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Analyses and design of steep slope with GeoBarrier System (GBS)

under heavy rainfall

ABSTRACT:

A GeoBarrier system (GBS) is a combination system of reinforced soil walls to stabilize near-
vertical cut slopes and capillary barrier principles to protect the wall from the effect of rainfall
infiltration. Singapore requires construction materials that are cost-effective to support
sustainable urban development. Therefore, recycled materials are utilized as GBS materials to
avoid the use of high-cost materials, such as steel or concrete. GBS consists of planting geobags
with unique geosynthetic pockets for sustainable plant species as a facing layer of GBS. The
negative pore-water pressure (suction) within the reinforced soil behind GBS was assured to
be constant during rainfall since GBS is designed specially to minimize the rainfall infiltration
into the reinforced soil. This paper presents the practical design and stability analysis of the
GBS, considering the presence of suction within the reinforced soil body. The monitoring of
GBS performance in the field was carried out via field instrumentation. Finite element analyses
of the GBS under extreme rainfalls were also performed for evaluation of the GBS performance.
The field instrumentations and numerical analysis results showed that GBS was able to protect
the slope from rainfall infiltration; therefore, the stability of the slope retained by GBS was not
affected by the rainfall. Results from the analytical calculation showed that the most critical
mode of failure is sliding along the base, followed by the global and local slope stability. The

GBS is not susceptible to local instability.

Keywords: GeoBarrier system (GBS), reinforced soil wall, capillary barrier, suction

contribution.
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1. Introduction

Singapore is considered densely populated, with 5.5 million people living within 720 km?
area (Singapore Dept of Statistic, 2015). One solution to this issue is to construct building
underground for creating a new space. Concrete retaining structures are commonly used for
underground constructions. As a result, the total cost of construction will be high and concrete
walls can be aesthetically poor without possibility of growing vegetation. Rahardjo et al. (2018)
introduced an innovative retaining structure, GeoBarrier system (GBS), for a replacement of
concrete retaining walls. This new system combines capillary barrier system (CBS) with
geobags which are fabricated from geosynthetics. The bags encapsulate the materials of GBS
to avoid sliding issues. The study by Matsuoka et al. (2001) indicated that the soils contained
insides geosynthetic bag can increase strength of the reinforced soil wall. The use of geobags
also provides an environmentally friendly retaining wall, which is an alternative to reinforced
soil wall with low cost (Ansari et al., 2011).

Matsuoka and Liu (2006) showed that geobags could be used as a retaining wall in
different locations in Japan. However, the use of reinforced soil wall including geobag retaining
wall is not widely accepted by many engineers in the world (Lee et al., 2010; Ren et al., 2018).
This is partly attributed to the occurrence of failures of this system in several areas in the world
(Yoo, 2011; Yoo and Jung, 2006), which are mainly caused by the limitation of the drainage
system and the use of improper fine-grained soil (Koerner and Soong, 2011). Therefore, it is
necessary to develop a new geobag retaining structure with an effective drainage system
utilizing non-cohesive materials.

The principles of GBS are the same as CBS, with additional geobag and reinforcement
to retain the steep slope behind it. The CBS is commonly used as cover system to stabilize the
slope (Rahardjo et al. 2012; 2013) and to protect the landfill (Nicholson et al. 1989; Ross, 1990)

where the permeability of coarse-grained material is much lower than the permeability of fine-
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grained material in unsaturated conditions (Stormont and Anderson, 1999; Khire et al., 2000).
These contract characteristics in hydraulic properties are required to minimize water infiltration
into the soil beneath CBS (Tami et al., 2004). The schematic diagram of the GBS is presented
in Fig. 1. GBS incorporates recycled materials within the fine- and coarse-grained layers to
achieve environmental sustainability. Combinations of fine and coarse recycled materials with
recycled concrete aggregates (RCA) and reclaimed asphalt pavement (RAP) were used in the
study. The geobag containing fine RCA or fine RAP is placed on top of each other to form the
GBS retaining wall. The coarse RCA or coarse RAP is laid between reinforced soil and fine
RCA or fine RAP geobag to provide the barrier system for minimizing water infiltration into
the compacted residual soil. Approved soil mix (ASM) was encapsulated inside geobag and
placed in front of the RCA or RAP layer.

