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Abstract

Most natural slope failures are induced by seepage and/or rainfall. Soil bioengineering is an environmentally friendly method which employs
vegetation to reinforce the soil in sloping terrain. The vegetation can contribute to slope stability in two ways, mechanical and hydrological. This
paper demonstrates the effect of a vegetation root matrix on a soil slope and focuses on mechanical reinforcement using an example of vetiver
grass. Vetiver grass (Vetiveria nemoralis A. Camus) specimens, grown for under a year, were used in this study. The investigation programme
includes root observations, direct shear tests and centrifuge model tests. The growing rate of the vetiver roots and the root area ratios were
observed during the tests. The cohesion and angle of internal friction of root-reinforced soils were determined from a standard direct shear
apparatus and a large direct shear apparatus. A series of centrifuge tests was carried out to demonstrate the effect of vegetation on seepage- and
rainfall-induced slope failures. The results indicate that the vetiver roots showed rapid growth within a year and that the shear strength of the root-
reinforced soil was significantly increased by the bundle of roots. The results also reveal that the bundle of root fibres in the centrifuge model tests
helped to reduce the deformation of the soil slope due to instability by increasing the shear strength of the slope.
© 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Landslides are one of the most widespread earth processes
which involve the failure of sloping earth material. Landslides
are considered to be one of the most important problems in
geotechnical engineering. This is because landslides are
usually among the most costly natural disasters in terms of
human fatalities and economic loss. In recent years, natural
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slope instability has increased especially in tropical monsoon
zones, such as Southeast Asian countries. There are several
factors that can cause natural slope failures, such as geological
activity, hydrological influence and human interference, but
seepage and rainfall are the main factors. The infiltration of
rain water can cause a rise in the groundwater level and an
increase in pore water pressure or a decrease in the matric
suction of the soil. In addition, the physical process of rainfall
infiltration into the ground and its seepage through the soil
layers have been studied by hydrogeologists, soil scientists and
geotechnical engineers (Ng and Shi, 1998).

To increase slope stability, several methods have been used,
such as soil nails, retaining structures, geosynthetic
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Vetiver roots
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Fig. 1. (a) Vetiver specimens grown in hydroponic conditions and (b) root observation.

Table 1
Chemical test results of planted soil.

Test Value Level
Alkaline—acidity (pH) 6.7 Medium
Organic (O) 12.13% High
Phosphorus (P) 61 mg/kg High
Calcium (Ca) 7859 mg/kg High
Magnesium (Mg) 974 mg/kg High
Potassium (K) 1996 mg/kg Very high

reinforcements and shotcrete. However, these methods are
costly and may not be suitable for natural slopes. In ancient
times, the use of vegetation in soil slopes and earthen covers
for landfill was well recognised, and it is still well-known that
the effect of vegetation plays an important role in increasing
soil slope stability. Soil bioengineering is an environmentally
friendly alternative that uses vegetation for improving slope
failure. There are two main contributions whereby vegetation
can affect slope stability, i.e., hydrological and mechanical
processes. Firstly, changing the soil moisture regime and
drawing the water from the soil via evapotranspiration (Ali
and Osman, 2008) can increase soil suction. Secondly, the
roots of vegetation can enhance slope stability by increasing
the shear strength of the soil (Gray and Sotir, 1996; Wu et al.,
1979). The role of vegetation in slope stability has been
defined by Greenway (1978), Coppin and Richards (1990) and
Wu (1995). In addition, this method is applied to prevent
shallow failure as well as soil surface erosion in natural slopes.

Vetiver grass (Vetiveria nemoralis A. Camus), was promoted
to help prevent soil erosion and water runoff or infiltration by
the World Bank in the 1980s, and is important in soil
bioengineering (Greenfield, 1996). Recently, the Chaipattana
Foundation and the Office of the Royal Development Projects
Board, Thailand, have promoted the use of vetiver grass for soil
and water conservation for many royal projects in Thailand.
Vetiver grass is fast growing and requires low maintenance. The
length of vetiver roots has been seen to grow up to 2-3.5m

(Chinapan et al., 1997). Vetiver roots can penetrate deep into the
ground to form a net-like barrier capable of filtering silt and
containing top soil. Normally, shallow failure is a typical failure
mode of soil slopes in regions with prolonged and heavy
rainfall; it always occurs 1-1.5 m in depth from the surface
(Gray and Leiser, 1982). Hence, shallow failure of natural
slopes could be prevented by the rooting depth of the vetiver
grass which interlocks with the soil particles. Previous research
has investigated the tensile root strength properties of vetiver
grass for resisting shallow failure and superficial erosion
(Hengchaovanich and Nilaweera, 1998).

Recently, the stability of model soil slopes that were reinforced
by plant roots has been investigated by Sonnenberg et al. (2010) at
15g using a centrifuge. By continuously raising the groundwater
table in model slopes, contributions of mechanical root reinforce-
ment were back-analysed based on observed slip surfaces at
failure. Takahashi et al. (2014) studied the effect of vegetation
structures on seepage-induced slope failure using a 50g centrifuge
model. Eab et al. (2014) continued the study of Takahashi et al.
(2014) focusing on a root-reinforced slope subjected to rainfall
infiltration using a rainfall simulator in the centrifuge.

The aim of this paper is to present an investigation
programme of the vetiver root-reinforced system for slope
stabilisation using a laboratory technique. The shear strength
parameters of root-reinforced soils were determined using
standard direct shear tests for single vetiver and large direct
shear tests for a group of vetiver. The growing rate of the
vetiver roots and the root-area ratios were observed by direct
measurement and an image processing technique, respectively.
Finally, a series of centrifuge model tests using a seepage and
rainfall simulator to demonstrate the effectiveness of roots in
shallow depths against slope instability was also performed.

2. Experimental investigation

In the soil bioengineering approach, the selection of suitable
vegetation is the first important step. Vetiver grasses have been
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selected based on the type of soil and the type of environment
which could help them survive for a long period of time.
Thailand’s Land Development Department (LDD, 1998)
suggested that the roots of vetiver grass can penetrate deep
into the ground and that vetiver grass is suitable for arid areas.
However, research on the engineering aspects of vetiver grass
is still limited and on-going. In this study, observations of
vetiver grasses have been performed in both field and
laboratory tests. In the field, vetiver grasses were planted
along a slope to observe the rate of growing and to make a
comparison with the vetiver specimens grown in the labora-
tory. In the laboratory, the vetiver specimens were grown
under three conditions: (1) vetiver specimens grown under
hydroponic conditions; (2) a single vetiver specimen planted in
a cylindrical container; and (3) a group of vetiver specimens
planted in a cubic box.

2.1. Vetiver specimen preparation

In this study, the vetiver specimens were grown under three
conditions. The first condition is hydroponics. Twelve identical
single vetiver specimens were grown in a container with a liquid
nutrient (without soil). An air pump was also installed in the
container to provide oxygen, as shown in Fig. I1(a). This
experiment was used to investigate the growing rate of vetiver
roots without destroying the roots. Measurements were taken
continuously, for over 6 months, of the length of the root and the
radius of the root bundle for each specimen (Fig. 1(b)).

For the second and third conditions, the vetiver grasses were
grown in soil. The soil used in this study was collected from a
typical slope area. The chemical properties of the soil were
tested and are reported in Table 1. The results show that the
various nutrients remained relatively high and were similar to
those used for planting purposes. In other words, this kind of
soil can be used for cultivation on agriculture land. The single

Top view for single
direct shear test

=150 mm=— "‘,

vetiver specimens were planted in plastic bags and placed in
PVC tubes, having a diameter of 150 mm and a length of
600 mm, in preparation for the standard direct shear tests.
Fig. 2(a) shows a schematic of planting vetiver grass for single
specimens. Four samples were prepared by cutting at the upper
part from the up—down direction with a thickness of 20 mm for
each tested sample to fit the direct shear box, as shown in
Figs. 2(a) and 3(a).

For the group specimens, the vetiver grasses were grown by
planting them in a 300-mm’® wooden box. Nine vetiver
specimens were planted with a spacing of 75 mm, as shown
in Fig. 2(b). These group vetiver specimens were prepared for
the large direct shear tests. Three samples were prepared for
the tests by trimming them to fit the large direct shear mould,
300 mm x 300 mm x 200 mm, as shown in Fig. 3(b). In
addition, this group of vetiver grass specimens was prepared
for image processing to define the root area ratio as well. It is
noted that the group vetiver specimens were planted in the
same soil which was used for the single vetiver specimens.

2.2. Vetiver root observation

Fig. 4 presents the average values for the root length and the
root bundle diameter from the hydroponic vetiver specimens.
The results have been observed and measured continuously for
2—6 months. The relationship between the length of the roots
and the radius of the root bundle is shown in Fig. 4(a). The
growing rate of the roots can be determined from a plot of the
length of the roots with respect to time, as shown in Fig. 4(b).
According to the results, it is indicated that the roots of the
grass have spread the radius of the root bundle up to 1.7 cm
(Fig. 4(a)) and that the roots can grow up to 180 cm within
6 months (b). The average growth rate of roots is approxi-
mately 30 cm/month. As shown on the plot in Fig. 4(b), the
current study has shown a slightly higher growth rate of

Top view for group
large direct shear test

7 S:mm

80 mm

600 mm

Cut sample

30 mm——
300 mm

300 mm

300 mm

Fig. 2. Vetiver grass specimens prepared for shear tests: (a) 4-month-old single vetiver grass for standard shear tests and (b) 6-month-old group vetiver grass for

large direct shear tests.
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Fig. 3. Tested samples for direct shear tests: (a) 60-mm-diameter direct shear apparatus and (b) 300 mm x 300 mm large direct shear apparatus.
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Fig. 4. Average values for vetiver root measurements: (a) relationship between length of roots and radius of root bundle and (b) growing rate of roots.

vetiver compared to that in the data by Kaewsaeng (2000). The
difference is probably caused by the planting conditions and
the measurement methods. The data by Kaewsaeng (2000)
were taken from the specimens planted in soil and measure-
ments of the roots required the removal of the plant.
Moreover, observations of the group vetiver roots can be
defined by a root area ratio. The term root area ratio refers to
the fraction of the total cross-sectional area of a soil that is
occupied by roots (Gary and Sotir, 1996). The root area ratio
plays an important role in the contribution of the root fibres to
the shear strength when it is directly defined by the cross-
sectional area in the shear plane. However, the root area ratio
measured in the plane perpendicular to the root-growth
direction is really difficult to determine and it varies with
depth. The parallel plane measurement of the root area ratio,
which is easier to observe and represents an average of the root
fibre contribution in the soil, was used in this study. Alsheimer
and Hughes (2007) have reported the technique of using image
processing to observe root distribution in a large direct shear
specimen. Photographs of roots and soil were taken with a

digital camera and transferred to binary images via the
histogram function of Photoshop software. The black and
white pixels of the images could be distinguishably counted
between the soil and the roots. The ratio between the pixels of
the roots and the total pixels can be loosely defined as the root
area ratio. The results show that the average root area ratio of
the group vetiver at 4 months and 6 months are 2.44% and
4.37%, respectively. Fig. 5(b) shows the binary image for the
method used to estimate the root area ratio based on the colour
in the image. For example, the white and black colours
represent the soil and the void space, respectively, while the
grey colour represents the root area. Hence, the root area ratio
can be determined by the total pixels of the roots and the total
pixels. The root area ratio for the 6-month group vetiver root
was 4.56% (Fig. 5).

2.3. Shear strength of vetiver roots

In this study, the reinforcements of the vetiver root system
were studied using direct shear tests in the laboratory.
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Fig. 5. Determination of root area ratio: (a) root photograph taken from 6-month group vetiver and (b) binary image with results of root area ratio of 4.56%.
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Fig. 6. Shear strength of roots with soil: (a) 4-month-old single vetiver from direct shear tests and (b) 6-month-old group vetiver from large direct shear tests.

Laboratory tests were chosen instead of field tests; hence, the
vetiver sample could be simply prepared and the density and
the water content of the soil could be controlled between 20%
and 25% for the bare soil and vetiver grass specimens. This
could minimise the effect of the differences in matric suction
during the tests. Two types of specimens were prepared in this
study, i.e., single and group vetiver. Four-month-old single
vetiver specimens (Fig. 2(a)) were prepared for the standard
direct shear tests. On the other hand, six-month-old group
vetiver specimens (Fig. 2(b)) were prepared for the large direct
shear tests. To observe the increase in shear strength from the
vetiver-root reinforcement, bare soil with the same density and
water content for the four-month and six-month specimens
were prepared for the direct shear tests as well.
Four-month-old single vetiver grass was individually pre-
pared in the cylindrical plastic bags and put into PVC tubes to
ensure that the roots of the vetiver could grow vertically into
the soil, as shown in Fig. 2(a). A 60-mm-diameter cylindrical
mould was used to perform the direct shear tests for the four-
month-old single specimens, as shown in Fig. 3(a). The tests
were performed by following the ASTM D3080 (1998)
(similar to JGS 0561) standard with the shear rate of

1.5 mm/min. Normal stress rates of 10, 20, 50 and 100 kPa
were applied for each test. All specimens were sheared until
they reached the peak point, started showing fairly constant
shear stress or a maximum horizontal displacement of 6 mm.
The shear strength of the four-month-old vetiver root rein-
forced soil and the bare soil was obtained as presented in Fig. 6
(a). The cohesion intercept and the friction angle were
determined according to the Mohr—Coulomb failure criterion,
as presented in Table 2. The presence of the vetiver roots has
improved the strength of the soil. As a result, the vetiver grass
was able to increase the cohesion of shear strength by almost
7 kPa. Ali and Osman (2008) reported the increase in cohesion
of the shear strength of soil by vetiver roots. The results show
that the cohesion of the soil was increased to around 11 kPa
from the average values for a rooted zone 1 m in depth.
Six-month-old vetiver grass was prepared as a group speci-
men in the cubic box, as shown in Fig. 2(b). The large direct
shear apparatus was chosen to perform direct shear tests for the
group vetiver specimens, as shown in Fig. 3(b). The tests were
performed following the ASTM D3080 (1998) standard.
Normal stress rates of 30, 50 and 75 kPa were applied by
the hydraulic pressure system. The side friction between the
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Table 2
Results of direct shear tests.

Test Specimen Shear strength Increase in
parameters cohesion (kPa)
Standard direct Bare soil c=6.8 kPa; 6.8
shear test $=22.8°
4-Month-old c=13.6 kPa;
single vetiver $=29.7°
Large direct Bare soil c=2.5kPa; 6.0
shear test $=21.8°
6-Month-old c=8.5 kPa;
group vetiver $=29.2°

sample and the shear box was minimised by applying some oil.
All the data from the displacement transducer and the load cell
were acquired by an automatic data logging system. All
samples were sheared to reach the maximum horizontal
displacement at 50 mm. The large direct shear test results are
plotted in Fig. 6(b). The friction angles were determined based
on the Mohr—Coulomb failure criterion as presented in
Table 2.

According to the results, the increase in cohesion of the soil
for the single vetiver specimen was higher than the group
specimen (see Table 2). The difference is probably caused by
the contribution of the Vetiver root loosely defined by the root
area ratio. In addition, another difference is also caused by the
scale effect of the tests. Cerato and Lutenegger (2006) have
reported the results of tests using three different specimen sizes
and the scale effect of direct shear tests on sands. Their results
indicate that the friction angle decreases as the specimen size
increases.

3. Centrifuge modelling

Centrifuge modelling is a physical model test that is now
widely used in geotechnical research or design. Since slope
stability is a gravity-dependent problem, the major advantage
of using centrifuge modelling is to enable researchers to test
reduced-scale physical models at the correct stress level by
increasing the g-level (Taylor, 1995). The centrifuge facility at
the Tokyo Institute of Technology was used for this study. The
soil slope models were prepared in a steel box. In this study, a
50g centrifugal acceleration was used to model the slope
stability problem. Two types of tests were conducted: (1) see-
page tests and (2) rainfall tests. A brief summary of the
experimental details are given in the following sections.

3.1. Properties of materials used in the model

According to JGS0051 (a Japan Geotechnical Society
standard), Edosaki sand is defined as a fine sand and was
employed to prepare the slope models. The grain size
distribution curve of Edosaki sand is shown in Fig. 7 and its
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Fig. 7. Grain size distribution curve of Edosaki sand.

Table 3
Properties of compacted soils used in centrifuge models.

Soil type Edosaki Edosaki Edosaki
sand sand+1% sand+2%
by mass of by mass of
fishing line polyester
fibre
Specific gravity, Gy 2.65 - -
Maximum dry unit weight, yq (kN/m®) 12.9 13.5 12.9
Optimum water content, woy (%) 15.2 15.8 17.3
Total unit weight, 7, (kN/m>) 14.9 15.4 152
Cohesion intercept, ¢ (kPa) 4.8 6.2 18.9
Angle of shearing resistance, ¢ (deg) 28.6 36.5 31.5

engineering properties are described in Table 3. Two types of
fibre were used in this study: (1) a fishing line with a diameter
of 0.33 mm and a length of 10 mm and (2) polyester fibre
(Teijin RAO4FN, size of 17 dtex) with a diameter of 39 um
and a length of 10 mm. In the model tests, the 1% by mass
(approximately 3% by volume) of the 20-mm-deep fishing
line, mixed with sand in model scale equivalent to 1 m in
prototype scale, was able to represent the 4-month-old vertiver
grass, as shown in Fig. 4. Similarly, the 2% by mass (around
7% by volume) of the polyester fibre, with a depth of 40 mm
and mixed in model scale equivalent to 2 m in prototype scale,
was able to represent the 6-month-old vetiver grass. It is noted
that the values of 3—7% by volume are slightly higher than the
root area ratio of 4.56% observed from the 6-month-old vetiver
group specimen. However, it is still comparable to the typical
values for the root area ratio of 3-5% for other small
vegetations observed in literatures (Wu, 1995; Gary and
Sotir, 1996). Fig. 8 presents photos of the fishing line and
the polyester fibre before and after being mixed with the sandy
soil. The engineering properties of the soil mixed with 1%
fishing line and 2% polyester fibre are also summarised in
Table 3.

