextile
acted as a moisture barrier instead of acting as a
drainage material.

® The capillary barrier effect was appreciably reduced
by sandwiching geotextile drains between suitable
sand cushions (slope 4). The maximum pore water
pressure in soils above each geotextile layer remained
negative, and the pore pressure profiles were less
discontinuous compared to those of slope 3. In this
case, sand cushions acted as an intermediate material
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between the backfill and the nonwoven geotextile, k  hydraulic conductivity (m/s)
which bridged the gap between two materials with ky, hydraulic conductivity at which
contrasting unsaturated hydraulic characteristics; con- hydraulic conductivity functions of
sequently, the pore water pressure in the soils above two materials forming interface
the nonwoven geotextile was effectively dissipated intersect (m/s)
downward. ky;  hydraulic conductivity at which the
* The overall and local slope stabilities were evaluated hydraulic conductivity curve of
by considering pore pressure changes in each infiltra- backfill soil intersects the hydraulic
tion stage. As infiltration continued, local soil failure conductivity curve of sand cushion
occurred for soils above the top geotextile layer (m/s)
because of the development of positive pore water ky>  hydraulic conductivity at which
pressure, induced by the capillary barrier effect. The the hydraulic conductivity curve
use of sand cushions enhanced both overall and local of backfill soil intersects the
slope stabilities. hydraulic conductivity curve of
* Numerical results indicated that the capillary barrier geotextile (m/s)
effect occurred irrespective of the infiltration rate. ks saturated hydraulic conductivity
However, the infiltration rate influenced not only (m/s)
the pore water pressure increase Au induced by the Ksat backin  saturated hydraulic conductivity
capillary barrier effect but also the pore pressure of backfill soil (m/s)
profile after capillary breakthrough. The pore pressure Ksat geotextile  Saturated hydraulic conductivity
increase Au for slope 4 was lower than that for slope 3 of geotextile (m/s)
for various infiltration conditions, suggesting that the ksat soi  hydraulic conductivity of soil (m/s)
sand cushions effectively reduced the capillary barrier k. hydraulic conductivity in
effect. x-direction (m/s)
k, hydraulic conductivity in
For the application of geosynthetic drains in reinforced y-direction (m/s)
structures with marginal backfill soils, the designer should m fitting parameter for van
be aware of the possibility of capillary barrier effect Genuchten equations
occurring. The relationship among the hydraulic charac- (dimensionless)
teristics of the unsaturated soil and geotextile and the m,, coefficient of water volume change
infiltration rate can be used to select suitable nonwoven (dimensionless)
geotextile and sand cushions for a particular backfill to n fitting parameter for van
prevent or reduce the capillary barrier effect. Finally, this Genuchten equations
study demonstrated the effectiveness of the use of sand (dimensionless)
cushions. The type, thickness, and coverage area of the nY  fitting parameter for van
sand cushions may play an important role in determining Genuchten equations for drying
the efficiency with which the capillary barrier effect curve (dimensionless)
is reduced, and therefore, they should be further n"  fitting parameter for van
investigated. Genuchten equations for wetting

curve (dimensionless)
g infiltration rate/boundary
ACKNOWLEDGEMENTS flux (m/s)
R cumulative rainfall (m)
S, degree of saturation
(dimensionless)
t time (s)
u, pore air pressure (Pa)
Usoil-geotextile interface maximum pore pressure at the
soil-geotextile interface (Pa)
upp pore pressure at the top of slope
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(Pa)
uy pore water pressure (Pa)
NOTATION o fitting parameter for van
Basic SI units are given in parentheses. Genuchten equations (Pa™")
o9 fitting parameter for van
¢' effective cohesion of saturated soil Genuchten equations on drying
(Pa) curve (Pa™!)
g gravity (m/s%) a"  fitting parameter for van
h  total hydraulic head (m) Genuchten equations on wetting
h,  pressure head (m) curve (Pa™")
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