This paper focuses on the design calculation, and the stability analyses of the GBS
constructed within a residual soil in Singapore. Unsaturated soil mechanics principles were
considered by incorporating suction in the GBS design and stability analysis. Appropriate
unsaturated soil properties and relevant formulas presented in Fredlund and Rahardjo (1993)
were used in this study. The lateral earth pressure formula for analyses of cohesive soil
(AASHTO, 2009; Berg et al., 2009) was integrated in the analyses to incorporate the transfer

of stress into the reinforcing member.

2. Construction and performance of GeoBarrier System (GBS)
2.1 GBS components

Three slopes retained by GBS were constructed within the residual soil from Bukit Timah
Granite in Singapore with the incorporation of fine RCA overlying coarse RCA in GBS slope
1, fine RAP overlying coarse RAP in GBS slope 2 and fine RCA overlying coarse RAP in GBS

slope 3 (Figs. 1 and 2). The construction of slopes retained by GBS was carried out with a
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height of 4 m and a slope angle of 70°. The GBS consisted of 8 layers of geobags stacked on
top of each other and supported with 2.8 m long of geogrid within each layer of geobag.
Geogrid was used as reinforcements that were securely connected to the bags of ASM
and fine RCA/fine RAP. The initial characteristic strength at 5% strain of the geogrid was 34.4
kN/m, and the unit weight was 0.25 kg/m?. The geogrid has a 60 kN/m characteristic strength
(t,i:) and 4 mm thickness (t). A 0.3-m thick of coarse material (coarse RCA/ coarse RAP) was
compacted on top of the compacted residual soil as the reinforced soil fill to achieve the
required density of 1.7 Mg/m®. The wall face was made of geobags (0.5 m x 0.5 m) filled with
fine RCA and geobags of ASM of 0.6 m x 0.5 m size. The ASM bags are used on the wall face
for growing plants. The combination of geobags of ASM and fine RCA forms a gabion type of
facing of 1.1 m thick. During the filling process, the geobag was placed within a wooden box
with a similar size as the designed geobags for fine RAP and coarse RAP to ensure the integrity

of the geobag prior to lifting and placement of geobags in the GBS location.

2.2 Material properties

Fine RAP and coarse RAP were utilized as GBS materials in this study. The residual soil
retained by the GBS was classified as a highly plastic clay (CH) following the Unified Soil
Classification System (USCS) (ASTM D2487). The summary of index properties of the GBS
materials and residual soil investigated in this study is given in Table 1. The fine RAP and the
coarse RAP are classified as Poorly graded sand (GP) and Poorly graded gravel (SP),
respectively. Fig. 3 presents the grain-size distributions of fine RAP, coarse RAP, ASM, and
residual soil.

The measurements of soil-water characteristic curve (SWCC) of GBS materials and
residual soil were carried out following the relevant ASTM standards (ASTM D6838). The

permeability functions were derived from SWCCs. The SWCCs and permeability functions of
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the GBS materials and the residual soil are presented in Fig. 4. Note that air-entry values were
inferred from Zhai and Rahardjo (2012) equations. Fine RAP and coarse RAP have a water-
entry value, y,, of 50 kPa and 0.8 kPa, respectively. The ratio of water-entry value between
fine and coarse RAP was 62.5, which was much higher than 10 (one of the criteria for
satisfactory capillary barrier performance based on the study from Rahardjo et al., 2013). The
saturated coefficients of permeability, k,, for fine RAP and coarse RAP are 1.2x10° m/s and
4.0x10° m/s, respectively. The k, of coarse RAP was in accordance with the requirement
proposed by Rahardjo et al. (2013), which was equal to or higher than 1.0x10™ m/s to ensure
the effectively continuous flow of water within the GBS materials. The hydraulic and shear

strength properties of the GBS materials and the residual soil are presented in Table 2.