The shear strength of the soils was examined by standard
direct box shear tests. The soil specimen was prepared in a
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b

Fig. 8. Photos of fibre before and after mixing: (a) 1% by mass of finishing line and (c) 2% by mass of polyester. (a) Before mixing fishing line, (b) after mixing
fishing line, (c) before mixing polyester fibre, and (d) after mixing polyester fibre.

cylindrical shape to have a diameter of 60 mm and a height of
20 mm. The observation after the tests revealed that the fibre
was randomly oriented even after the tests. Therefore, the
effect of fibre orientation on the shear strength is small
compared to the percent of mixing and adhesion mobilised
by the fibre with the soil. In the tests, Edosaki sand with a
water content of 15% was compacted to achieve a degree of
compaction of 80%. In the case with the fishing line, a water
content of 15% was needed to mix with 1% fishing line, and in
the case with the polyester fibre, a water content of 17% was
needed to mix with 2% fibre to reach the final water content of
15%. The direct shear tests were carried out to obtain the angle
of shearing resistance (¢) and the cohesion intercept (c) of the
soils. Fig. 9 compares the results of the direct shear tests for
the soils. The results indicate that with 1% fishing line added,
the cohesion of the soil increased just around 2 kPa and the
friction angle around 8°, while with 2% polyester fibre added,
the cohesion of the soil increased around 14 kPa and the
friction angle around 3°. Consequently, the fibre has increased
the cohesion of the soil by 1.4 kPa and 14 kPa for fishing line
and polyester fibre, respectively. The difference is likely
caused by the type and the amounts of materials, as sum-
marised in Table 3. Considering the fact that the increase in the
cohesion of the soil reinforced by the real vetiver grass was 6—
7 kPa, it can be said that the shear strength of the soil with
fishing line and polyester fibre exhibits similar shear behaviour
to the soil reinforced with vetiver grass (Fig. 6), which could
increase the shear strength of the soil mainly from the
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Fig. 9. Direct shear results of Edosaki sand, fishing line, and polyester fibre
mixed with Edosaki sand.

cohesion. Thus, both materials can be reasonably selected to
model the vetiver grass in centrifuge model tests.

3.2. Slope model and testing procedure

In the centrifuge tests, the slope models were conducted
under two conditions: (1) seepage tests — the tests were
conducted to define the mechanism of slope failure during
the groundwater flow from the far area where the rain had
fallen, and (2) rainfall tests — the tests were conducted to
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examine the effect of run-off on the slope surface. These two
tests were carried out to simulate the mechanism of the slope
failure. The model slopes were prepared inside a steel box,
450 mm in width, 150 mm in breadth, and 270 mm in depth,
and consisted of two parts, one a bedrock part that was made
of aluminium plates and was placed on a 10 mm-thick acrylic
plate, as shown in Fig. 10, and the other a soil part which was
made of Edosaki sand and consisted of four layers that had a
total thickness 80 mm in height in the model scale. Fig. 10
shows the schematic system for both seepage and rainfall
model tests. During the tests, pore-water pressure transducers
(PWPs) and accelerometers (ACCs) were installed in the soil
layers during compaction to measure the pore water pressure
and the soil slope displacement, respectively. In the seepage
cases, 10 PWP transducers and 4 accelerometers were installed
in the model tests and, in rainfall cases, 8 PWP transducers and
6 accelerometers were installed in the model tests. The
locations of the PWP transducers and the accelerometers are
presented in Fig. 10. The pore water pressure transducers used
are SSK Micro Pore Water Pressure Transducers Model
P303AV-2 with a diameter of 6 mm and a length of 8.5 mm

(diameter of wiring=1.3 mm). The accelerometers used are
SSK Micro Accelerometers Model A5-50 with dimensions of
5x5x 15mm?® (diameter of wiring=1.6 mm). If the wiring
of these sensors had been in the vertical direction, perhaps the
wiring could have been rainwater infiltration paths and could
have restrained the slope deformation. To avoid such condi-
tions, the wiring was extended in the horizontal direction. The
slope displacement was calculated by integrating the inclina-
tion of the accelerometers along the depth. A digital camera
was installed in front of the transparent window to observe the
displacement and/or the deformation of the slope failure during
the tests.

3.2.1. . Seepage tests

For the seepage tests, a 50-mm-wide water supply tank was
installed inside the steel box on the left side to provide seepage
flow from the upslope during the tests. A filter was installed
between the vertical side wall of the tank and the slope model
to make sure that only water could seep through to the slope
model. In addition, a laser displacement transducer was
installed on the top of the soil slope to measure the slope
displacement, and one small digital camera was installed at the
middle-top of the steel box to observe the slope surface
cracking. Therefore, the deformations of the soil slope were
clearly observed by video recording and the laser displacement
transducer as well as by the accelerometers. The model slope
consisted of two parts, one bedrock, with a length of 236 mm,
a height of 136 mm and an angle of 30°, between the slope
surface and the bottom plate, and the other the soil part, as
shown in Fig. 10(a). During the centrifuge operation, the
groundwater level in the model slope was controlled by
changing the water level in the water supply tank. In the
seepage tests, two cases were conducted, i.e., (1) the case of a
soil slope without reinforcement, to be used as reference, and
(2) the case of a soil slope reinforced at the surface by a 20-
mm fishing line. The purpose of the latter was to simulate the
mechanism of shallow roots at the top of surface which are
similar to 4-month-old vetiver grass.

3.2.2. . Rainfall tests

For the rainfall tests, heavy rainfall conditions were chosen
to impose over the slope model. An array of pneumatic spray
nozzles (H. Ikeuchi & Co., BIMV45075) was selected to
simulate the heavy rainfall in the centrifuge. The rainfall
simulator consisted of nine spray nozzles and was placed
above the steel box at a distance of 80 mm. On the left side of
the steel box, a small tank, 80 mm in width, was installed as a
water storage tank and was used as a rain gauge to estimate the
precipitation on the slope. In addition, one small digital camera
was installed at the top-right side of the steel box to observe
the slope failure at the toe. After soil compaction was
complete, Japanese noodles were installed between the model
slope and the front transparent window so that the deformation
of the slope could be clearly observed. Thus, the soil
displacements were measured by both the accelerometers and
the video recording taken through the front transparent
window of the steel box. The bedrock part of this model is
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Fig. 11. Variation in phreatic lines: (a) unreinforced slope under seepage; (b) 20-mm root-reinforced slope under seepage; (c) unreinforced slope under rainfall; and

(d) 40-mm root-reinforced slope under rainfall.

165 mm in length, 76 mm in height and the slope angle of 25°,
as shown in Fig. 10(b). The surface of the model bedrock was
roughened by attaching sand paper to it. During the tests,
rainfall intensity of 1000 mm/h (20 mm/h in the prototype)
was used by spraying rain drops over the slope surface. Two
cases were performed for these rainfall tests, i.e., (1) an
unreinforced soil slope used for reference and (2) a soil slope
reinforced at the surface by 40-mm polyester fibre. The 40-mm
fibre-reinforced model is similar to the case of the six-month-
old vetiver grass.

3.3. Results of centrifuge model tests

Fig. 11 shows the variations in phreatic lines within the soil
slope. The positions of the phreatic lines are calculated from
the pore-water pressure measured by the PWPs at the toe in
both seepage and rainfall tests. According to these results, the
phreatic lines for the seepage tests (Fig. 11(a) and (b)) were
approximately parallel to the slope between the boundary of
the soil and the bedrock. In contrast, the phreatic lines in the
rainfall tests (Fig. 11(c) and (d)) were raised at the toe. In
addition, the phreatic lines for the rainfall tests in the root-
reinforced case decreased. This decrease may have been
caused by the polyester fibres which helped prevent the rising
up of the groundwater table. Moreover, the results from PWPs
in the rainfall case (Fig. 11(c) and (d)) indicate that the soil

slope was not fully saturated. The results of the centrifuge
model showed that small soil erosions were observed at the
near failure stage only in the un-reinforced case and that no
runoff or soil erosion was observed in the reinforced case.
Hence, the effect of runoff and soil erosion could not account
for the slope surface in this study.

Fig. 12 shows digital snapshots of the slopes after the tests
together with the slip surface formation timing in terms of the
pressure head near the toe. In the seepage tests, the slope
failure started in the toe area when the pressure head at the toe
has approximately reached 30 mm for both the unreinforced
and the root-reinforced cases (Fig. 12(a) and (b)). By present-
ing the 20-mm root-reinforced case in the soil slope, there is no
slip surface in the middle of the slope (Fig. 12(b)). Deforma-
tion is limited around the toe in the root-reinforced case, while
it is extended to the middle in the unreinforced case (Fig. 12
(a)). This is attributed to the effects of the root fibres on the soil
surface. In the rainfall tests, the slope started to collapse from
the toe and progressively moved upward until the pressure
head near the toe reached around 40 mm (Fig. 12(c)). There is
no slip surface beside the small deformation at the toe slope in
the 40-mm root-reinforced case in the soil slope (Fig. 12(d)).

The displacements of the soil slope can be calculated from
the accelerometers, as presented in Fig. 13. The plots show the
horizontal displacement of each accelerometer, where the
values in the legend represent the pressure head near the toe
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Fig. 12. Variation in slip surface lines: (a) unreinforced slope under seepage; (b) 20-mm root-reinforced slope under seepage; (c) unreinforced slope under rainfall;

and (d) 40-mm root-reinforced slope under rainfall.

slope. In the seepage tests (Fig. 13(a) and (b)), the slope
present a large displacement around 16 mm once the pressure
head near the toe reaches around 50 mm in the unreinforced
case, as depicted in Fig. 13(a). For the root-reinforced case in
Fig. 13(b), the slope displacement decreases to 8 mm with a
high pressure head of 60 mm. On the other hand, the slope
collapsed due to the heavy rainfall condition, as shown in
Fig. 13(c). The displacement in the rainfall case reached
15 mm when the pressure head near the toe reached 30 mm.
By applying fibre reinforcement on the top surface, the
deformation of soil was reduced less than 3 mm without
collapse as depicted in Fig. 13(d). Table 4 summarises the
comparison of slope displacements for each tests.

4. Result and discussions

According to the root observation results, the growth rate of
vetiver roots is relatively high compared to others (Lyr and
Hoffmann, 1967). The maximal depth of development of
vetiver root systems can go up to 200 cm in the first year
and the average daily increment in roots is approximately
10 mm. The direct shear test results indicate that vetiver roots
significantly enhance the shear strength of soil especially the
cohesion of the soil. These results agree well with the
observation by Ali and Osman (2008). However, the increase

in cohesion for the single vetiver specimen is higher than that
for the group specimen due to the scale effect of the specimen
size. The results in Fig. 6 show that the friction angle and
cohesion decreased due to the increase in specimen size.

In addition, the centrifuge results indicate that the presence
of root fibre on the surface of a soil slope was able to enhance
the slope stability in both seepage and rainfall-induced slope
failure problems. In the seepage tests, the root reinforcement
was able to improve the soil slope by preventing cracks on the
slope surface. Moreover, the results for the root-reinforced
slope in the rainfall tests show a small deformation of the soil
slope at the toe of the slope without collapses.

The results from this study indicate that the length and the
radius of the root bundle are important parameters which can
help prevent slope instability by increasing the cohesion of the
soil. Therefore, vetiver roots are seen to have a great effect on
the strengthening of the surface soil where the root length and
the radius of root bundle are generally high.

5. Concluding remarks

According to the concepts of soil bioengineering and the
observation results for vetiver grass, vegetation roots can
increase the shear strength of soil by mechanical reinforce-
ment. The present research confirms a significant contribution
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Fig. 13. Soil displacement calculated from ACCs: (a) unreinforced slope under seepage; (b) 20-mm root-reinforced slope under seepage; (c) unreinforced slope
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Table 4

Summary of centrifuge test.

Tests Model case Real case Displacement (mm) Slope deformation

Seepage

1 Un-reinforced Bare soil 16 Collapsed

2 Fishing line with 20-mm-deep reinforced zone 1-m-deep vetiver grass (4 months old) 8 Collapsed; fewer cracks on surface
Rainfall

1 Unreinforced Bare soil 15 Collapsed

2 Polyester fibres with 40-mm-deep reinforced zone 2-m-deep vetiver grass (6 months old) 3 Small deformation; without collapse

of the vegetation root to slope stability. A series of centrifuge
model tests on a slope whose surface is reinforced by model
roots was conducted to understand the mechanism of the
vegetation reinforcement against seepage and rainfall-induced
shallow failure. The conclusions of this study are as follows:

(1) The results from direct shear tests confirmed that the roots

significantly increased the shear strength of the soil. The
shear strength of the root-reinforced soil depended on the
root length and the root area ratio.

(@)

3

“

The centrifuge model tests illustrated that slope failure due
to seepage and heavy rainfall is triggered by the rising of
the water table and starts around the toe of the slope. The
rise in the water table causes the effective stress to decrease
and results in a decrease in the shear strength of the soil.
It was confirmed from the centrifuge model tests that the
presence of root fibres on the slope surface helps prevent
cracking on the soil slope.

The centrifuge model with rainfall simulator tests demon-
strated an important role of vegetation roots in slope



1282 K.H. Eab et al. / Soils and Foundations 55 (2015) 1271-1282

stability, namely, the ability to delay both the infiltration
rate into the ground and the rising of the groundwater table.
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Abstract

The influence of filler materials on volumetric and mechanical performances of asphalt concrete was investigated in this study. The
AC60/70 asphalt binder incorporating with cement and fly ash as filler materials was mixed with limestone following the Marshall mix
design method. The filler contents of cement and/or fly ash were varied. The non-filler asphalt concrete mixtures of the AC60/70 and the
polymer modified asphalt were prepared for the purpose of comparison. The investigation programme includes the indirect tensile test,
the resilient modulus test and the dynamic creep test. The tests are conducted under the humid temperate environments. All tests were
then carried out under standard temperature (25 °C) and high temperature (55 °C) by using a controlled temperature chamber via the
universal testing machine. The wet-conditioned samples were prepared to investigate the moisture susceptibility. Results show that
cement and/or fly ash were beneficial in terms of improved strength, stiffness and stripping resistance of asphalt mixture. In addition,
the combined use of cement and fly ash can enhance rutting resistance at wet and high temperature conditions. The results indicate that
the strength, stiffness and moisture susceptibility performances of the asphalt concrete mixtures improved by filler are comparable to the
performance of the polymer modified asphalt mixture.
© 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Asphalt concrete; Filler; Resilient modulus; Dynamic creep test; Moisture susceptibility

1. Introduction

Materials broadly employed to construct the surface
layer of flexible pavement is an asphalt concrete, which is
the composite material mixed from aggregates and asphalt
binder. While the aggregates conduce resistance to support
traffic loads, the asphalt binder contributes viscous-elastic
behaviour to help with the adhesion of aggregate particles.
The practicable size range of aggregate is from 50 mm to
0.075 mm. From this range the fine aggregates are defined
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to be smaller than 4.75 mm and the coarse aggregates are
bigger than 4.75 mm. Even though particle size of the filler
is less than 0.075 mm, it is well-known that the filler plays
an important role in providing better packing conditions
between the coarse and fine aggregates. It also leads to
the greater stability within asphalt concrete and the reduc-
tion of optimum asphalt content.

Filler is categorised as a fine material which can be used
to modify the properties of asphalt binder and asphalt con-
crete mixture. To this point, Portland cement, hydrated
lime, fly ash, limestone dust, and clay particles are counted
as fillers. The filler is not considered as a part of the aggre-
gates. It is a modifier to improve the temperature suscepti-
bility and durability of the asphalt binder as well as the
asphalt concrete mixture [1]. The moisture susceptibility

1996-6814/© 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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can be reduced by using the mineral fillers, for instance,
hydrated lime [2,3]. In addition to utilisation of mineral fil-
lers, the strength and stiffness of asphalt concrete can be
increased [4]. The purpose of studying the characteristics
of mineral filler is to enhance the performance of asphalt
concrete in particular to increase the stability and durabil-
ity against rutting and shoving. Lesueur et al. [3] presented
that the durability of asphalt concrete mixtures can be
increased by 2-10 years when the 1-1.5% of hydrated lime
is used in the mixture. It is also found that Portland cement
utilised as the filler can improve the anti-stripping proper-
ties of asphaltic concrete [5,6]. Additionally, the significant
improvement on the moisture resistance characteristics can
be observed when fly ash is employed to replace the cement
and hydrated lime in producing asphalt concrete mixtures
[7,8].

The key factors separating the fillers are particle shape
and size, void content, surface area, mineral, chemical
properties, and other physical properties [9]. By this reason
different kinds of fillers replaced in the asphalt mixture lead
to various asphalt mixture performances. This research
aims to study the influence of filler types and fractions on
the asphalt concrete mixture’s properties. The materials
selected to be the filler for this study are cement and fly
ash. The contents of cement, fly ash and their combination
were varied in the mixtures. The performance characteris-
tics of the asphalt concrete mixture containing different
types and fractions of filler were evaluated by various lab-
oratory tests. The tests are conducted under the humid
temperate environments of Thailand. To reach the stan-
dard test requirement, a minimum of three specimens was
evaluated in each test.

2. Materials and testing programme
2.1. Materials

Most pavements in Thailand are constructed using
asphalt mixes, consisting of AC60/70 penetration grade
asphalt cement and aggregates. Mineral fillers such as lime-
stone dust and cement are used to enhance the stability and
durability of the asphalt concrete mixture. There is still no
specification of filler material approved by the Thailand’s
Department of Highways (DOH). In the study, a local
asphalt mix design based on the standard of the DOH com-
monly used in a flexible paving project was employed. In
order to compare the performance of filler mixtures, the
typical hot mix asphalt (HMA) without fillers and the poly-
mer modified asphalt (PMA) mixtures were also prepared.
Therefore, the locally-produced AC60/70 asphalt binder
and the polymer modified asphalt were chosen in this
study. The limestone aggregate used in the lab mixes was
also obtained from an approved paving project. The aggre-
gate particles were sieved according to the required size
ranges in preparation to blend the considered asphalt mix
with the approved gradation as shown in Fig. 1. Basic
properties of aggregate were tested and summarised in
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Fig. 1. Grain size distribution of aggregate.

Table 1. The two main variables in the specimens are the
type and content of the filler. The filler used in this research
are Portland cement type I and fly ash class C. The Port-
land cement type I is a common construction material
locally made and consumed in the country. The fly ash is
a by-product of lignite-fired power generation from the
Mae Moh Power Plant in Lampang province. The chemical
component and physical properties of cement and fly ash
are summarised in Tables 2 and 3, respectively. The results
of scanning electron micrograph of cement and fly ash are
presented in Fig. 2.

Table 1
Properties of aggregate.
Aggregate type Limestone
Bulk specific gravity 2.70
Flakiness index (%) 33
Asphalt absorption (%) 0.25
LA abrasion value (%)

Aggregate 3/4” 22.70
Soundness (%)

Weight loss aggregate 3/4” 1.0

Fine aggregate 32
Sand equivalent 64

Table 2
Chemical composition of materials from X-ray fluorescence (XRF) test
(after Ref. [10]).

Chemical composition (%) Portland cement Fly ash
SiO, 20.90 30.90
ALO; 4.76 17.60
Fe,0; 3.41 14.80
CaO 65.41 23.24
MgO 1.25 2.12
SO; 2.71 3.87
Na,O 0.24 1.50
K,0 0.35 2.73
LOI 0.96 1.20




S. Likitlersuang, T. Chompoorat | International Journal of Pavement Research and Technology 9 (2016) 337-344 339

Table 3
Basic properties of Portland cement and fly ash.

Material Retained on sieve #325 (%) Blaine fineness (cm?/g) Mean particle size (dsp, pm) Specific gravity
Portland cement 13 3,420 11 3.15
Fly ash 29 3,602 19 2.12

o

EHT=1500kv  Signsl A= SE1

Mag= 200K X WD= 12mm

| -
EHT=1500kV  Signal A= SE1

Mag= 200K X m

(a) Portland cement

(b) Fly ash

Fig. 2. Scanning electron micrographs of fillers with 2000x magnification (after Ref. [10]).

2.2. Asphalt concrete mixture preparation

Asphalt cement together with a 12.5-mm nominal max-
imum aggregate size of limestone were employed to prepare
asphalt mixes. The mixture specimens were designed
according to the Marshall method which is also used by
the Thailand’s Department of Highways. In this study, a
total of 11 mixtures were prepared as summarised in
Table 4. The HMA and PMA are the mixtures without fil-
ler, which are fabricated from the AC60/70 and the poly-
mer modified asphalt binder, respectively. The letter C
and F refer to the mixtures with cement and fly ash added
as filler, respectively, and the number after the letter means
the percentage of filler by weight of the aggregate. For
example, C1.5FL.5 refers to the mix with 1.5% cement
+ 1.5% fly ash added by weight of the aggregate. The opti-
mum asphalt content of 5% was determined from the
HMA mix according to the Marshall design method [11].
In this study, the asphalt content of 5% was fixed for all
mixes.

All materials were prepared in accordance the Marshall
method (ASTM D6926) [12]. Before the mixing process,
the aggregates were heated at 100 °C for 24 h to ensure
moisture-free conditions and continued to be heated for
2 h at a mixing temperature of 150 °C. The asphalt was also
heated at 150 °C in the oven. The specimens with dimen-
sions of approximately 102 mm (4 inch) diameter and
64 mm (2.5 inch) height were compacted by using Marshall
hammer compaction at 135 °C. The specimens were com-
pacted at 75 blows per side according to heavy traffic con-
ditions. After a 24-hour curing period for the Marshall
specimens, volumetric measurement was conducted for all
specimens. The results of volumetric properties of all mixes
are summarised in Table 4.

Table 4

Volumetric properties of all mixtures.

Mix Bulk Voids in Voids in Voids filled
specific the total the mineral with asphalt
gravity mix aggregate (VFA, %)
(Ginbs —) (VTM, %) (VMA, %)

HMA 2.418 4.0 14.7 72.8

Cl1 2.461 2.5 13.3 81.2

C3 2.462 2.8 13.4 79.1

(63 2.453 3.5 13.9 74.8

F1 2.467 2.0 12.8 84.4

F3 2.468 1.7 12.3 86.2

F5 2.471 1.3 11.7 88.9

C0.5F0.5 2.465 22 13.0 83.1

C1.5F1.5 2.466 22 12.8 82.8

C2.5F2.5 2.470 2.1 12.5 83.2

PMA 2.419 4.0 14.7 72.8

Remark: HMA = Hot Mix Asphalt (without filler), PMA = Polymer
Modified Asphalt (without filler), C = Cement, F=Fly ash (e.g.
C1.5F1.5 = 1.5% cement + 1.5% fly ash mixture).

2.3. Testing programme

The experimental tests including the Marshall stability
(ASTM D6927) [13], the indirect tensile test (IDT) (ASTM
D4867) [14], the resilient modulus (Mr) test (ASTM
D4123) [15], and the dynamic creep test (BS DD226) [16]
were carried out through this research as summarised in
Table 5. Following the Marshall stability test, the speci-
mens were soaked at 60 °C for 24 h, and then the condi-
tioned specimens were loaded to failure at a constant rate
of 1.65 mm/min. The ratio of the stability to flow, which
is stated as the Marshall quotient (MQ), indicates the stiff-
ness of the specimen. For the indirect tensile, the resilient
modulus, and the dynamic creep tests, a controlled
temperature and humidity chamber is used to manage the
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Table 5

Experimental programme.

Test Temperature (°C) Mix Conditions
Stability and flow (ASTM D6927) 60 HMA, PMA, C1, F1, C0.5F0.5, C3, F3, C1.5F1.5, CS5, F5, C2.5F2.5 Wet

Indirect tensile test (ASTM D4867) 25, 55 HMA, PMA, CI, F1, C0.5F0.5, C3, F3, C1.5F1.5, C5, F5, C2.5F2.5 Dry/Wet
Resilient modulus test (ASTM D4123) 25, 55 HMA, PMA, C1, F1, C0.5F0.5, C3, F3, C1.5F1.5, C5, F5, C2.5F2.5 Dry/Wet
Dynamic creep test (BS DD226) 25,55 HMA, PMA, C1, Fl1, C0.5F0.5, C3, F3, C1.5F1.5, C5, F5, C2.5F2.5 Dry/Wet

temperatures desired for the testing samples at 25 °C and
55°C. In order to examine the moisture sensitivity, the
conditioned specimens were soaked at 55 °C for 24 h prior
to the test started. The details of testing conditions are
summarized in Table 5.

For the indirect tensile test, the cylindrical specimens are
subjected to monotonically compressive loads, which act
parallel to the vertical diametric plane, by using the
200 kN Universal Testing Machine (UTM). This type of
loading produces a relatively uniform tensile stress acting
perpendicular to the applied load plane and the specimen
usually fails by splitting along with the loaded plane. The
indirect tensile strength (ITS) is then defined as the maxi-
mum strength. The test method has been carried out simi-
lar to the previous research by the authors [17]. The 14 kN
cyclic UTM was employed in the resilient modulus and the
dynamic creep tests. To evaluate the mixture’s resilient
modulus, 10% of indirect tensile strength (ITS) values at
each temperature are used for the resilient modulus test.
The specimens are continuously loaded by 1 Hz frequency
(loading period for 0.1 s and rest period for 0.9 s) with 155
cycles, which the first 150 cycles are for preloaded condi-
tions and the last 5 cycles are for measuring the resilient
modulus. The dynamic creep test or the permanent defor-
mation test was performed according to the British Stan-
dard [16], a deviator stress of 100 kPa was used in the
unconfined test, and the loading frequency of 1 Hz (loading
period for 0.5 s and rest period for 0.5 s) with 1800 cycles
or until the specimen is failed was applied.

3. Results and discussion
3.1. Material characterisation

The limestone used for coarse and fine aggregates was
relatively clean and free from deleterious material, and
the particle shape was relatively flaky and irregular. The
properties of limestone such as flakiness index, LA abra-
sion, soundness and sand equivalent satisfy the Thailand’s
Department of Highways requirement for asphalt concrete
mixture application [18]. It is noted that the Thailand’s
Department of Highways standards are rather similar to
the ASTM and AASHTO standards [19-21]. The proper-
ties of cement and fly ash are shown in Table 3. The specific
surface area (the surface area per unit mass) was tested by
Blaine fineness. The specific surface area of fly ash is
slightly higher than that of cement. The fine particle size
(i.e., sieve No.325 with an opening size of 0.044 mm) and
the mean particle size (dsg) were tested and reported. The

particle size of fly ash is higher than that of cement. The
specific surface can be correlated with particle size and
linked to physical and mechanical properties of the mix-
ture. The specific gravity of cement is greater than that of
fly ash. The particle shape, size and morphology of the
cement and fly ash were examined by using scanning elec-
tron microscopy (SEM) as shown in Fig. 2. The SEM
images show that the cement is irregular in shape and its
particle size is around 2 pm, whereas the fly ash shape is
relatively spherical and approximately 3 pm in size. It is
because the specific gravity of fly ash is lower than cement.
It can be deduced that the fly ash particle is bigger and has
a more specific surface area than cement particle. There-
fore, the information shown in SEM images is consistent
with the Blaine fineness test and dsy data in Table 3.

3.2. Volumetric properties of the mixture

In this study, the effect of the amount and type of filler
on the volumetric properties of the mixture was examined.
The asphalt content of 5.0% was fixed for all the mixes. The
results of volumetric properties of all specimen designs are
summarised in Table 4. The bulk specific gravity (Gy) val-
ues of the mixtures with filler added are higher than those
of the HMA and PMA mixes. The HMA and PMA spec-
imens have higher the total voids in the mix (VITM) and
the voids in mineral aggregate (VMA), but lower the voids
filled by asphalt (VFA) than those of the mixtures with fil-
ler added. This is because the filler can fill the void and
increase the density of the mixture.

Comparing among the mixtures with filler added, the fly
ash provides the denser properties than the cement, in
which the mix with 5% fly ash has the highest G, and low-
est the VITM. The mix with both cement and fly ash has the
intermediate values of the volumetric properties. It is pos-
sible that filler, for a certain size range, would fill up voids
among the aggregates, thereby decreasing the VMA. The
decrease in the VMA could indirectly lead to the decrease
in the VTM even though the asphalt content of all mixes
is fixed. Certain fillers require more asphalt to wrap onto
its surface because of the relatively higher specific surface
area, thus resulting in a higher VFA.

3.3. Strength and stiffness of the mixture

3.3.1. Marshall stability

The Marshall stabilities and flows of all asphalt concrete
specimens were tested. The ratio of stability (kN) to flow
(mm), stated as the Marshall quotient (MQ), and as an
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Table 6
Experimental results.

Specimen MQ ITS (kPa) TSR Mr (MPa) Accumulated strain @ 1800 cycles Accumulated strain rate
(kN/0.25 mm) 55°C (%) (%)
dry wet dry wet dry wet dry wet
25°C 55°C 55°C 25°C 55°C 55°C 25°C 55°C 55°C 25°C  55°C 55°C
HMA 0.74 603 86 57 66.28 3,247 240 153 1.43 1.62 2.38 0.1004 0.1954 0.2172
Cl 0.74 683 109 119 109.17 3,372 344 163 1.18 1.28 1.23 0.0902 0.1479 0.1342
C3 0.79 687 120 126 105.00 3,553 399 193 1.16 1.12 1.00 0.1059 0.1378 0.0851
(65} 0.87 684 129 138 106.98 3,280 396 192 0.65 1.20 1.14 0.0651 0.1291 0.0878
Fl 0.72 631 112 91 81.25 4,005 340 224 1.12 1.37 0.98 0.1114 0.1612 0.1004
F3 0.75 657 127 126 99.21 3,325 324 174 0.55 1.50 0.94 0.0611 0.1593 0.0948
F5 0.72 663 132 125 94.70 3,284 334 149 1.31 1.25 1.26 0.1511 0.1447 0.1310
C0.5F0.5 0.75 647 95 94 98.95 3,758 310 225 1.38 1.45 1.39 0.1162 0.1755 0.1267
C1.5F1.5 091 653 132 110  83.33 4,005 368 354 047 1.35 0.92 0.0546 0.1599 0.0918
C2.5F2.5 0.93 675 159 132 83.02 3,967 309 275 0.81 1.11 0.94 0.0938 0.1144 0.0870
PMA 0.99 747 165 130 78.79 3,839 439 371 0.62 0.80 0.83 0.0594 0.0493 0.0546
empirical indication of the stiffness of the mixes is reported 000
in Table 6.. Itis wgll-recogmsed that the MQ is a measure of ’900 25C (Dry) ®55C (Dry)
the material’s resistance to shear stresses, permanent defor- :
mation, and hence rutting. The high MQ values indicate a 800 ¢
high stiffness mix and resistance to creep deformation. 700 F
Fig. 3 illustrates the MQ for all mixtures. The results indi- 600 E
cated that the PMA has highest MQ value and the more T 500
cement added the higher MQ can be observed. Conversely, ’mé 200
the fly ash has less influence to the MQ value. However, the e E
combination of cement and fly ash as fillers can signifi- 300 ¢
cantly increase the MQ value of the mixture. The filler con- 200
tent is in the range of 3—5%, in which the mixture with 2.5% 100 £
cement + 2.5% fly ash provides the MQ value almost 0t
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3.3.2. Indirect tensile strength

The indirect tensile tests (IDT) were carried out on
unconditioned (dry) and conditioned (wet) specimens at
standard temperature (25°C) and hot temperature
(55°C). The test results are summarized in Table 6 and

Marshall Quotient
(kN/.025mm)

LNV R NER SR SN\
Q\@ °§O‘§\ b{» Q@

& v

Fig. 3. Marshall quotient values of asphalt mixtures.

Fig. 4. Indirect tensile strength (ITS) values of asphalt mixtures in dry
conditions.

plotted as shown in Figs. 4 and 5. The IDT is normally
conducted to determine the tensile properties of the asphal-
tic concrete, which can be further related to the cracking
properties of the pavement. Fig. 4 illustrates the average
indirect tensile strength (ITS) under dry conditions of the
asphalt specimens treated with filler material. The result
indicates that the use of cement and fly ash result in
increasing in the ITS comparing to the HMA mix around
10-15% at 25 °C and almost 50% at 55 °C. However, the
ITSs of all filler mixtures are still lower than the ITS of
PMA mix.

Fig. 5 presents a comparison of the average ITS of the
unconditioned and conditioned specimens at 55 °C. The
tensile strength ratio (TSR), defined as the ratio between the
ITS of conditioned and unconditioned sample at 55 °C,
is an indicator for moisture susceptibility. The results
show that both cement and fly ash can significantly increase
the ITS of conditioned specimens at 55 °C, especially the
5% cement and 5% fly ash specimens offer the ITS values
as good as the PMA specimen. It is noted that the TSR
at 55 °C for the mixes C1, C3 and C5 are slightly greater
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values of asphalt mixtures at 55 °C.
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Fig. 7. Resilient modulus (Mr) of asphalt mixtures at 55 °C.
than 100%. This might be from the influence of cementa-

tion in the first 24 h. The samples were better curing when
soaked in the water than air-dried conditions.

3.3.3. Resilient modulus

Similar to the ITS, the cement and fly ash can improve
the stiffness of asphalt concrete. The resilient modulus
(Mr) is a significant parameter for pavement design as indi-
cated by the material stiffness. The test results of resilient
modulus are also summarised in Table 6 and plotted as
shown in Figs. 6 and 7. Fig. 6 shows that the Mr values
are increased by cement and fly ash. The presence of filler
may modify the viscoelastic properties of the asphalt mas-
tic and affect the mixture’s stiffness. However, an excessive
amount of filler could reduce the viscous behaviour of
asphalt mastic and result in decreasing the Mr value. In this
study, the suitable amount of cement and/or fly ash was
found to be in the range of 1-3%.

3.4. Dynamic creep performance

Rutting is the major distress found in flexible pavement.
It is the permanent deformation in the transverse profile in
the wheel patch, starting at zero rut depth and increasing
with the number of loading repetitions. A repetitive uniax-
ial compressive load on cylindrical specimen from the
dynamic creep test provides a reasonable simulation of
asphalt pavement subjected to repetitive axle loads. In this
study, all mixture specimens were firstly performed in dry
conditions at 25 °C according to BS DD226 [16]. To eval-
uate the moisture susceptibility, the dynamic creep tests for
all mixture specimens were conducted in dry and wet con-
ditions at hot temperature (55 °C). The dynamic creep test
results known as creep curves were plotted as shown in
Figs. 8-10 for dry-conditioned at 25 °C, dry-conditioned
at 55 °C and wet-conditioned at 55 °C, respectively. Two
parameters, the accumulated strain at 1800 cycles and the
accumulated strain rate, were determined from the curves
as reported in Table 6.

The results indicate that the cement and fly ash can
improve the resistance to performance deformation. The
5% cement, 3% fly ash and 1.5% cement + 1.5% fly ash
are the mixtures that can provide resistance to permanent
deformation as similar to the PMA mix. The fillers can
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12k
5 =Cl
£ 10} =C3
A : =C5
= 0.8 r +Fl
= i
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E o6 |
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Fig. 8. Creep behaviour of asphalt mixture at 25 °C under dry conditions.
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Fig. 9. Creep behaviour of asphalt mixtures at 55°C under dry
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Fig. 10. Creep behaviour of asphalt mixtures at 55°C under wet
conditions.

enhance the rutting resistance of asphalt concrete, espe-
cially at high temperature, when the asphalt behaves softly.