2.3 Field instruments and monitoring

The rainfall and groundwater table variations within the GBS slope area in this study
were monitored using a rain-gauge and two Cassagrande-type piezometers, respectively. The
changes in negative pore-water pressure (PWP) was monitored using four pairs of the
tensiometer, while the fluctuations in volumetric water content (VWC) was monitored using
four pairs of soil moisture sensor. The tensiometers and soil moisture sensors were installed at
2 m depth from the ground surface in the crest of the slope. Each of the instruments was
installed within the different GBS materials (reinforced soil, coarse material, and fine material)
in order to minitor the responses of PWPs and VWCs within the different GBS layers and the
compacted residual soil during rainfalls. Hence, the breakthrough of rainwater into the coarse-
grained layer or the compacted residual soil behind GBS can be monitored. In other words, the
performance of GBS to minimize rainwater infiltration can be monitored in real-time.

This paper presents the response of the middle slope (GBS slope 2) because earth

pressure cells were also installed in GBS slope 2 to monitor transient vertical and lateral
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stresses against the rainwater infiltration. The earth pressure cells were located at 1.5 m depth
from the ground surface on the crest of the slope. Data acquisition system (DAS) with an
internet connection was connected to all instruments for on-line and real-time monitoring. The
schematic diagram of GBS slopes with the locations of the instruments is indicated in Fig. 1.
The monitoring period was one year from 1st July 2016 to 30th June 2017. Special
attention was given to the rainfall record for January 2017 (Fig. 5) where one week of rainfall
was observed after the occurrence of a long dry period. The total rainfall amount from 18th
January 2017 until 23rd January 2017 was 204 mm, where the highest amount of rainfall

intensity was 103.8 mm/day and 38.7 mm/h (at 10:00 am) on 23rd January 2017.

2.4 Field monitoring results and GBS performance

The changes in PWPs within GBS layers and the compacted residual soil are presented
in Fig. 6. It was observed that the PWPs within the compacted residual soil was almost constant,
between -18 and -22 kPa, suggesting very minimum rainwater percolated down into the
compacted residual soil during rainfall. Similarly, no changes in PWPs were observed within
the coarse-grained layer (-4.5 kPa). The slight fluctuations in PWPs were also monitored within
the fine-grained layer (between -14.5 and -16.5 kPa). Pore water pressure responses showed
that no breakthrough occurred during heavy rainfalls between January 18th and 23rd, 2017.
Field instrumentation data also indicated a constant vertical and horizontal pressures in GBS
slope 2 during rainy periods (Fig. 7). It indicated that there was no influence of water infiltration
on the compacted residual soil behind the GBS during rainfall. In other words, the GBS was
able to protect the slope from rainfall infiltration. Hence, the stability of the slope could be

maintained during heavy rainfalls.
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3. Analytical Calculation of GeoBarrier System (GBS)
3.1 External Stability

In general, the external stability of a retaining wall was evaluated against bearing capacity
issue, overturning, sliding, and overall stability of a slope. Koerner (2005) studied that
overturning is not a problem in reinforced walls since the bending moment cannot be mobilized
due to the inherent flexibility. In addition, a reinforced soil wall is a light structure as compared
to a gravity wall or even a concrete cantilever wall. Thus the shear failure of the foundation
soil, as well as excessive settlements, are not of concern. Hence, the overall stability of the
GBS is usually governed by sliding along the base and slope instability.

The evaluation of GBS stability against sliding requires the estimation of lateral earth
pressure in active condition. The coefficient of active lateral earth pressure based on the

unsaturated soil formulation (Fredlund et al., 2012) is as follows:

I
¥ b
Kpg=—-2_1 ¥ angb
as Ng oy N¢ (% ¢ JNo

1)
where N, = tan®(45 + ¢'/2) is the coefficient of passive earth pressure, c;" and ¢, are
effective shear strength properties of the foundation soil, ¥ = (u, — u,,) is matric suction,
o', = (o, — ug) is net normal stress, ¢? is the internal friction angle with respect to matric
suction u,, and u, are pore water and pore air pressure in the soil.