3.5. Moisture susceptibility

In tropical countries like Thailand, moisture susceptibil-
ity is one of the most important distress mechanisms lead-
ing to premature failure of asphalt pavements. There are
many researchers trying to study and develop the methods
of testing [11,22]. In this study, the test results of the con-
ditioned specimens can be used to indicate the moisture
susceptibility. Basically, higher values of ITS, Mr and accu-
mulated strains of conditioned samples may indicate
greater resistance to moisture damage. The indirect tensile
strength ratio (TSR) is a common parameter to evaluate
moisture susceptibility. The TSR for all mixes are reported
in Table 6 and Fig. 5. The results indicate that the cement
and fly ash as filler can enhance the moisture susceptibility
of the asphalt concrete. The 1% cement mixture gives the
highest number of the TSR. However, the 1.5% cement
+ 1.5% fly ash mixture offers the highest Mr and accumu-
lated strain values in wet conditions, which is similar to the
values of PMA mix. It seems that the combination of the

cement and fly ash as filler can increase the moisture sus-
ceptibility of the HMA as good as the PMA mix.

4. Discussion and conclusion

Filler is usually added to asphalt concrete mixtures as a
stiffening and void-filling material. This study evaluated
totally 11 groups of specimens with various cement and/
or fly ash contents and a 5% asphalt content. The hot
mix asphalt (HMA) and polymer modified asphalt
(PMA) mixtures without filler added were prepared for a
sake of comparison. The mechanical properties of these
mixtures were determined at 25 °C and 55 °C and moisture
susceptibility tests were conducted at 55 °C to determine
their moisture damage potential. The influence of cement
and fly ash as filler materials on the performance of asphalt
concrete can be discussed as follows:

(1) It is obvious that the filler can fill the void and
increase the density of the mixture. It is resulting in
increasing the bulk specific gravity (Gy,,) and reduc-
ing the voids in the total mix (VTM). However, the
fly ash provides denser properties than cement
because the fly ash has greater specific surface area.
The more specific surface area the more asphalt to
wrap its surface, thus resulting in a higher void filled
with asphalt (VFA). Moreover, the filler can perform
as a tiny roller during the compaction process. If the
filler has a large enough diameter and a regular
shape, it will act as a friction-lubricating agent [9].
The relationship between types of fillers and voids
of mineral aggregates directly affects the work ability
of the mixture. The bigger size and more regular
shape of fly ash particle may act as rollers that facil-
itate less friction in the mastic during compaction,
thereby resulting in a tighter packing and a lower
void in the mineral aggregate (VMA).

(2) Results from this study shows that cement and/or fly
ash were beneficial in terms of improved strength,
stiffness and stripping resistance of asphalt mixture.
Mechanical properties and moisture damage testing
results indicated that the use of 1.5% cement + 1.5%
fly ash improves the resilient modulus (Mr) of the
mix at low and high temperature. Since cement
increases the strength of asphalt concrete [4] and fly
ash increases the stripping resistance of mix [23], the
combined use of both cement and fly ash might be
the optimum filler solution.

(3) For pavement distress, the addition of cement and/or
fly ash in asphalt concrete mixture significantly
reduces the permanent deformation of the mix, espe-
cially in wet and high temperature. The results show
that the mix of 1.5% cement + 1.5% fly ash provides
the best rutting resistance.

In this study, investigation of volumetric and mechani-
cal properties of asphalt concrete mixtures revealed that
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cement and/or fly ash imparted different enhancements to
mixtures. It is concluded that the filler interacted with other
constituent materials in the asphalt concrete mixture con-
tributes to the mixture’s performance. The combination
of cement and fly ash mixture exhibited better strength,
stiffness and moisture damage resistance. It is well-known
that the PMA considerably increases mechanical perfor-
mances and work ability of the asphalt concrete mixture
[22,24]. Therefore, an alternative of using filler to improve
the conventional HMA might be the optimal solution in
the practice. It is noted that some more research would
be suggested to be conducted in future, such as the influ-
ence of the optimum asphalt content and the fatigue
performance.
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Abstract. This paper presents the results of geotechnical centrifuge and numerical
modeling study of root-reinforced systems on soil slopes. The centrifuge models were
designed to simulate a soil slope reinforced by vetiver grass root system commonly grows
in Southeast Asian countries. Unreinforced and root-reinforced soil slope models were
subjected to heavy rainfall using a rainfall simulator designed for a geotechnical centrifuge.
Results of the study show that the root system causes a reduction of rainwater infiltration
rate, delay in the response of groundwater table, and increasing in soil shear strength. The
results were validated by comparing centrifuge modeling test results with numerical
modeling analyses based on limit equilibrium and finite element methods. The transient
seepage analysis results were employed in the slope stability analysis. The numerical
analysis shows a good agreement in failure mechanisms with the observations from
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1. Introduction

Landslides induced by rainfall are one of most setious and common disasters worldwide. In recent years,
natural slope instability has increased especially in the tropical monsoon zone such as Southeast Asian
countries including Thailand. There are several factors that could cause the natural slope failure, such as
geological activity, hydrological influence and human interference, but rainfall is usually the main factor.
This is because the change of pore water pressures can be induced by ground water rising or infiltration
from the rain water. The increase in pore water pressure shall reduce the matric suction and hence decrease
the shear strength of soil in unsaturated zone. The physical process of rainfall infiltration into the ground
and its seepage through the soil layers have been studied by hydrogeologists, soil scientist and geotechnical
engineers [1].

Vegetation along a slope plays a major role in preventing failure as it can provide both hydrological and
mechanical benefits to the stability of natural soil slopes. The role of vegetation on slope stability has been
defined by Greenway (1978) [2], Coppin and Richard (1990) [3], Wu (1995) [4] and Gray and Sotir (19906)
[5]. For the hydrological process, changing the soil moisture regime and drawing the water from the soil via
evapotranspiration [6] could increase the soil suction. For mechanical process, the roots of vegetation could
enhance slope stability by increasing the shear strength of the soil [5, 7]. The benefits of vegetation along
natural soil slopes are to prevent shallow failure and soil surface erosion. However, research to understand
fundamental mechanisms of root-reinforced soil slopes is limited, particularly for the study of root
reinforcement effects on slope stability.

Vetiver grass (Vetiveria nemoralis A. Camus), has been implemented to prevent soil erosion, water runoff,
and infiltration by the World Bank in the 1980s [8]. In Thailand, the Chaipattana Foundation and the
Office of the Royal Development Projects Board has promoted the use of vetiver grass for soil and water
conservation for many royal projects. Vetiver grass is fast growing, cost effective, and requires low
maintenance. Chinapan et al. (1997) [9] observed the length of vetiver roots to be up to 2-3.5 m. The
vetiver roots can penetrate deep into the ground to form a net-like barrier capable of filtering silt and
preserving top soil. In Thailand, slope failure due to prolonged and heavy rainfall typically occurs at shallow
depth of approximately 1-1.5 m from the ground surface. As a result, the use of the vetiver grass root
system as slope reinforcement is suitable for preventing slope failure. Root area ratio defined as the ratio
between the cross-sectional area of root in the shear plane area and the total area of shear plane, plays an
important role contributing to the increase of soil shear strength [5]. Eab et al. (2015) [10] correlated the
root area ratio of the vetiver roots with the increase of soil shear strength. The root area ratios of the 4-6
month growth group vetiver were in the range of 2.44 — 4.56%. The shear strength of soil with vetiver root
system was measuted by direct shear tests. Results showed that the cohesion of the reinforced soil was
increased approximately 11 kPa compared to unreinforced soil.

Centrifuge modeling was implemented in this study because the centrifuge allows modeling of soil
slopes with full-scale stress conditions. Few researchers have investigated the mechanism of vegetation for
slope stability through the use of a centrifuge. These models simulated the slope failure by continuously
raising the groundwater table (e.g. Sonnenberg et al., 2010, 2012) [11, 12]. Some previous researches have
investigated the mechanism of rainfall-induced slope failure based on laboratory tests and filed monitoring
[13]. However, it is difficult to model the rainfall in a centrifuge. Recently, centrifuge modeling has been
used to model rainfall induced landslides to provide a better understanding of the triggering mechanisms of
landslides due to rainfall [14-16]. Eab et al. (2015) [10] focused on the application of root-reinforced
system to slope stabilization using a rainfall simulator in the centrifuge. In addition, Ng et al., (2014, 2015)
[17, 18] and Kamchoom et al. (2014) [19] studied the effects of root on transpiration-induced soil suction
using centrifuge model.

This paper presents the results of centrifuge and numerical modeling of root-reinforced systems on soil
slopes. The results of centrifuge tests carried out by Eab et al. (2014, 2015) [16, 10] were validated by
comparing with numerical modeling simulations. The pore water pressure generation due to transient
seepage was used for the slope stability analysis. Input parameters used for the numerical analysis, including
volumetric water content, hydraulic conductivity, and shear strength parameters, were obtained from
laboratory testing results. Discussions of results from centrifuge and numerical modeling are provided in
this paper.
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2. Centrifuge Model Tests

Centrifuge modelling is a physical model test and is now widely used in many geotechnical applications.
Since slope stability is a gravity-dependent problem, the major advantage of using centrifuge modelling is to
enable researchers to test reduced-scale physical models at the correct stress level by increasing g-level [20].
The centrifuge model tests were conducted at Tokyo Institute of Technology in Japan. The tests were
performed at a centrifugal acceleration of 50g. To simulate a heavy rainfall in the centrifuge, a pneumatic
nozzle system was designed to spray water over the model slope. Figure 1 shows the schematic of the
rainfall simulation system for this study. A brief summary of the experimental details is explained below.
More detailed information of centrifuge model tests can be found in Eab et al. (2014, 2015) [16, 10].

[
Compressed
air Cylinder
P
w Storage Edosaki sand
Tank B Fibre with edosaki sand Pa
Water Supply Drainage
Tank Tank
L J | ]
| ] L]

Fig. 1. Schematic centrifuge model with a rainfall simulator system (After Eab et al., 2014) [10].
2.1. Material Properties

The Japan Geotecnical Society (JGS) Standard fine sand called Edosaki Sand was used in the model slopes.
The engineering properties of the Edosaki sand are summarized in Table 1. The polyester fibers with
approximately 39um in diameter and 10mm in length were used to model the root fibers. In the model
tests, the 2% by mass of polyester fibers were randomly mixed with the sandy soil to model the vegetated
slope surface. The 2% fiber mixing by mass is approximately 7% by volume, which is slightly higher than
the root area ratio of vetiver root at 6-months growth reported by Eab et al. (2015) [10]. It is noted that the
typical values of the root area ratio of 3 — 5% for small vegetation are reported by Gray and Sotir (1996) [5].
The engineering properties of soil mixed with 2% of polyester fiber are summarized in Table 1.
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Table 1. Properties of compacted soils (After Eab et al., 2014) [106].

Edosaki Sand +

Soil type Edosaki Sand 2% by mass of
polyester fiber
Specific gravity, G, 2.65 -
Maximum dry unit weight, ya (kIN/m3) 12.9 12.9
Optimum water content, #ope (%0) 15.2 17.3
Degree of saturation, S; (%0) 39.9 -
Total unit weight, y. (kN/m?3) 14.9 15.2
Void ratio, e 1.01 -
Maximum void ratio, émax 1.29 -
Minimum void ratio, émin 0.87 -
Saturated hydraulic conductivity, Ksat (cm/s) 3.25%105 3.08x10-
Cohesion intercept, ¢ (kPa) 4.8 18.9
Angle of shearing resistance, ¢ (°) 28.6 31.5

Shear strength of soil was examined by a standard 60-mm diameter direct shear apparatus. Edosaki
sand was prepared to achieve a relative density of 80% and water content of 15%. For a mixture of sand
and fiber roots, the sample was prepared at the same degree of compaction but at a water content of 17%.

The direct shear tests were carried out to determine the angle of shearing resistance (¢) and the cohesion
intercept (c) of the Edosaki sands with and without fibers. By adding 2% of polyester fiber into the sand,
the cohesion and friction angle of the mixture are increased by approximately 14kPa and 3° respectively as
presented in Table 1. It is noted that the sands were prepared in unsaturated state. Therefore, the shear
strength parameters reported in Table 1 are the “apparent” shear strength parameters. However, this result
is comparable with the direct shear test results of vetiver root system from Eab et al. (2015) [10]. It is also
observed that the coefficient of permeability of the soil and fiber mixture was slightly lower than that of the
soil without fibers.

2.2. Slope Model Tests

The slope model was constructed inside a 450mmX150mmX270mm steel box. The model design is
schematically illustrated in Fig. 1. Three model cases, i.e., Case 1: without reinforcement, Case 2: with 20-

mm fiber reinforcement and Case 3: with 40-mm fiber reinforcement, were conducted and summatrized in
Table 2.

Table 2. Summary of centrifuge tests (After Eab et al., 2014) [10].

Case Test duration

No. Model Description Setup (hr) Remarks
1 Unreinforced Bare solil 18 Slope collapsed
5 20-mm thick of fiber- 1-m denth of cation root 35 Moderate deformed
reinforced surface layer “m depth Of vegetation oo (Not collapsed)
40-mm thick of fiber- 5-m denth of tation root 40 Small deformed
reinforced surface layer ~ Aepth O vegetation roo (Not collapsed)

To examine the reinforcing effect of the roots against slope failure, the rooting depth is selected as a
parameter. The slope model consists of bedrock and soil slope. The bedrock with 165mm in length (8.25m
in the prototype), 76mm in height (3.8m in the prototype) and slope angle of 25° was made of aluminum
plates and placed on a 10mm-thick acrylic plate. The surface of bedrock was roughened by attaching a sand
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paper. The soil slope consists of four layers of Edosaki sand with a total thickness of 80mm. Pore water
pressure transducers (PWPs) and accelerometers (ACCs) were installed in the soil layers during the
compaction to measure the pore water pressure and the soil slope displacement. The soil displacements
were measured and a testing video was recorded through the transparent front side of the model container.
During the test, a rainfall intensity of 1000mm/h (20mm/h in the prototype) classified as heavy rainfall [21]
was applied to simulate rainfall over the slope surface. Pore water pressure and soil displacement were
continuously recorded during the test. It is noted that the tests were stopped when the collapse of slope or
dam-up water at the toe slope was observed.

2.3. Results of Centrifuge Tests

Results showed that the unreinforced slope failed due to the rising groundwater table. It was observed that
the failure started to deform from the toe and progressively propagate upward to the top of the slope. Both
root-reinforced slopes deformed but did not collapse. The tests were terminated when the failure of the
slope was observed or the pressure head at the toe slope reached the critical value. The centrifuge test
results are summarized in Table 2. Results indicated that the existence of root fibers helps increase the soil
strength and reduce the infiltration rate of rainfall into the ground, resulting in a delayed response in the
groundwater table. In other words, roots can delay slope failure and slow movement of a soil slope could
provide a first early warning of failure. More detailed discussions of the centrifuge results can be found in
Eab et al. (2014) [16].

3. Slope Stability Analysis

Numerical analysis is commonly carried out to validate the results of physical modeling tests and to better
understand the effect of suction loss due to rainfall infiltration on slope stability. In this study, the three
cases similar to the centrifuge tests were modeled. Each model was performed by using transient analysis to
define the pore water pressure change in the soil slope. Based on the pore water pressure information, the
factor of safety of the soil slope was calculated using the limit equilibrium methods.

3.1. Seepage and Slope Stability Modeling

Two-dimensional seepage and slope stability analyses were performed using GEO-SLOPE software [22].
Simplified homogenous slope profiles for each soil layer were used in the study. For a transient analysis in
seepage, the soil-water characteristic curve (SWCC) and the hydraulic conductivity function are required
input parameters. The estimation method to determine the SWCC proposed by Aubertin et al. (2003) [23]
was chosen in this analysis. The proposed model assumes that soil-water characteristic results from the
combined effect of capillary and adhesion forces. The SWCC can be evaluated from the negative pore
water pressure and material property information such as particle-size distribution. In addition, the
hydraulic conductivity function can also be estimated using several predictive methods that utilize either a
grain-size distribution or a measured volumetric water content function and the saturated hydraulic
conductivity (Ksat). In SEEP/W, a built-in predictive method can be used to estimate the hydraulic
conductivity function once the volumetric water content function and a Ksat value have been specified.
More details of the assumptions of the predictive methods to estimate the SWCC and the hydraulic
conductivity function can be seen in the SEEP/W manual [22]. Figures 2(a) and 2(b) present the SWCC
and the hydraulic conductivity function used in this study.

The initial total head was defined by specifying the initial water table position at the base of the toe
slope. The negative pore water pressure in the unsaturated zone above the water table varies in a linear
manner from zero at the base of the toe slope to the maximum value at the surface. For the rainfall
simulation, the flux boundary, ¢ equal to the desired rainfall intensity of 20 mm/hr was applied to the
surface of the slope. The potential seepage face was also applied at the toe of the slope model. Figure 3
presents the geometry boundary and the initial water pressure conditions for the seepage and slope stability
analyses. The pore water pressures were calculated for every time step at each node of the finite-element
mesh. The pore water pressure results from SEEP/W wete then incorporated into the SLOPE/W model.
Slope stability analyses were performed using Bishop’s simplified and Morgenstern-Price methods. The
input parameters from the direct shear tests shown in Table 1 were used for the slope stability analyses.
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4. Results and Discussion
4.1. Pore Water Pressure Distribution

Figure 4 shows the pore water pressure contour distribution in the soil slope simulated by the seepage
analysis for the three different cases. Results showed that during rainfall, pore water pressure in the soil
slope initially started from negative and then moved gradually towards positive values. Figure 4(a) shows
the result of the unreinforced case, where the pore water pressure increased by 10kPa at the toe of the
slope while at the top slope pressure remained negative after an 18hr duration of rainfall. For the case of 1-
m depth of vegetation, shown in Fig. 4(b), the large amount of rainwater infiltrated into the slope and
changed the pore water pressure from negative to positive value of 20kPa after 35hr. For the case of 2-m
depth of vegetation, shown in Fig. 4(c), pore water pressure increased up to 25kPa after 40hr. Based on
these results, it is observed that pore water pressure increased to the critical values when the slope started
to fail or deform significantly.

4.2. Slip Surface for Factor of Safety

Figure 5 shows the potential slip surface and ground water table simulated by SLOPE/W. Due to the
increase of cohesion by the root reinforcement, the slip surface for the root-reinforced slope was mostly
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developed near the bedrock, especially for the case of 2-m depth of vegetation (Fig. 5(c)), in comparison
with the slip surface of the unreinforced slope that was developed at shallower depth (Fig. 5(a)). The reason
of this occurs is because the shear strength of the soil and root fiber at the top layer is higher than the soil
only at the bottom layer. In addition, it was found that the factor of safety (FS) is slightly increased for the
reinforced soil slopes as summarized in Table 3. According to the results, the shear strength of unsaturated
zone decreased and consequently the FS of the slope reduced during the rainfall. Comparing the FS at the
same duration of rainfall, the I'S increases with the depth of roots for the root-reinforced cases.

Table 3. Factors of safety from numerical analysis

Duration of rainfall (hr)

Case Circular failure method 18 br 35 hr 40 hr

. Bishop 1.76 - -

Unreinforced slope Morgenstern-Price 1.77 - -

Bishop 2.05 1.82 -
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end of test.
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Fig. 6. Comparison of pore water pressure change between centrifuge test and numerical analysis.
4.3. Comparison of Centrifuge and Numerical Modeling Results

Figure 6 shows a comparison of pore water pressure between the centrifuge test and numerical analysis for
the unreinforced case, 1-m depth of root case, and 2-m depth of root case. Pore water pressure measured
by PWP 13 and PWP 14, which are located near the toe of the slope were plotted with time during the
continuous rainfall. The increase of the pore water pressure was used to indicate the triggering time for
slope failure as summarized in Table 2. Buildup of pore water pressure for the unreinforced slope is faster
than for the root-reinforced slopes. For the unreinforced case, the pore water pressures measured from the
centrifuge are much higher than the numerical values. As a result, the factor of safety calculated from the
numerical model is higher than expected. This might be due to the fact that the numerical analysis results
rely on the input parameters and boundary conditions. In this analysis, assumptions of the SWCC and
hydraulic conductivity were made. Despite this, the comparisons show a reasonable agreement between the
centrifuge and numerical results with the exception of the negative value measured at PWP 14. This is due
to the limitation of pore water pressure transducer installed in the centrifuge test which cannot accurately
measure negative pore water pressure. Based on this study, results from both centrifuge and numerical
modeling provide good insight into the mechanisms of vegetated root reinforced slope during rainfall. The
root-reinforced system delays the rising of the groundwater table and increases the factor of safety of the
slope.
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5. Conclusions

This research evaluated the effects of vegetation root on slope stability. A series of centrifuge model tests
on slopes reinforced by the root model were conducted to illustrate the advantage of the vegetation on the
rainfall-induced shallow failure. The results of centrifuge tests were verified by the numerical simulations.
Conclusions from this study are as follows.

1) The centrifuge model with rainfall simulator was employed to illustrate the slope instability due to
heavy rainfall. The slope failure is triggered by rising of the water table and starts around the toe of
the slope. The increase in pore water pressures from water table causes the decrease in the effective
stress and shear strength of the soil.

2) The polyester fiber mixed soil can be reasonably used to model the vegetated soil slope in the
centrifuge. The results showed that roots in the surface of a slope tie the soil particles together and
prevent the formation of cracks on the slope surface. The reinforcement efficiency increases with
the root depth and the thicker reinforced zone reduces the slope deformation. In addition, the
roots can delay the infiltration of rainfall into the ground to delay the rising of the groundwater
table. The delay of slope failure or movement could provide an early warning for evacuation.

3) Results from numerical analyses show an agreement with the results observed in centrifuge model
tests. The factor of safety of the slope increases as the depth of root reinforcement increases. The
mixture of soil and fiber roots increase the shear strength of soil, hence it provides overall
improvement of the slope stability.
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This study presents an investigation of the effects of cement addition to expansive clay on its deformation
characteristics and stress responses during swelling. The effects were evaluated by focusing on the unconfined
compressive strength, swelling-shrinkage strains under various conditions, and the lateral coefficient of earth
pressure during one-dimensional deformation for artificial mixtures of two different clays at three different
ratios. The clays used in this study were a Na-montmorillonite bentonite and a non-expansive Bangkok clay,
mixed at different proportions to simulate naturally encountered expansive clays with different degrees of
swelling potential. The experimental programme involved unconfined compression, areal shrinkage strain by
unconfined drying, vertical free swelling strain, and confined swelling pressure tests. The experimental results
show that the cement addition led to marked decreases in the areal shrinkage strain and vertical free swelling
strain in addition to the obvious improvement of strength and stiffness of soils. The confined swelling pressure
test results indicated that the cement had a greater effect in reducing vertical swelling pressure than the lateral
swelling pressure of the soils during one-dimensional swelling. The measured lateral coefficient of earth pressure

and stress paths of untreated and cement-treated soils and their engineering implications are discussed.

1. Introduction

Expansive soils exhibit significant swelling and shrinkage upon
changes in water content and stress conditions. The swelling and
shrinkage phenomenon of expansive soils is considered as serious and
challenging problems in geotechnical engineering due to the potential
damages arising from unpredictable upward movements and large
settlement of structures founded on such soils undergoing moisture
content fluctuations (Nelson and Miller, 1992; Al-Rawas et al., 2005;
Puppala et al., 2013). According to Katti et al. (2002), Ferber et al.
(2009), and Mohamed et al. (2013), soils' swelling potential depends
mainly on nature and state of soils (i.e., clay fraction, mineralogy, dry
density, water content, etc.) determining the amount of water intake.
The predominant mineral content in an expansive soil is often mon-
tmorillonite, which causes the soil to swell and shrink during wetting
and drying (Komine and Ogata, 1999; Radhakrishnan et al., 2014). The
swelling and shrinkage movement or a change in swelling pressure of
expansive ground does not take place only in the vertical direction
(Mohamed et al., 2013; Wang et al., 2015). Expansive soils swell lat-
erally as well as vertically. As reported by Andy (1989) the lateral

* Corresponding author.

swelling pressure could be 2-10 times larger than the vertical swelling
pressure, depending on the conditions. If these pressures are greater
than the foundation resistance or retaining wall capacity, then uplifts,
often uneven and differential, and/or horizontal movements will occur.
This might cause cracks or damage to structures. Retaining structures,
in particular, are normally not designed to endure the enormous
swelling pressure.

Recently, measuring and assessing the swelling deformation and
pressure are given a particular importance in designing foundations on
expansive soils. In evaluating the swelling pressure, some researchers
suggest a technique that allows soil to heave until attaining the equi-
librium and then apply pressure to bring it back to the original volume
(Katti et al., 2002), while other researchers propose zero swelling
(constant volume) tests and one-dimensional consolidation tests for
predicting heaves in swelling soils (Fredlund, 1969; Basma et al., 1995;
Al-Shamrani and Dhowian, 2003; Wang et al., 2012; Rao and Ravi,
2015). However, these methods generally concern only the vertical
swelling pressure measurement. There is still no systematic knowledge
that allows the designer to predict the lateral swelling pressures on
geotechnical structures due to swelling soils (Mohamed et al., 2013).
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For non-swelling soils, on the other hand, the established theory of
earth pressure based on force equilibrium and perfect plasticity may be
adopted without a particular need to consider the additional pressure
due to the mineral swelling. Therefore, many geotechnical projects opt
for excavating and replacing the entire expansive soil or to improve
them comprehensively. Much more cost-effective measures would be
devised, however, if it is understood how the stress responds during
swelling, and how the responses may be altered by more modest means
such as adding a limited dose of binding agents such as lime or cement.

The lateral coefficients of earth pressure of different soils under
various conditions have been investigated by some researchers; e.g.
Katti et al. (2002) on the lateral earth pressure of the expansive black
cotton soil, Tian et al. (2009) on the coefficients of earth pressure at rest
in thick and deep layers of swelling clay. However, research on the
lateral coefficient of earth pressure of expansive soils is still limited in
number and scope. This research aims to understand and evaluate the
effect of cement addition on curbing the undesirable swelling pressure
of expansive problematic soils through a variety of readily measurable
mechanical quantities as well as close observation of the effective stress
path obtained by more elaborate tests. The investigation mainly focuses
on the strength-stress-strain characteristics and the earth pressure re-
sponses in expansive soils under one-dimensional swelling with and
without cement treatment. The latter is expressed in terms of the lateral
coefficient of earth pressure (K;). Artificial expansive soil specimens
were prepared for mechanical testing by mixing a Na-montmorillonite
bentonite with non-expansive Bangkok clay at different proportions to
observe responses of soils with different swelling potentials. In addition
to swelling tests in the specially designed oedometer, a number of more
conventional laboratory experiments were performed on both cement-
treated and untreated soils. Based on the results from these different
tests, this paper presents observations on general effects of cement
addition on mechanical responses of expansive soils.

2. Experimental programme
2.1. Materials

The expansive soil specimens tested in this study were artificially
prepared by mixing a commercially available Na-montmorillonite
bentonite with natural non-expansive Bangkok clay, which is locally
found in the central of Thailand. Bangkok clay is a soft marine silty
clay, characterised by high water content, low shear strength, and high
compressibility (Horpibulsuk et al., 2011; Surarak et al., 2012). Na-
montmorillonite has low permeability and marked expansibility due to
its stacked-lamellar structure (Por et al., 2015). Bangkok clay is a clay
with low swelling potential exhibiting physical and engineering prop-
erties similar to those of kaolin, while Na-bentonite is a clay with a very
high swelling potential. In this study, the Bangkok clay was firstly air-
dried for about one week. It was then crushed and sieved through a No.
40 sieve (425 um). The mixing proportions between the bentonite and
Bangkok clay (in the form of powder) were varied at 40:60, 20:80 and
0:100 by dry weight. Ordinary Portland cement was added at 5% and
10% of the dry soil mixture (i.e. bentonite plus Bangkok clay) by
weight. Unless specified otherwise, the mixed soils with and without
cement treatment were compacted at the optimum moisture content
(OMC) and maximum dry density (MDD) of the untreated states, which
were obtained from a modified compaction test (ASTM D1557). The
compacted specimens were prepared for the unconfined compression,
the vertical free swelling strain and the confined swelling pressure tests
after 28 days of curing. The index properties and physical properties of
compacted untreated soils were determined by following the ASTM
standards, as presented in Table 1. Chemical compositions of materials
were analysed by X-ray fluorescence (Bruker AXS, Germany model S4
Pioneer Wavelength dispersive X-Ray Fluorescence [WDXRF] Spectro-
metry). Table 2 lists the chemical composition of bentonite, Bangkok
clay and cement obtained by the X-ray fluorescence (XRF) analysis.
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Table 1
Experimental conditions and properties of compacted cement-untreated soils.

Sample BKK:B Initial state: Index properties
notation (%) 100% degree of compaction at
modified compacted energy
OMC  pq eo So LL PI G, A
(%) Mg/ © ) O (=) ()
m®)
BKK100BO  100:0 1550  1.70 055 74 72 41 264 0.55
BKK80B20 80:20 16.60 1.67 0.61 73 102 65 2.69 0.92
BKK60B40 60:40 20.50 1.60 0.73 78 191 152 276 223

Remarks: BKK = Bangkok clay content by weight (%); B = Bentonite content by weight
(%); OMC = optimum moisture content (%); pq = dry density of a compacted soil at
OMC by a modified compacted energy (Mg/m®); eo = initial void ratio; S, = initial
degree of saturation (%); LL = liquid limit (%), PI = plasticity index (%); Gs = specific
gravity; A = activity number.

Table 2
Percentage of chemical composition of bentonite, Bangkok clay and cement obtained
from XRF.

Chemical composition Bentonite (%) Bangkok clay (%) Cement (%)

SiO, 50 63 21
Al,03 19 21 5
FeO 15 8 4
CaO 5 - 65
MgO 3 2 1
K>0 3

Na,O 1 -
Others 5 3

More details on physical properties of these soils are given by Por et al.
(2015).

2.2. Testing methods

The experimental programme is summarised along with the sample
notation in Table 3. The experimental programme is consisted of un-
confined compression (UC), areal shrinkage strain (ASS), vertical free
swelling strain (VFSS), and confined swelling pressure (CSP) tests, as
well as the index properties tests. A brief summary of the laboratory
procedures and equipment used are presented in the following sections.

2.2.1. Unconfined compression (UC) test

The unconfined compressive strength (q,) and Young's modulus at
half the failure stress (Eso) of the untreated and cement-treated soils
were obtained by performing conventional unconfined compression
tests according to ASTM D2166. The specimens were trimmed to
70 mm diameter and 150 mm height and tested at a loading rate of
0.75 mm/min after the 28-day curing.

2.2.2. Areal shrinkage strain (ASS) test

The soils at different mixing proportions, with and without cement
as shown in Table 1, were prepared in the form of powder and then
uniformly mixed with water content at the liquid limits (wy) of the
cement-untreated states, and placed in a 120 mm X 20 mm X 5 mm
mould. The soil specimens were cured for 28 days in advance to allow
the cement hydration. The soil specimens in the mould were then firstly
air-dried in a controlled temperature room of 30 + 1 °C and a relative
humidity of 50 = 2% for 7-10 days to reach a stable moisture content.
At this stage, cracks formed in the soil specimens in irregular patterns,
as shown in Fig. 1. Image analysis was then performed to determine the
area (projected to a plane which included the largest cross-section,
120 mm X 20 mm, of the specimens) of the void increment after air-
drying (A.) and the area of the sample before cracking (A,). The testing
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Table 3
Overview of experimental programme.

Sample notation Proportion Test performed
BKK:B (%) Cement ASS ucC VESS CSP
content
(%) Measured parameter
ASS, Waq Qu» & o,
Eso On,
K,
CS’
P, q
Initial moisture content (set at the
untreated soil stage)
w, = 1% OMC = 0.2%
BKK100BO 100:0 0 v v v v
BKK100BOC5 5 v v v v
BKK100BOC10 10 v v v -
BKK80B20 80:20 0 v v v v
BKK80B20C5 5 v v v v
BKK80B20C10 10 v v v -
BKK60B40 60:40 0 v v v v
BKK60B40C5 5 v v v v
BKK60B40C10 10 v v v -

Materials: BKK = Bangkok clay content; B = Bentonite content.

Tests: UC = unconfined compression; ASS = areal shrinkage strain; VFSS = vertical free
swelling strain; CSP = confined swelling pressure.

Measured values: q, = unconfined compressive strength; Eso = Young's modulus at half
the failure stress; w, 4 = air-dry moisture content (at 30 °C and RH = 50%); w;, = water
content of untreated specimen at LL; ¢, = vertical strain; o, = vertical effective stress;
0, = horizontal effective stress; K, = coefficient of lateral earth pressure; Cs = swelling
index; p’ = mean effective stress; ¢ = deviator stress.

a
SR N &
b
- || S

Fig. 1. Typical photograph of soil specimen surface area before and after air-drying; (a)
before air-dried, (b) after air-dried, (c) binarised to black and white after image thresh-
olding on air-dried specimens.

procedures and further details on the image analysis technique can be
found in Puppala et al. (2004) and Por et al. (2015). The areal shrinkage
strain (ASS) can be determined by taking the ratio between A, and A, as:

ASS = AJ/A, @

2.2.3. Vertical free swelling strain (VFSS) test

The vertical free swelling strain (VFSS) tests were performed on all
the compacted specimens at the same conditions as for the UC tests. The
specimen was trimmed to 60 mm diameter and 24 mm height, and then
placed into a rigid mould with an open face at the top. The specimen in
the mould was then submerged in water. The specimen was indirect
contact with water at the top. The specimen bottom also had a free
access to water through a sheet of filter paper laid between the spe-
cimen and the percolated mould base. The vertical free swell of the
specimen was recorded by using an electronic digital calliper until the
deformation reached a stable state. The VFSS was determined by taking
the ratio between the increase in height (Ah) to the original height (ho)
of the specimen as:
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Fig. 2. Confined swelling pressure (CSP) oedometer measuring lateral and vertical
swelling pressures.

VFSS = Ah/h, &)

2.2.4. One-dimensional confined swelling pressure (CSP) test

The vertical and lateral swelling pressures of the untreated and
cement-treated soils under one-dimensional swelling were measured in
a medium-scale oedometer equipped with a gauged confining ring to
record the horizontal reaction pressure. The specimen size was 75 mm
in diameter and 25 mm in height. The apparatus is illustrated in Fig. 2.
The vertical swelling force of the soil specimen was recorded by using a
low-compliance load cell with a large capacity (20 kN). The gauged
confining ring, manufactured of stainless steel with a thickness of about
2.5 mm, was calibrated by applying air pressure when the chamber was
completely sealed. The structure and configuration of the confining ring
made it susceptible to offset shifts when the bolts were tightened to
assemble the whole apparatus. Through a number of calibration trials;
however, it was confirmed that the linearity of the response and the
calibration factor were unchanged. The offset were therefore readily
corrected simply by noting the shifts. The lateral swelling strain was
thus restrained while the vertical strain was allowed to develop by
controlling the ram displacement.