Wright and Duncan (1991) proposed to use Bishop's simplified method in analyzing the
stability of steep reinforced slopes. Formulations for stability analysis based on moment and

force equilibriums of unsaturated soil slope where the pore-air pressure is atmospheric are as

follows (Fredlund et al, 2012):

Y[c'b+(N—uyb)tang'|R
AL ap+ Y Wx

me = 2

b
Z[c’b cos a+(N—qutt:11f;, ) tan ¢’ cos a]

Fff - AL+ Y Nsina (3)
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where F,,r and Fy; are the factors of safety with respect to moment and force equilibrium, b

is the width of the slice, N is the normal force, « is the angle between the tangent to the center
of the base of each slice and the horizontal, A4, is the resultant of external water force, while
other parameters are as defined previously. For reinforced slope, each layer of reinforcement
can be represented by a concentrated force applied along slip surface as shown in Fig. 8 and
can be computed based on the analytical procedure given in Koerner (2005) or using slope

stability program such as SLOPE/W (GEO-SLOPE, 2012).

3.2 Internal Stability

The analyses of the internal stability of GBS wall were carried out by comparing the
reinforcement load with the tensile strength of the reinforcement (geogrid) as well as the
friction that occurred between the geogrid and the compacted residual soil. The available factor
of safety (FoS;ensiie), the ratio between the reinforcement (7,,,4,) and the ultimate strength of
the reinforcement (T,), should be higher than the material reduction factors (functions of the
reinforcement installation damage (FC), the effects of creep (FD), and the effects of
environment (FS)) (Koerner, 2005; Berg et al., 2009).

FoStensite = (Tu/Trmax) = (FC X FD X FS) (4)

Berg, et al. (2009) observed that the reinforcement type influences the mechanism of
stress transfer between the reinforcement and the soil. For a geogrid reinforcement with
opening > ds, of the reinforced soil, the stress transfer could be estimated as B. = 2F*§oy,L,
for which § = 0.8 while F* represents the stress transfer mechanism between the reinforced

soil and geosynthetics. For geogrids with opening > ds, of the reinforced soil F* = tan ¢Sg =

2tan g_ for which ¢_is the angle of internal friction of the reinforced soil. The required

anchorage length of geosynthetics reinforcement (L,) is as follows:

L, = (0, X 2/3tang, X a X A)/Tmax (5)
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where A is the area retained by geogrids, T,,4, IS the maximum pullout capacity of geogrids,
oy, is overburden pressure (a)).
Thus, the factor of safety with respect to pull-out is:

FoStensite = (La/Le) > 1 (6)

where L, is the pull-out capacity.

3.3 Stress Transferred to Reinforcing Element

The maximum tensile stress in reinforcing elements can be estimated using three different
methods, i.e. based on slope stability analysis (Wright and Duncan, 1991), as given in Fig. 9;
the existing design guidelines or simplified method (AASHTO, 2009; Berg et al., 2009) and
the simplified stiffness method (Allen and Bathurst, 2015). As shown by Gofar and Hanafiah
(2018), the methods gave comparable results in terms of stress transferred to the reinforcing
element.

In the simplified methods (AASHTO, 2009; Berg et al., 2009), the maximum tensile or
pull-out force (T},4,) resisted by a reinforcing element is the integration of horizontal stress
within the contributary area of the reinforcement layer. For a geosynthetic reinforcement, the
tributary area is equal to the vertical spacing between two reinforcing layers (S,,):

Tnax = Op X Sy (7)

The effective horizontal earth pressure against the wall (a3,) with cohesive backfill is as follows:

or, = 0,Kg — (2¢/Kg) (8)

For an unsaturated soil, the total cohesion of soil is derived from soil’s mineralogy, the effective
cohesion (c") and the matric suction () as defined as follows (Fredlund et al, 2012):

c = c¢' + Ytang? ©)
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where ¢? is an angle indicating the rate of increase in shear strength with respect to a change
in matric suction. The distribution of the active pressure in unsaturated soil is presented in Fig.
9. Only positive pressure was considered in the analysis adopted in this study.

In this study, the effect of cohesion in the simplified method (Allen and Bathurst, 2015)
was included with the incorporation of the cohesion in the horizontal stress calculation
Equation (7). The most important factor evaluated in this study is the cohesion factor ®.. The
effect of cohesion was first developed by Miyata and Bathurst (2007) and Bathurst et al. (2008)
and then modified by Allen and Bathurst (2015) to the following form:

O, =M 0> D, =1 (10)
where 4 is the cohesion coefficient (= -16), c¢ is the total cohesion of the reinforced soil,
including the effect of suction. The effective cohesion and the cohesion component resulting
from matric suction or negative pore-water pressure can be measured for a particular soil. In
this method, the cohesion factor is only applicable for soils with plasticity index (PI) > 6.