The specimen was installed in the apparatus and the swelling strains
were initially kept to zero in both lateral and vertical directions
(en, = 0%, &, = 0%) by fixing the vertical ram. Then the specimen in
the apparatus was allowed to freely suck the water from a burette
connected to the bottom of the specimen through a porous stone, as
shown in Fig. 2.

This process guaranteed that the matric suction at the end of each
equilibrium stage was always zero. The air pressure in the chamber was
always equal to the atmospheric pressure in a temperature-controlled
room (25 * 1°C). The pressure vent in the chamber was loosely
plugged to prevent a humidity loss. The swelling was allowed in 5 steps,
in which the lateral swelling strain was always restrained to be zero
(en, = 0%) and the vertical swelling strain, &,, was allowed to develop to
2%, 4%, 6%, and 8% by raising the ram and waiting for swelling. In the
first step, the specimen in the apparatus was not allowed to swell (no
volume change) until the specimen stopped sucking the water from the
burette and reached stable vertical and lateral swelling pressures. This
process typically took 7 to 14 days. The swelling pressure of the spe-
cimen in the apparatus in the first step was the maximum in both
vertical and horizontal directions. For step 2 to step 5 (¢, = 2, 4, 6 and
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Fig. 3. (a) Relationships between stress and strain from unconfined compression tests; (b)
Unconfined compressive strength of untreated and cement-treated soils.

8%, respectively), the procedures were similar.

3. Strength and deformation characteristics
3.1. Strength characteristics

The stress-strain and strength-cement content relationships of the
untreated and cement-treated soils from the unconfined compression
tests are plotted in Fig. 3. From untreated to cement-treated specimens,
the failure pattern changes from ductile to brittle. The stress-strain
curves obtained from different BKK:B mix ratios showed a similar
contrast between the untreated and cement-treated specimens in terms
of shape. All the untreated soil specimen exhibited a ductile behaviour
with a continuous strain-hardening until a steady state was reached at a
failure strain (e¢) of 4.0% to 5.5%. All of the stress-strain curves of the
cement-treated soils after 28-day curing had a higher peak and smaller
er (2.5%-2.8%, and 2.1%-2.5% for 5 and 10% cement content, re-
spectively), compared with those of the untreated soils. The lower li-
quid limit (LL) soil (i.e. 100% Bangkok clay) presented the highest
unconfined compressive strength (q,,) at lower & in both cement-treated
and untreated states. The increase of q, and decrease of ¢ correlated
well with the post-hydration reduction of LL and plasticity index (PI)
due to the cement addition (Table 4). The reduction in LL and PI caused
a significant increase of q, through reduction of liquidity index as well
as formation of inter-particle bonding by the cement hydrates. The
strength improvement due to cement addition was greater for the
higher LL soils (Table 4). This indicates that, for the soils with higher LL
(more bentonite), the cement had a greater effect of improving the
strength and decreasing the strain at failure than for the soils with
lower LL (Table 4 and Fig. 3). Although the absolute value of strength is
smaller for higher LL (lower BKK) specimens (Table 4), the strength
improvement ratio is greater for them.

The q, values of all the specimens are plotted against added cement
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Table 4
Results of unconfined compression, areal shrinkage strain, vertical free swelling strain,
and Atterberg limits tests of untreated and cement-treated soils.

Sample notation UC ASS VFSS Atterberg limits of
(after 7 to  (after remoulded specimen
10 days 60 days  after 28 days curing
air-drying)  soaking)
Qu Eso Waa ASS g LL PL PI SL
(kPa) (MPa) (%) (%) (%) %) (%) (%)
BKK100BO 857 40 8 20 55.6 72 31 41 14
BKK100B0C5 1529 126 7 15 12.8 52 35 17 21
BKK100BOC10 ~ 2850 236 7 6 1.6 48 37 11 25
BKK80B20 725 36 10 34 131.6 102 37 65 16
BKK80B20C5 1443 120 9 26 24.4 65 41 24 18
BKK80B20C10 2659 136 9 10 99 57 43 14 26
BKK60B40 339 14 13 49 162.0 191 39 152 12
BKK60B40C5 960 66 12 46 46.6 85 45 40 20
BKK60B40C10 1359 77 12 39 15.4 63 48 15 23

content in Fig. 3(b). The cement addition led to an increase of the
Young's modulus (Esp), as summarised in Table 4. /f\hnberg (2006) and
Ahnberg and Holmén (2008) on stabilised Swedish soils and Raftari
et al. (2014) on cement-treated kaolin clays similarly found that, as the
strength level increased, the stiffness of the materials also increased.
The Esq values increased by 3-5 and 4-6 times when 5 and 10% cement
was added to the soils, respectively. These results imply that the ad-
dition of a modest amount of cement to the expansive soils increases the
stiffness, peak strength and brittleness markedly. According to
AUSTROADS (2004), for example, a maximum 28-day curing q, of
1 MPa is specified to be a criterion for a swelling soil improvement in
road subgrades. Table 4 shows that q, values of the BKK100BO and
BKK80B20 specimens treated with 5 and 10% cement and cured for
28 days are all larger than 1 MPa. However, for the 40% bentonite
specimens (BKK60B40), only more than 10% cement could increase q
to fulfil the above strength requirement. This relationship between the
treated strength, soil plasticity and added cement content must be more
generalised for other swelling soils to obtain a general trend which
serves as first guide to estimate necessary cement doses for preliminary
design.

3.2. Shrinkage strain characteristic

Shrinking in expansive soils is interrelated to swelling and thus re-
quires attention in this research. The shrinkage process due to drying
may be idealised by two stages; a loss of water without desaturation
from the wy down to the w, (the water content at shrinkage limit),
followed by desatuartion without volume changes from the wy down to
W,.q, Which is defined as the residual water content after air-drying. The
measured values for w, 4 are presented in Table 4. The soils with higher
LL, when dried from the w;, showed higher w, 4, as shown in Table 4.
This is because the ability to retain water after air-drying correlates well
with the same ability at the LL. Hence, at a same air-drying condition
(temperature and humidity), the soils with higher LL presents higher
Waq- Under the above idealisation, the volumetric strain due to air-
drying is calculated as (w; — wy)Gs / (1 + w;Gy), where wj is the initial
water content before drying (in this test series, equal to wy, of the un-
treated specimen). When the strain magnitude is modest, the ASS is
calculated as following:

2(Wi - Ws)Gs

ASS =
3(1 + WiGS)

3)

The measured areal shrinkage strains (ASS) of the cement-treated
and untreated soils are presented in Fig. 4 against the ASS estimated
based on the above relationship. As the equation suggests, the ASS of
the untreated soils with larger w; = wy, (i.e. larger bentonite content) is
significantly larger, reaching 49% for BKK60B40CO, although the three



S. Por et al.
60 T T v T )
—=— BKK100B0 Untreated .~
I —e— BKK80B20 1
—A— BKK60B40 Cs
% 40 c10 |
@ .~~~ Untreated
< -
- L ¢ ]
g
s c5
s " Untreated
s 20 | |
c5
I c10 T
- c10
o L~ . 1 . L :
i 20 40 60

Estimated ASS (%)

Fig. 4. Areal shrinkage strain (ASS) of untreated and cement-treated soils.

data points for untreated states did not exactly lie on the 1:1 line due
possibly to the approximation and idealisation explained above.
When the cement was added, the ASS decreased notably. When the
cement-treated mixtures were remoulded and tested for Atterberg
limits, the SL significantly increased. This increase explains part of the
ASS reduction via Eq. (3). However, the effects of the cement addition
seen in Fig. 4 are not fully explained by the SL increase, as the ASS
decreased much more than Eq. (3) estimates (i.e. along the 1:1 line in
Fig. 4). The inter-particle bonding that developed in the cured cement-
treated mixtures and resulting stiffness of the soil skeleton played a
significant role in reducing the ASS, possibly by resisting the shrinkage
and leading to early desaturation during drying. The bulk stiffness
characteristics of the tested specimens is discussed in later sections.

3.3. Vertical free swelling strain characteristic

The vertical free swelling strain (VFSS) was defined as the percen-
tage swell of a laterally confined specimen, which is submerged in
water after being compacted to the maximum dry density and optimum
moisture content by the modified compaction test (ASTM D1557). The
results of the VFSS tests of the untreated and cement-treated soils are
summarised in Table 4 and plotted in Fig. 5. Fig. 5(a) shows the var-
iation of VFSS with time for untreated and cement-treated soils. The
early swelling strain rate of the higher LL soils was greater than that of
the lower LL soils. It was observed that, for the 24 mm-thick specimens,
notable swelling lasted up to 30 days in the untreated soils, while the
time was significantly reduced by increasing amount of added cement.
In general, the time needed for completion of the swelling as well as the
maximum swelling strain was closely associated with the swelling clay
content (i.e. bentonite content) for both cement-treated and untreated
soils.

Different series of tests performed by Por et al. (2015), who studied
the same mixtures as reported in this study, are informative. Observing
swelling prior to CBR measurements, the specimens also took around
30 days to complete swelling under a small surcharge of 2.5 kPa, al-
though the eventual swelling strains were much smaller than observed
in the above VFSS tests (i.e. zero surcharge), converging towards ty-
pically less than 20% of the VFSS values quoted in Table 4. On the other
hand, swelling (unloading) steps in the standard step-loading oed-
ometer tests on only slightly thinner (20 mm) reconstituted (and hence
saturated) specimens indicated that 90% degree of consolidation could
be observed within a 24-hour period allowed between the unloading
steps for effective vertical stresses of 20-50 kPa, and nominally 100%
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Fig. 5. Results of vertical free swelling strain (VFSS) tests; (a) Relationships between
VFSS and time; (b) Relationships between VFSS after 60 days soaking and added cement
content.

degree of consolidation could be observed for vertical effective stresses
larger than 50 kPa for all the soil specimens. In addition to the lower
permeability in the compacted, unsaturated specimens in this study,
these significant differences in the swelling rate are explained by de-
creases of the coefficient of consolidation (c,) as the effective stresses
become smaller. This trend of c, is confirmed by the oedometer test
results (Por et al., 2015) shown in Fig. 6. Summarising the above facts,
it is clear that the additional swelling as the effective stress decreases
below a few kPa is significant (accounting for some 80% of the VFSS in
the tested soils), and it comes with significant delays due to drastically

140 S— ——r

120 | -
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Vertical effective stress, a:, (kPa)

Fig. 6. Coefficient of consolidation (in the unloading stage) (c,) versus vertical effective
stress (0,) from step-loading oedometer test.
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reduced c,. Unless the design concerns the very surface of the ground,
where the effective stress is indeed close to zero, the VFSS tests will lead
to a very pessimistic assessment of swelling magnitude and response
rates.

For the untreated soil specimens, the VFSS decreased significantly
with the decrease of bentonite content (i.e. decrease in the LL). The
specimens with lower LL reached smaller maximum VFSSs in a shorter
period (Fig. 5a and Table 4). The longer time required for reaching the
eventual strain in the higher bentonite-content specimens is due to the
lower ¢, values (Fig. 6), resulting both from the higher compressibility
and the lower permeability of the bentonite (Komine, 2004 and 2010).

Fig. 5(b) shows the relationship between the cement content and the
maximum VFSS, which demonstrates clearly that increasing the cement
addition to the mixture dramatically decreases the VFSS for all the
specimens. The effect was greater for the first 5% cement addition and
less significant for another 5%. In a similar way as for the areal
shrinkage strain, the decrease in the VFSS may derive from two dif-
ferent mechanisms. The first is the reduced “inherent” plasticity, per-
taining to a change of plasticity at the clay particle level due to a change
in the chemical environment caused by cement hydration. This reduc-
tion of plasticity could be confirmed by remoulding (see Table 4). The
second, and probably more significant mechanism, is presumed to be
the increased stiffness of the soil skeleton due to cementation. The ce-
ment also reduced the time for the specimen to reach a stable strain, as
illustrated in the Fig. 5(a). Deng et al. (2015) reported on cement-
treated clays that the cement-treating normally reduces the perme-
ability rather than increases. This is to work in a direction of reducing
cy. However, the reduction of the soil skeleton compressibility can more
than compensate the effect, and as a result, ¢, must have been made
greater.

4. Swelling pressure behaviour under one-dimensional swelling
4.1. Vertical and lateral swelling pressures

The results from the one-dimensional confined swelling pressure
(CSP) tests measuring vertical and lateral swelling pressure are sum-
marised in Table 5 and illustrated in Figs. 7 and 8.

All the test results show that, for both untreated and cement-treated

Table 5
Moisture condition and swelling index of untreated and cement-treated soils from step-
loading oedometer and confined swelling pressure tests.

Sample notation Final moisture and stress condition at vertical Swelling
swelling strain, &, (%) index
- 0 2 4 6 8 Cs
BKK100BO w (%) 19.8 212 225 238 254 0.142
S, (%) 95.0 963 97.0 97.7 995
p’(kPa) 286 209 164 131 75
BKK100BOC5 w (%) 224 252 255 258  26.0 0.115
S, (%) 107.6 1146 110.0 1058 102.0
p’(kPa) 132 93 82 56 42
BKK80B20 w (%) 21.2 225 243 255 27.0 0.180
S; (%) 935 943 9.9 971 983
p’(kPa) 564 463 407 337 286
BKK80B20C5 w (%) 23.4 24.3 25.5 26.3 27.9 0.150
S, (%) 103.1 101.8 101.9 100.0 101.5
p’(kPa) 211 192 157 130 116
BKK60B40 w (%) 24.5 26.0 27.5 29.0 30.5 0.220
S, (%) 926 939 950 96.0 969
p'(kPa) 790 669 583 518 472
BKK60B40C5 w (%) 26.7 28.6 29.3 - - 0.185
S, (%) 101.0 103.4 101.3 - -
p'(kPa) 367 322 296 - -
BKK100BO 0, (kPa) 25-1600 0.122
BKK80B20 25-1600 0.207
BKK60B40 25-1600 0.330
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specimens, the lateral swelling pressure was higher than the vertical
pressure at all the stages. For both treated and untreated specimens, the
swelling pressure decreased with a decrease in bentonite content
(Fig. 7) at all the stages, showing a correlation with the amount of
swelling minerals such as montmorillonite contained in the bentonite.
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Such results are also found for many materials mixed with bentonite or
some other expansive soils. For example, Komine and Ogata (1999),
Sun et al. (2009) and Cui et al. (2012), who studied bentonite-sand
mixtures, reported that the maximum swelling pressure and the max-
imum swelling strain were lower as the sand content of the mixture
became larger. Similar observations were also found in the study on
expansive soils treated with lime, cement (Al-Rawas et al., 2005) and
fly ash (Nalbantoglu, 2004). According to Wang et al. (2012), the
swelling pressure of soils depends on the montmorillonite content and
the type of exchangeable cations.

Being treated by 5% cement, the swelling pressure in both direc-
tions, lateral and vertical, decreased significantly. The cement binds the
soil particles together and increases the stiffness of the soil (for ex-
ample, see Esq in Table 4). As a result, it leads to reduced swelling
under unconfined conditions and, equivalently, reduced swelling pres-
sure during wetting under confined conditions (Tables 4 and 5).
Fig. 7(a) and (b) shows that the lateral swelling pressure decreased
much less than the vertical swelling pressure when the vertical swelling
strain (&,) was permitted to develop to 8% in steps. The vertical swel-
ling pressure was reduced to very small values in the cement-treated
cases during these steps. Hence, the presence of cement in the soils led
to significant increases of the lateral coefficient of earth pressure during
one-dimensional swelling (K,), where Ky = a3, / 0, . The K value of the
untreated and cement-treated soils under one-dimensional swelling
(en = 0%; &, = 0%, 2%, 4%, 6%, and 8%) were plotted in Fig. 8(b). The
K; value became larger when 5% cement was added to the soils at all
the stages of swelling, reaching markedly large values at eventual
stages. In the cement-treated soils, the increased shear stiffness (as re-
presented by Esg) and shear strength (as represented by q,) mean that,
while the vertical strain developed, the deformation to re-adjust the
horizontal pressure was significantly subdued, preserving a large part of
the initial lateral swelling pressure. Although the K; value is thus higher
for the cement-treated soils, the absolute values of horizontal swelling
pressure are still smaller than that in the untreated soils, as shown in
Fig. 8(a). In alleviating the lateral pressure exerted from vertically
swelling soils on rigid walls, the modest addition of cement is very ef-
fective. Although only one-dimensional conditions are considered here,
it would not take much imagination to assume that the lateral stress
relief is also swift in the treated soils, limiting the active movement
towards flexible retaining walls.

4.2. Effective stress paths

The same feature as above can be discussed in a different perspec-
tive. Typical ¢ — p’ (the deviator stress (q = 0, — 0y, ) versus the mean
effective stress (p'=1/3(20, + 0,))) and (1 + e) — p’ (the specific
volume versus the mean effective stress) diagrams for the untreated and
cement-treated specimens are shown in Fig. 9(a) and (b), respectively.
By permitting the vertical swelling strain to develop from 0% to 8%
with the incremental steps of 2%, the untreated soils' effective stress
paths seemed to approach a stress ratio, n = q/p’ = 1.0 while the 5%
cement-treated specimens' paths approached the n = 1.4 line in the
q — p’ plane. For an axi-symmetric extension, the angle of shearing
resistance (¢”) can be determined from sing’ = 31/(6 — n), when the
effective cohesion is zero. By adding 5% cement to the soils, a sig-
nificant increase in the calculated value of ¢’, was observed, from 41° at
the untreated states to 52° at the treated states. This feature may seem
apparently contradictory to some findings in literature that demon-
strated increases of the effective cohesion with broadly constant values
of ¢ (e.g. Ahnberg, 2006). In this particular study, the observed in-
crease of ¢’ may be attributed to the produced cementitious materials,
which not only binds the clay particles together, contributing to the
overall increase of shear stiffness, but may also fill the pore space be-
tween the clay particles and imparts a significant friction factor and
hence, increase the angle of shear resistance. In the cement treated
specimens, the LL and the PI decreased significantly (Table 4). The
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Fig. 9. Deviator stress (q) and specific volume (1 + e) versus mean effective normal stress
(p’) of cement-treated and untreated soils; (a) Effective stress path in the g — p’ plane; (b)
Mean effective normal stress versus specific volume.

cement added lead to marked decreases of the vertical free swelling
strain and hence, the swelling pressure in a confining condition de-
creased significantly. According to the plasticity chart (ASTM-D2478),
initially all the cement untreated soil specimens belonged to a CH (high
plastic clay) group, but when it was treated by 5% cement, the soil
classification changed to ML (low plastic silt), which implies that the
soils changed their intrinsic characteristics from those of a plastic clay
to that of a low plasticity silt.

The impression of the behavioural changes during one-dimensional
swelling observed in Fig. 9 is that expansive soils treated with a modest
amount of cement (5% in this example) still behave in a qualitatively
similar manner as untreated soils, although the swelling potential is
significantly reduced. Although the inter-particle bonding by cement
hydrates and resulting stiffness may play a part, the changes of the
intrinsic properties such as plasticity seems to be significant too. The
apparent lack of a significant cohesion suggested by the effective stress
paths may be one reflection of the latter mechanism.

4.3. Swelling indices

The stiffness against swelling observed in the one-dimensional
confined swelling pressure (CSP) tests are evaluated along with the
results of the conventional step-loading oedometer tests on recon-
stituted specimens of the same soils, described in the authors' previous
publication (Por et al., 2015). For the step-loading oedometer tests, the
specimens were prepared by consolidating slurried clay, not by com-
paction, as explained earlier. The consolidated specimens were loaded
and then unloaded at saturated conditions, while in the CSP tests, the
specimen compacted at its optimum moisture content as the initial state
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was allowed to freely suck the water from its bottom in the confining
ring at controlled vertical strains. While the maximum degree of sa-
turation in the initially unsaturated compacted specimens in the CSP
tests was slightly lower than 100% for untreated cases, all the 5% ce-
ment-treated specimens reached nominally S, = 100% for all the spe-
cimens (estimation by S, = wG; / e led in some cases to values in excess
of 100%), as reported in Table 5. It is reiterated that the above ex-
perimental arrangement assured that the matric suction was always
zero despite the undersaturation in some specimens.

The trend of the swelling lines, defined by the void ratio (e) versus
the vertical effective stress (0,) of the untreated and cement-treated
specimens from both oedometer and CSP tests are compared in Fig. 10.

The swelling lines from the two types of tests are broadly parallel to
each other, while the offsets appeared simply due to the arbitrarily set
effective stress (1600 kPa) to which the reconstituted specimens were
consolidated in the oedometer tests. The two types of tests exhibited
good compatibility, despite the difference in specimen preparation
methods. By adding 5% cement to the soils, the slope of the swelling
line (C; = — Ae / Alogo,") became smaller by approximately 0.03 than
for untreated states in all the cases, as summarised in Table 5. This
means a relatively modest reduction of some 15-20% for all the cases,
or equivalently, an increase of the bulk modulus by the same percen-
tage, exhibiting a stark contrast against the 3- to 5-fold increases of Es,
as discussed earlier. Given the semi-log e — p’ relationship, however, its
consequences on stress changes under confinement are considerable, as
seen in the earlier sections. In addition, the results of the VFSS tests as
discussed above suggest that the major difference due to cement addi-
tion appears at even lower stress ranges, as illustrated by Fig. 5. Future
studies should concentrate more on the behaviour below 10 kPa for
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further investigation on the swell-curbing effects of cement treatment.

5. Concluding remarks

This study investigated the influence of cement addition on de-
formation characteristics and stress responses of expansive soils under
swelling. The expansive soil specimens in this study were prepared by
mixing expansive bentonite and non-expansive Bangkok clay. As well as
assessing the effects of cement hydration on mechanical responses
through a variety of simple tests, the vertical and lateral swelling
pressures were directly measured by elaborate experiments, and the
lateral coefficient of earth pressure (K;) and the stress paths followed
during one-dimensional swelling were investigated. The insights ob-
tained from this research can be concluded as following:

1) The swelling-shrinkage strain and swelling pressure of expansive
soils seemed to be strongly correlated to the swelling soil content,
which also affects the plasticity and the liquid limit (LL) in a similar
way. The soil with higher LL presented higher swelling and
shrinkage properties during wetting and drying, respectively.

2) The cement treatment not only enhances the strength and stiffness,
but also reduces the swelling and shrinkage potential of expansive
soils, as confirmed by different kinds of swelling tests (the vertical
free swelling and the areal shrinkage tests). For the soils studied in
this research. This is likely to be caused not solely by inter-particle
bonding deriving from hydrated substances, but also by more in-
trinsic alteration of the soil — namely, a reduction in the soil plas-
ticity.

3) Equivalently to the above, the swelling pressures of the tested ex-
pansive soils markedly decreased when the cement was added. The
cement had effect to reduce the horizontal swelling pressure, and
even more significantly the vertical swelling pressure under one-
dimensional swelling. Due to the more rapidly decreasing vertical
swelling pressure, the coefficient of lateral pressure under one-di-
mensional swelling (K;) increased more in the cement-treated soils
than in the untreated soils.

4) The cement addition led to 15-20% reductions in the swelling index.
Although this may seem a modest improvement when compared to
the 3- to 5-fold increases seen for Young's modulus (Eso) its con-
sequences on the confined swelling pressure are significant. The
vertical free swelling strain (VFSS) measurements suggest that the
cement-treating has major swell-curbing effects at lower effective
stress ranges than explored in the confined swelling tests, possibly
below 10 kPa. Obviously more tests on different expansive soils are
desired to generalise the above observations on the alteration of
expansive soils' behaviour due to cement addition. Although the
modest cement treatment leads to a significant improvement of the
expansive soils' unfavourable characteristics, it does not turn them
into a quasi-rigid mass. A proper understanding of the altered
properties still seems important in accurately assessing the reduced
swelling strains and pressures.

Lastly, it is suggested that the durability of the cement treatment
should be addressed as an interested topic in the future. This suggestion
is made, as one might wonder, given the inherent disequilibrium of the
hyperalkline cement particles in much lower pH groundwater, will the
cement particle suffers leaching that leads to loss of the swelling
property alterations.
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Abstract Rainfall-induced landslides frequently occur in hu-
mid temperate regions worldwide. Research activity in under-
standing the mechanism of rainfall-induced landslides has re-
cently focused on the probability of slope failure involving
non-homogeneous soil profiles. This paper presents probabi-
listic analyses to assess the stability of unsaturated soil slope
under rainfall. The influence of the spatial variability of shear
strength parameters on the probability of rainfall-induced
slope failure is conducted by means of a series of seepage
and stability analyses of an infinite slope based on random
fields. A case study of shallow failure located on sandstone
slopes in Japan is used to verify the analysis framework. The
results confirm that a probabilistic analysis can be efficiently
used to qualify various locations of failure surface caused by
spatial variability of soil shear strength for a shallow infinite
slope failure due to rainfall.
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Introduction

Rainfall-induced slope failure is one of the major causes of nat-
ural landslides. The rainfall infiltration could increase unit
weight of soil and contribute positive pore water pressure to
the soil slope (Ng and Shi 1998; Rahardjo et al. 2007). Mostly,
the landslides start taking the form of shallow failure (typically
1-3 m depth) with potential slip surface parallel to original slope
surface during heavy rainfall (Lu and Godt 2008; Ray et al.
2010; Li et al. 2013; Kanjanakul et al. 2016). Landslides usually
occur because of the shallow impermeable bedrock type of soil
slope, in which the water table raising from the rainfall acceler-
ates the slope failure process (Ng and Shi 1998; Cho 2009; Han
et al. 2014). Stability analysis of rainfall-induced slope failure
generally employs a deterministic analysis, which does not con-
sider the spatial variability of soil properties. However, it is
important that the variation of soil properties from one point to
another might affect the analysis results, particularly in the case
of slope failure caused by reduction in soil shear strength due to
rainfall infiltration. Therefore, the spatial variability of soil prop-
erties framework of random field to simulate non-homogeneous
of soil profiles was proposed (Vanmarcke 1983).

A probabilistic slope stability analysis considered the ran-
dom field of shear strength parameters was presented by
Fenton and Griffiths (2008). There are several studies on seep-
age analysis using the spatial variability of a saturated perme-
ability in the random field model (Srivastava et al. 2010; Cho
2012). Griffiths et al. (2011) analyzed the failure probability of
infinite slope assuming a random field model of the shear
strength parameters. The results indicated that the critical fail-
ure surface can happen at weak layers where the minimum

@ Springer
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factor of safety against sliding occurs. Another study also
considered a one-dimensional random field of the saturated
permeability combined with transient seepage analysis to
study a shallow landslide of an infinite slope of the weathered
residual soil (Cho 2014). The slope failure occurs only when
pore water pressure reaches a positive value, and the most
critical failure surface always take place at the interface be-
tween the weathered soil layer and the underlying bedrock.
These studies demonstrate the effect of the spatial variability
of soil shear strength and the saturated permeability on the
slope stability analysis. However, all the studies described
above used an assumption of the mean values of shear strength
parameters to analyze the slope stability, and the slope failures
occur at the critical depth where the soil became fully saturat-
ed. In practice, slopes may fail due to reduction in soil shear
strength caused by increasing volumetric moisture content;
therefore, either positive pore water pressure or rising water
table will not necessarily contribute to slope failure.

In this paper, a probabilistic stability analysis considering
random fields of shear strength parameters was implemented
for a rainfall-induced slope failure problem. Assumptions of
reducing soil shear strength and increasing unit weight of the
soil were made in the analysis. An infinite slope assumption
can be reasonably applied to rainfall-induced slope failure
problem because the failure mechanism can be characterized
as shallow landside with potential failure surface parallel to
slope surface (Cho and Lee 2002; Lu and Godt 2008; Ray
et al. 2010; Santoso et al. 2011; Li et al. 2013). A one-
dimensional seepage analysis was performed to define vari-
able suction and volumetric moisture content of soil due to
rainfall infiltration. This is because of simplicity, and the ver-
tical flow plays a more dominant role than the lateral flow
(Lee et al. 2011; Lu and Godt 2013). A case study of
rainfall-induced slope failure in Japan was used to verify the
framework. Results of analysis were compared with the field
data to illustrate the proposed method.

Unsaturated seepage

For seepage analysis in an unsaturated soil layer, Darcy’s law
originally derived for saturated soil was modified to accom-
modate the flow of water through unsaturated soil (Richards
1931). The only difference is that under condition of unsatu-
rated flow, the hydraulic conductivity is no longer a constant.
The governing equation for one-dimensional flow in unsatu-
rated soil is given by

ﬁ k% +
o\t ) T4

where z is the depth of soil layer (m), % is the total pressure
head (m), k., is the hydraulic conductivity in the vertical

o0
=2 (1)

@ Springer

direction (m/h), 6 is the volumetric moisture content, g is the
applied flux boundary (m/h), and ¢ is time (h).

There are some empirical and semi-empirical functions
which have been proposed to present hydraulic conductivity.
In this analysis, non-linear functions of the volumetric mois-
ture content and the coefficient of permeability of the unsatu-
rated soil were adopted based on the Mualem-van Genuchten
model (van Genuchten 1980) as

001
00, [1+ (ah)]"

S, (2)

where m = 1—%, n > 1 are dimensionless parameters, and

k. = k,S1/? [(1—5;/'")m}2 (3)

in which S, is the effective water saturation, 6, is the residual
volumetric moisture content, f; is the saturated volumetric
moisture content, k; is the saturated permeability (m/h), and
« is the fitting parameter (1/m).

In this study, the one-dimensional finite element method
was applied using SEEP/W module of Geo-Slope (2012) to
solve the Eq. (1). To obtain the result, time step increment and
element size should be defined in the advantage (Pan et al.
1996; Van Dam and Feddes 2000; Caviedes-Voulliéme et al.
2013). Therefore, the small time step increment of 1 s, and
element size of 0.05 m were used in the analysis.

Infinite slope stability

The rainfall-induced slope failure is normally categorized as a
shallow failure, in which the infinite slope assumption can be
reasonably used to analyze the slope stability. Therefore, the
infinite slope stability model was adopted in this study, as
shown in Fig. 1. The factor of safety of the infinite slope can
be expressed as

T f T f
FS=—=———— 4
Tm  WsinBcos( )
where 7;is the shear strength of soil, 7,,, is the shear stress at
any point along the potential failure surface, Wis the weight of
the soil slice per unit base area, and (3 is the slope angle.
The shear strength of unsaturated soil can be expressed

based on the extended Mohr-Coulomb failure criterion
(Fredlund et al. 1978) as

Tr= C/ + (0n_”a)tan¢/ + (ua_uw)tan¢b (5)

where ¢’ is the effective cohesion, o, is the total normal stress
on failure surface, u, is the pore air pressure, u,, is the pore
water pressure, ¢'is the effective angle of internal friction, and
#" is the contribution to the shear strength due to soil suction.
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Fig. 1 Stability analysis of an infinite slope model

The equation can be simplified (Fredlund et al. 2012) as

7 = C + (0y—u,)tang (6)

where C=c¢ + (u, — u,,) tan gbb is the total cohesion under un-
saturated soil condition.

The shear strength parameters from the direct shear tests
conducted by Matsushi et al. (2006) were adopted in this
study. During the test, a single-staged direct shear was per-
formed under different normal stresses. The moisture condi-
tions of soil specimens varied from an oven-dried condition to
a capillary saturated condition. The results indicate that the
total cohesion can be expressed using an exponential decay
function of the apparent soil cohesion at dry condition (c),
reduction coefficient (1), and volumetric moisture content
(0) as

C=cet (7)

However, the observations from the direst shear tests indi-
cated that the friction angle is rather constant at the various test
conditions from oven-dried to capillary saturated; so in this
study, the friction angle is assumed to be constant (i.e., ¢ = ¢').

The unit weight of the soil slice increases with the moisture
content from rainfall infiltration. The weight of a vertical soil
column per unit cross-sectional area (W) from the slope sur-
face to the potential failure surface can be expressed as

W= 3 (v +6m) Az (8)

14

e

where m is the total number of elements, Az is the thickness of
the soil, vy, is the dry unit weight of soil, and 6; is the volu-
metric moisture content of each soil element.

In addition, the unstable slope is still affected by the in-
crease in pore water pressure (Fig. 1) causing a decrease in
effective stress. If u, = 0 at atmospheric pressure, the safety
factor of the slope can be expressed as

—110
FS = — ce
> (74 + 0i,,) Azsinfeos3
i=1
tang max (u,,, 0)tang

tanf g (4 + 0iv,,) AzsinScos3
=1

Probabilistic method
Probabilistic slope stability analysis

The probabilistic framework for stability analysis is formulat-
ed using a set of random variables. Let x denotes random
variables; fy(x) is the joint probability density function of x,
and FS(x) is the factor of safety function of slope. The failure
probability can be calculated by the following integral
(Baecher and Christian 2003)

Py = PIFS(x)<1] = [ps( <1/ y (x)dx (10)

A Monte Carlo Simulation (MCS) is adopted to calculate
the failure probability due to the variability of soil shear
strength as (Fenton and Griffiths 2008)

1 2 ;
Pr=- EII[FS(x)] (11)
where x; is the ith sample of random variable x, 7 is the number

of generated samples, and /[FS(x)] is an indicator function
characterizing the failure domain defined as

1[FS(x)] = {(1) zg(%) : L (12)
Random field

In order to describe the spatial variability of soil, the Markov
correlation function is used in this study (Fenton and Griffiths
2008; Phoon 2008) as follows

o(r) = p{—%} (13)

where p(7) is a correlation coefficient indicating a relationship
between two random variables (i.e., 0 < p < 1), Tis the vertical

@ Springer
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distance between two data points in meter, and / is the actual
correlation length in meter. A high correlation length implies a
smoothly varying field while a small correlation length indi-
cates a ragged field.

In this study, a normal random field in one-dimensional
space was generated using the one-sided spectral approach.
A continuous random field can be obtained from Eq. (13)
based on calculating the spectral function. In the geotechnical
engineering application, the random variable is always posi-
tive; thus, the random variables of soil properties are usually
assumed to be a lognormal distribution. A transformation ap-
proach is used to obtain lognormal random variable. A de-
tailed description of this approach can be found in Fenton
and Griffiths (2008).

Case study

The studied site is located in the southwest central Japan, Boso
Peninsula including sandstone and mudstone slopes (Fig. 2).
A 1989 rainstorm which caused landslides along the sand-
stone and mudstone slopes was recorded at four meteorolog-
ical stations (Yokohama, Kisarazu, Sakuma, and Sakahata)
within a 30 km radius from the study site (Fig. 3). The

sandstone slope S-1, which has an angle of § = 38.4°, slip
depth of 1.6 m, sliding area of 620 m?, and volume of
990 m> was selected in this study (Matsushi et al. 20006).
Figure 4 shows the longitudinal section and failure surface
of the S-1 slope. It is noted that the shallow failure was a
transitional type, so the assumption of infinite slope can be
reasonably used in this study. The properties of the upper
1.5 m soil layer were evaluated and summarized in Table 1
(Matsushi 2006). The soil profile of slope S-1 was classified
using a dynamic cone penetration test (DCPT) value (N,) as
shown in Fig. 5. According to the ASTM D6951 (2003), the
penetrometer consists of a penetration rod with a cone tip of
25-mm diameter and 60° tip angle, guide rods, and a 5-kg
weight. When performing the test, the weight falls from a
height of 50 cm along the guide rod to the cone. Wakatsuki
et al. (2005) classified the ground into four soil layers:
0 < N < 5 (upper layer), 5 < N, < 10 (middle layer),
10 < N, < 30 (lower layer), and N, > 30 (bedrock). In the
classification of weathered rock by the Geological Society
(1995), the upper layer and the middle layer correspond to
“grade V/VI” (completely weathered soil), the lower layer
corresponds to “grade IV” (highly weathered rock), and the
bedrock corresponds to “grades I-I11” (slightly weathered rock
and fresh rock). According to the Unified Soil Classification
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Fig. 3 Rainfall intensity of the 1989 storm recorded at four meteorological stations (after Matsushi 2006)

System (USCS), the upper layer can be classified as silty sand
(SM) based on grain-size distribution (Table 1).