The analytical calculation was carried out based on the geometry and the materials used
in this study as well as the soil properties of GBS constructed in the residual soil of Singapore,
as presented in Section 2. The modulus of wall facing was derived from the combined modulus
of fine RAP and ASM in proportion to their thicknesses, which are 0.5 m and 0.6 m respectively.
The combined elastic modulus of the wall facing (57000 kPa) was determined from the slope
of the stress-strain curve of the GBS materials. The shear strength parameters of the reinforced
soil used in the analysis are ¢’ = 5 kPa and ¢’ = 38° while the unit weight is 20 kN/m?>. The
¢? angle was 14°. The wall was reinforced with geogrids with a vertical spacing of 0.5 m and
a reinforcement length of 2.8 m or 0.7 times of the wall height. The geogrids were securely
connected to the bags of ASM and fine RAP. The initial characteristic strength of the geogrids,
defined as the load resistance at 5% strain, was 34.4 kN/m, while the modulus of the geogrids

(J) was 600 kN/m. Since the geogrids were to be in contact with the coarse-grained material
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near the wall face (Fig. 1), the characteristic strength should be reduced to a factor related to
the installation damage FC = 1.10. The required service life considered in this study is 60 years,
thus material reduction factors related to creep effects FD and the environmental effects F'S
were 1.41 and 1.03, respectively. The effective friction surface between the geogrids and the
reinforced soil («) is 0.4. The analysis was performed for a surcharge weight of 10 kPa on the
crest to simulate a nominal surcharge load that may occur during the service life of the wall
(Berg et al., 2009). Suction variation from 0 to 50 kPa in both the foundation and reinforced
soil was considered at increments of 10 kPa. All analyses were performed using a spreadsheet
program in Microsoft Excel environment.

The force in the geogrids layer varies from close to zero at the crest to a maximum
value at a depth of 1.5 m. The force is constant from depth of 1.5 m to maximum depth of 4 m.
The variation of maximum force with matric suction, shown in Fig. 10 indicated that the force
decreases with increasing apparent cohesion derived from suction, which is in agreement with
Allen and Bathurst’s (2015) statement that the tensile force in reinforcement decreases due to
suction. External stability analyses showed that sliding along the base was the most critical
mode of external failure with factor of safety (FoS) against sliding increasing from 1.36 for i
=0 to 1.59 for i = 50 kPa. The FoS for global slope stability increases from 1.75 to 2.63 as
suction increases from 0 to 50 kPa, while the FoS for local slope stability is slightly higher in
a saturated condition (y = 0 kPa), i.e., 1.89 and it increases to 2.25 when suction increases to
50 kPa. The variations of FoS for sliding along the base as well as local and global slope
stability with suction are shown in Fig. 11. For internal stability analysis, the allowable tensile
resistance (Ty;;) was 18.8 kN while the pull-out resistance is a function of overburden pressure
at the level of the geogrid reinforcement and thus varies with depth. The variations of the

minimum FoS against tensile and pull-out failure are also shown in Fig. 11.
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4 Numerical Analyses
4.1 Coupled deformation-seepage model

A two-dimensional (2D) coupled deformation-seepage numerical model was developed
using SIGMA/W (GEO-SLOPE, 2012) to examine the response of a GeoBarrier System (GBS)
under severe rainfall conditions in Singapore. The finite element mesh and boundary conditions
of two (2) cases are illustrated in Fig. 12. In the first case, a typically steep slope of a 4 m high
with an inclination angle of 70° was covered with geobags that are filled with the residual soil
and reinforced with geogrids used in this study as shown in Fig. 12 (a). The simulated steep
slope consists of the residual soil from the Jurong Formation in Singapore. In the second case
shown in Fig. 12 (b), the slope is reinforced with the GBS and the geogrids that are strongly
attached to the geobags and extended to 2.8 m (70% of slope height) from the GBS facing or
1.4 m behind the coarse reclaimed asphalt pavements (coarse RAP) layer. The GBS is
comprised of the compacted residual soil (reinforced zone), geogrids, fine reclaimed asphalt
pavements (fine RAP), and coarse RAP for the capillary barrier cover, and ASM for the
sustainable green cover.

The boundaries between the GBS and the slope in the lateral direction were set to three
times the slope height to avoid the influence of the lateral boundary conditions. The lateral
boundaries of the slope are fixed against horizontal displacement, and the bottom boundary of
the slope is fixed against both horizontal and vertical displacements. The construction sequence
that started with a field geostatic condition and placement of geobags and reinforced soil was
considered in the analysis to generate the proper stress condition of the slope prior to a rainfall
event.

Groundwater table position was obtained from the piezometer reading (1.5 m below the
ground surface at the toe of the slope) at the location. The initial hydraulic condition of the

slope was taken based on the position of the groundwater table as a hydrostatic pore-water
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pressure condition. The maximum matric suction in the slope was set to 35 kPa to simulate the
in-situ condition. The flux boundary (g) equal to a rainfall intensity of 4.09 x 10 m/s (14.7
mm/h) for 24 hours was applied to the surface of the slope. This flux boundary was
approximately around the maximum recorded daily rainfall in Singapore of 353.6 mm/day
(Meteorological Service Singapore, 2015). In order to evaluate the effect of rainfall infiltration
on the deformation of the GBS, the analyses were carried out during the periods with and
without rainfall. First, a rainfall intensity of 4.09 x 10 m/s was applied on the surface of the
slope for 24 hours. Then no rainfall was used in the analyses for 72 hours to allow the
groundwater table recovery for subsequent analyses as shown in Fig. 13. The non-ponding
condition was applied on the slope surface to avoid the generation of positive pore-water
pressure at the ground surface. The total head (h,,) was applied to the lateral boundaries of the
slope below the groundwater table. No flow boundaries were applied at the bottom and along
the lateral side of the slope by assigning a nodal flux (Q) equal to zero. The nodal flux (Q) was
taken to be zero with review at the outer boundaries of the surface drain to drain out the

collected rainwater.

4.2 Slope stability analyses

Slope stability analyses were also performed using SLOPE/W (GEO-SLOPE, 2012). The
pore-water pressure distributions of the slope calculated from the coupled deformation-seepage
analyses were imported to SLOPE/W. The shear strengths of both the saturated and unsaturated
residual soils obtained from laboratory tests were used in the slope stability analyses based on
Morgenstern-Price method (1965). The distributions of matric suction were selected and the
factor of safety was calculated for every time increment.

In addition to the stability analysis of a slope, the deformation of the slope was

incorporated in the slope stability analysis. First, the developed horizontal displacements were
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investigated at the three different locations (e.g., slope crest, slope midpoint, and slope toe).
These locations corresponded to the locations of a critical slip surface obtained from the slope
stability analyses. Second, dimensionless displacements (Es8,,qx/Y:H?) were calculated to
search for an inflection point, where E; is Young’s modulus of the soil, 8,4, IS the maximum
displacement of the slope along the critical slip surface, y; is the unit weight, and H is the slope
height (Kim et al., 2013). Two tangent lines were drawn on the relationship between the
dimensionless displacement and the elapsed time to evaluate the slope instability. The
intersection points of the two tangent lines represent the instability condition of the slope. Third,
the maximum horizontal displacements along the critical slip surface with respect to the
fluctuated rainfall were also investigated to study the effect of rainfall infiltration and to
confirm the deformation characteristics of the slope due to rainfall infiltration. Fig. 14
illustrates the procedure of numerical analyses for evaluating the slope instability based on soil

deformation characteristics and limit equilibrium criteria.

4.3 Results of numerical analyses

Variations in the factor of safety (FoS) calculated from the limit equilibrium analyses of
the slope covered with geobags and GBS are shown in Fig. 15. The slightly higher initial FoS
was observed in the slope with GBS (2.16) compared with the slope with geobags (2.05) due
to the capillary barrier effects. However, the rate of decrease in FoS for the slope with geobags
was faster than the slope with GBS. The FoS for the slope with geobags reached 1.49 at the
end of the rainfall event while the FoS for the slope with GBS remained constant during rainfall.
As expected, the GBS has a significant effect on the slope stability under heavy rainfall events.

Fig. 16 shows the horizontal deformations at the three locations along the critical slip
surfaces that were evaluated from SLOPE/W analyses (Fig. 17). The two simulated slopes

exhibited higher horizontal displacements than vertical displacements. The deformation of the
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slope with geobags was higher than that of the slope with GBS. It is also showed that the slope
with geobags exhibited typical deformed behavior of soil slopes while the slope with GBS
represented the rigid behavior of retaining walls.

In order for the dimensionless displacement to define slope instability, horizontal
displacements at the three locations, as mentioned earlier, were used in this study. The
deformation characteristics represented by the relationship between the dimensionless
displacement and elapsed time during the rainfall is shown in Fig. 18. Fig. 18 (a) shows that
the dimensionless displacement of the slope with geobags increased during rainfall, especially
rapid increase in the deformation was observed after 4 h. It can be said that the slope tended to
be vulnerable right after the rainfall event. On the other hand, Fig. 18 (b) shows that the slope
with GBS deformed relatively less than the slope with geobags. In addition, the deformation
increments the GBS slope was not significant. Consequently, no evidence of the instability of
the GBS slope was found in the relationship between the dimensionless displacement and time.

Fig. 19 shows the variations of horizontal deformation from the numerical analyses with
the incorporation of a fluctuated rainfall event as depicted in Fig. 13. The figure shows that the
increases in the lateral deformations were induced by rainfall for 24 hours, and the
deformations decreased gradually to the initial values during no rainfall conditions of 72 hours
when the groundwater table returned to the initial position. By repeating the rainfall event, the
maximum lateral deformation developed at the three different locations increased slightly.
However, the slope with GBS had smaller deformations compared with the slope with geobags,
confirming the superiority of GBS with the effects of capillary barrier on the overall stability

of the slope.
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5. Conclusions

Available design and stability analysis methods of the reinforced retaining wall could be
used for the newly developed GeoBarrier system (GBS) by incorporating unsaturated soil
formulations in the methods. Stability analysis of GBS constructed in Singapore shows that the
stability of the wall increases with suction. The most critical mode of the external failure is
sliding along the base, followed by the global and local slope stability. Due to its flexibility,
the GBS is not susceptible to overturning as well as the shear failure of foundation soil and
excessive settlement. The fact that the maximum tensile stress in the reinforcement decreases
with matric suction implies that the geogrid reinforcement has no significant effect on slope
stability when the reinforced soil maintains a high matric suction level. Field instrumentation
and numerical analyses have shown that the GBS was effective in minimizing rainwater
infiltration into slope during rainfall. Reclaimed asphalt pavement was found to be suitable and

sustainable sources to be used as the fine- and coarse-grained materials of GBS.
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503 Tablel

504 Index properties of materials used in seepage analyses.

Properties Residual Soil Fine RAP Coarse RAP
USCS classification CHY SpP? GPY
Specific gravity, G 2.61 2.57 2.66
Porosity, n 0.440 0.390 0.437

Unit weight, y, (KN/m?) 20.3 19.0 20.0
Natural water content, w (%) 38 6.70 6.56
Optimum water content, w,,,, (%) 11 NA NA

505 Y Highly plastic clay; ? Poorly graded gravel; ® Poorly graded sand.

506



507

508

509

Table 2

Hydraulic and shear strength properties of materials used in this study.

Description ASM Resic_lual Fine Coarse Gravel C?g%?;fd
soil RAP RAP Soil
Effective cohesion, ¢’ (kPa) 2 5 0 0 0 5
Effective friction angle, ¢'(°) 30 28 34 35 35 38
Air-entry value, ¥, (kPa) 26 64 0.40  0.09 0.07 112.5
PP (°)for 0< Y <, 30 28 34 35 35 38
¢ (%) for y >y, 15 14 17 17 17 14
Total unit weight, y (kN/m?) 165 180 200 21.0 210 20.0
Saturated volumetric water content, 6, 0.381  0.51 0.364 0.412 0.39 0.423

Saturated permeability, kg (m/s) 1x10° 1x107 4x10™

1.2x10° 5x10?

1x107°
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511  Fig. 1. Schematic diagram of GeoBarrier System (GBS) slope 2 as with instrumentations.
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513  Fig. 2. Pilot study of GeoBarrier System (GBS) with three different material combinations.
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