The soil suction and volumetric moisture content of the
upper layer were obtained from pressure plate tests. The soil
water characteristic curve (SWCC) and its curve-fitting van
Genuchten model are presented in Fig. 6. In this study, the
types of middle and lower layer of soil can be reasonably
assumed to be the same as the upper layer based on the
DCPT; therefore, the same set of SWCC parameters were used

o’
Z 4
NN

A 4

< 7/

’/;[] 0<N.< §
(7] 5<N.<10
7] 10 <N, <30

Original surface

Fig. 4 Longitudinal section and failure surface of slope S-1 (adapted
from Matsushi 2006)

for all soil layers. The saturated permeability was determined
from a constant head permeability test with the specimen size
of 75 mm in diameter and 260 mm in height (ASTM D2434-
68, 2000) which was almost remained from the upper layer
down to the bedrock, as shown in Fig. 7. Table 2 summarizes
the fitting parameters of the soil-water characteristic curve and
the average saturated permeability of all soil layers as input
parameters for seepage analysis.

The shear strength of soils determined under four different
normal stresses with various volumetric moisture contents
(Matsushi et al. 2006) was used in the analysis. The best fitting
curves of shear strength versus volumetric moisture content

Table 1  Physical soil properties
Depth (cm) Dry unit Porosity  Grain-size distribution (%)
weight (kN/rn3 )

Clay Silt Sand
10 9.8 0.63 35 14.6 81.9
30 12.1 0.54 6.2 19.5 74.2
45 12.8 0.52 - - -
60 13.3 0.50 3.7 8.0 88.3
75 13.7 0.48 - - -
90 13.7 0.48 84 7.9 83.6
120 12.9 0.51 7.1 6.5 86.4
150 133 0.50 47 43 91.0
Average 12.7 0.52 5.6 10.1 84.3
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Fig. 5 Soil profile of slope S-1

for normal stress of 10, 20, 30, and 40 kPa are presented in
Fig. 8. The apparent soil cohesion (soil cohesion in dry con-
dition), the friction angle, and the reduction coefficient were
calculated as the input shear strength parameters for the sta-
bility analysis, as summarized in Table 3. It is noted that the
direct shear tests were performed for the upper layer (i.e.,
< 2 m depth). The analysis was then focused on the upper
layer.

In this study, a one-dimensional transient seepage analysis
was conducted to study the effect of the 1989 rainstorm caus-
ing the shallow slope failure in the Japan. For the S-1 slope,

Volumetric moisture content

®  Measured

Fitting curve

().1 T T
0.1 1 10 100

Suction (kPa)

Fig. 6 Soil water characteristic curve of the upper layer
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Fig. 7 Saturated permeability varied with depth from a constant head
permeability test

the bedrock located at 4.5 m depth (Fig. 5) was designated the
bottom undrained boundary (zero flux boundary), while the
top boundary of the model should be designated a flux bound-
ary (q), which is equivalent to the desired rainfall intensity.
The average rainfall intensity from four recorded stations (Fig.
3) which was equivalent to a flux 0f 0.032 m/h was defined as
the top boundary condition. The linear pressure head (zero at
bedrock and — 4.5 m at the surface slope) was set as the initial
condition. No ponding on the top surface of the soil column
can be reasonably assumed due to the fact that when the rain-
water exceeds the infiltration capacity of soil the excess water
will drain away as surface runoff. A one-dimensional transient
seepage analysis model of the S1-slope is presented in Fig. 9.
The volumetric moisture content extracted from the transient
seepage analysis was used to calculate the factor of safety
using Eq. (9).

To analyze the probability of rainfall-induced slope failure,
the total soil cohesion under unsaturated condition (C) and the
frictional resistance (tan¢) were considered as the random
fields. The mean values of C and tan¢ were determined from
the direct shear test results (Fig. 8). It is noted that the mean
value of C is not constant, but it tends to decrease with in-
creasing volumetric moisture content due to rainfall infiltra-
tion. According to Retheti (1988), the covariance coefficient
of the effective cohesion (COV,) for sandy soils and clayish
soils were usually greater than 0.2. Since the effective soil
cohesion is the same as the total soil cohesion in the saturated

Table 2 SWCC

parameters and saturated ~ Parameters Value
permeability
0, 0.179
0, 0.462
a (1/m) 3.73
n 2.598
k, (m/h) 0.154
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Fig. 8 Best-fitted shear strength versus volumetric moisture content
curves for four normal stresses

condition, the covariance coefficient of the total soil cohesion
(COV() can be set as the same value of COV. (Fenton and
Griffiths 2008). The covariance coefficient of the frictional
resistance (COVi,,g) Was between 0.02 and 0.22 (Phoon and
Kulhawy 1999). In order to verify slope failure during the
rainstorm and evaluate the effect of each shear strength pa-
rameter, the slope failure probability was calculated using the
same value of covariance coefficient corresponding to
COV¢ = COViang = 0.2. In addition, to simulate the effect
of heterogeneous soil characteristics on the probabilistic cal-
culation, the correlation length / is varied from 0.02 to 2.0 m
for the description of the spatial correlation length of random
fields C and tan¢. Table 4 summarizes the statistical charac-
teristics of soil shear strength parameters used for probabilistic
analysis.

A series of random fields of C and tan¢ are carried out
using the random model and MCS. Figure 10 shows the con-
vergence of the estimated probability of failure for the slope,
which indicates that the failure probability can be converged
when the generated samples exceed 2000. In this study, 5000
sets of the random fields C and tan¢ were used as input shear
strength parameters for probabilistic stability analysis. Then,
the factor of safety and critical depth were recorded for each
generated random fields C and tand; the failure probability
was approximated based on Eq. (11).

Table 3  Soil shear strength parameters

Parameters Meaning Value
c (kPa) Apparent soil cohesion 35.8
& (°) Friction angle 28.3
I Reduction coefficient 4.81

Remark: C=ce " is total soil cohesion under unsaturated condition

Top boundary
(q flux boundary)
Pressure head (m)
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|
0.5 }
— — \
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151 |
. . |
£ 20 g |
= < \
8 25- 5 |
A ‘Middle layer, - }
3.0+ }
35 }
|
4.0 N\ N\ Lower layer }
|

45 Bottom boundary [,

(zero flux boundary)

Fig. 9 One-dimensional seepage model of the S1-slope (element size,
Az =0.05m)

Analysis results
Deterministic analysis

In this section, a deterministic seepage and slope stability
analysis was performed to investigate slope stability during
rainfall. The resulting volumetric moisture content calculated
from SEEP/W was then used with the infinite slope stability
model to determine the corresponding factor of safety.
Figure 11a shows the vertical distribution of volumetric mois-
ture content with the duration of rainfall. The results show that
the volumetric moisture content of ground surface rapidly
increased at the beginning of rainfall. Then, the volumetric
moisture content increased with depth as rainfall infiltrated
the soil. When infiltration remained constant after 12 h, the
volumetric moisture content nearly reached saturation, and
there was no generation of positive pore water pressure in
the upper layer. Figure 11b shows that the factor of safety
varied with depth for the different rainfall durations. It can
been seen that by increasing volumetric moisture content with
depth, the factor of safety first decreased dramatically, in-
creased slightly, and then decreased again. For the case of
the 6 h rainfall, the factor of safety decreased due to soil shear

Table4  Statistical properties of soil shear strength parameters used for
probabilistic analysis

Parameters Mean value Cov Correlation length (m)
C (kPa) 35.8¢ 4810 0.2 0.02<1<2.0
tang 0.5384
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Fig. 10 Convergence of the failure probability at different times

strength deceased and the unit weight of the soil slice in-
creased with increasing depth. The minimum factor of safety,
close to 1.21, occurred at the depth of 1.05 m. However, as
shown in Fig. 11a, the volumetric moisture content decreases
at a depth of approximately 1.1—1.3 m; therefore, the factor of
safety began to increase slightly. Subsequently, the unit weight
of the soil slice increases with increasing depth, and the factor
of safety began to decrease. This is because the main factor
controlling the factor of safety is the reduction in soil shear
strength at the early stage of rainfall. A similar phenomenon
can be observed at 3 and 9 h of rainfall. The factor of safety
only continuously decreases with depth after 12 h of rainfall
because the increase in volumetric moisture content is almost
constant in the upper layer (the top 2 m) (Fig. 11a). A factor of
safety of less than one can be observed from a depth below
1.7 m. The slope stability analysis demonstrates that failure of
the S-1 slope occurred during the 1989 rainstorm with failure

surfaces below 1.6 m in the upper layer. Results indicate that
the simulation of the failure surface agrees well with the ob-
servation of actual slip surface.

Probabilistic analysis
Effect of correlation length

In this section, probabilistic analysis of rainfall-induced
slope failure is illustrated. The correlation lengths be-
tween 0.02 to 2.0 m were implemented for both random
fields of C and tand in this study. Figure 12 shows the
histogram of frequency of each critical failure surface
which occurred at different depth for the correlation
lengths of 0.02 and 2.0 m at 9 and 12 h of rainfall dura-
tion. Figure 12a, b indicates that the critical failure surface
most likely occurred at a depth of approximately 1.0—
1.7 m after 9 h of rainfall. This finding means that the
wetting front due to rainfall infiltration only decreases the
shear strength of soil at the slope’s upper portion in the
early stage of infiltration. As infiltration progresses and
the wetting front moves down, the critical surface contin-
uously increases in depth until the wetting front reaches
the base of the upper layer. Finally, the highest frequency
of critical surface failure occurred at the base of the upper
layer, as shown Fig. 12c, d. Since the highest frequency of
critical surface failure took place between 1.5 and 2.0 m
depths of the upper layer after 9 h of rainfall, as seen Fig.
12, the failure mechanism can be characterized as a shal-
low failure, where the critical failure surfaces were locat-
ed above the interface between the weathered soil and
bedrock. Comparing the previous studies of Cho (2014)
and Dou et al. (2015), the failure mechanism always oc-
curs at the interface between the weathered soil and bed-
rock during rainfall infiltration. Figure 12 also indicates
that the frequency of the critical surface failure was

Fig. 11 Results of deterministic 0.0 0.0 [
analysis. a Volumetric moisture 05 - |
content profiles. b Variation of the ’ ! 04 |
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Fig. 12 Histogram of the critical
depth at two different times
(COVc=0.2; COVigpg, =0.2). 2
After9h,/=0.02m. b After 9 h,
[=2.0m. cAfter 12h,/=0.02m.
d After 12h,/=2.0m

affected by the correlation length. In the histogram shown
in Fig. 12a, ¢, / = 0.02 m displays smaller frequencies at
the critical failure surface than the histogram in Fig. 12b,
d for / = 2.0 m. This is because the lower correlation
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length, which exhibits highly non-homogeneous soil, has
the critical surface moving upward. Conversely, the
higher correlation length provided an increased frequency
probability that the critical failure surface would be

Fig. 14 Cumulative probability of FS at critical rainfall duration
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Fig. 15 Failure probability distribution at critical rainfall duration
(COVe =0.2; COViypp = 0.2)

located at the weakest part of the upper layer as the ran-
dom field becomes more spatially uniform.

Figure 13 shows the influence of correlation length / in the
range of 0.02 </<2.0 m on the failure probability at different
points in rainfall duration. The failure probability was calcu-
lated at the critical failure surface corresponding to the

minimum factor of safety of the deterministic analysis. The
results indicate that the failure probability increases dramati-
cally as infiltration progresses, and soil slope with smaller
values of correlation length has a smaller failure probability
at the early stages of infiltration. However, the failure proba-
bility for cases with smaller values of correlation length is
greater than those with larger values of correlation length after
the rainfall duration exceeded approximately 9.5 h. This can
be referred to as a critical rainfall duration causing slope fail-
ure. It should be emphasized that all curves cross over at the
failure probability of Pr= 0.5 occurring at the critical rainfall
duration. This is because the cumulative probability of FS for
all correlation lengths equal to 0.5 at the corresponding safety
factor of FS = 1.0, as shown Fig. 14. Therefore, the location of
the failure surface can be derived from probabilistic analysis,
in which Pr=0.5.

In order to obtain the failure surface, the failure probability
distributions were calculated at the point of critical rainfall
duration. Figure 15 shows the distribution of failure probabil-
ity with depth for all correlation lengths. The corresponding
failure surface was also obtained at the failure probability of
Pr= 0.5, with the failure surface located at the depth of 1.7 m
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of slope while the actual failure surface during the 1989 storm
occurred at the depth of 1.6 m, which approximates the anal-
ysis result indicating that the probabilistic analysis with ran-
dom fields is an effective predictor to locate critical failure
surfaces and determine critical rainfall durations.

Effects of random field of shear strength parameters

In the previous assessment, two random fields of C (total soil
cohesion under unsaturated condition) and tand (frictional
resistance) were considered for the failure probability calcula-
tion. One might want to identify which random field greater
effect on the slope failure. In order to evaluate the influence of
each random field, a series of FS for each random field alone
and both random fields were calculated at the failure surface
which occurred at the critical rainfall duration, and the cumu-
lative probability curves of FS for these cases were obtained at
a different correlation lengths. Figure 16 compares the cumu-
lative probability curve of FS considering two random fields
together with the curve obtained by ignoring one random field
at a different correlation length. The difference between the
curves considering two random fields and the curve
neglecting one random field reflects the importance of that
random field for failure probability calculation. As shown in
Fig. 16, when random field tan$ was ignored, the difference
of probability was more than the difference by neglecting
random field C. It turns out that shallow failure is mainly
caused by reduction in soil cohesion during rainfall infiltra-
tion. In addition, this difference tends to increase with the
increase of correlation length. This finding indicates that the
influence of each random field for non-homogeneous soil is
somewhat important.

Conclusion

This paper examined the spatial variability of shear strength
parameters on rainfall-induced landslides. A case study of a
sandstone slope with deep impermeable bedrock in a site in
Japan was selected for comparison. An unsaturated seepage
and infinite slope stability analysis were applied using a prob-
abilistic method. To simulate shallow failure, the reduction in
soil shear strength due to the increase in volumetric moisture
content was considered. A series of Monte Carlo simulations
were conducted to investigate the effect of a random field on C
and tand parameters. The analysis results were then compared
to an actual occurrence of slope failure during a storm in 1989.
The study results can be concluded as follows

1. The probabilistic analysis results indicate that the critical
failure surface was located at the depth of approximately
1.0-2.0 m belowground surface depending on the rainfall
duration. The failure surface occurred at 1.7 m depth at the

critical rainfall duration of 9.5 h. The actual soil slope also
failed at 1.6 m depth belowground in the period of the
1989 storm. However, the deterministic approach with
infinite slope assumption reported the location of the fail-
ure surface at the base of the upper layer (i.e., 2.0 m in this
study).

2. The critical failure surface is not necessarily fixed at the
base of the upper layer but changed due to the migration
of wetting front as rainfall progressed. The results show
that the frequency of the critical failure surface that occurs
at the weakest part of the upper layer increase with in-
creased correlation length. This also agrees well with pre-
vious studies by Cho (2014) and Dou et al. (2015).

3. The probability framework can be used to find the critical
rainfall duration corresponding to the location of the slip
surface occurring at a depth of 1.7 m of the upper layer. In
this study, the critical rainfall duration was obtained to
indicate the slope failure during the 1989 rainstorm. The
results confirm that the random field model is an essential
technique to predict the slope failure due to rainfall.

4. A probabilistic stability analysis of rainfall-induced slope
failure depends on the contribution of random fields on
the shear strength parameters C and tand. However, the
study found that the random field of C is more important
than the random field of tan¢ for failure probability esti-
mation of shallow landslides. This finding can be used to
verify the significance of effect of uncertain shear strength
parameters of a shallow failure.
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This study provides evidence that three-dimensional finite element modelling can be effectively applied for deep
excavation analysis in Bangkok. The Bangkok subsoils were modelled using the hardening soil model and their
parameters were calibrated against the results of laboratory and field tests. A study of a MRT station excavation
was initially used to validate the model. The predicted wall movements and surface settlements were compared
with the instrument data and two-dimensional analysis from a previous study. Another deep excavation project
was selected as an independent study. The result shows that the model can be confidently used for deep ex-

1. Introduction

Bangkok, the capital city of Thailand, is a densely conglomerated
metropolitan centre with a rapidly growing population resulting in
limited space for residential and transportation infrastructure devel-
opment. Hence, developing underground space to fulfil people’s needs
is a current trend. Importantly, Bangkok metropolis is also located on a
large river deposit which consists of a thick soft clay layer deposited on
the top [1]. Excavations in soft soils are usually associated with sub-
stantial difficulties. Since these types of soils are sensitive to deforma-
tions and possess low shear strength, they may lead to structural da-
mage during the construction as well as throughout the life of projects
[2]. In particular, deep excavations in soft clays, which could induce
soil movements, need to be assessed thoroughly. Due to advancement of
computational tools, most of the complex geotechnical problems in-
cluding deep excavation employ finite element analysis. However, the
results of finite element analysis are influenced by many input factors
such as simplified geometry and boundary conditions, mesh generation,
choice of constitutive soil model and its parameters, modelling of
construction sequences, and structural modelling.

Ou et al. [3] employed non-linear three-dimensional finite element
analysis (3D FEA) to evaluate the wall performance of an irregular
excavation site of the Hai-Hua Building in Guangzhou, China. Similarly,
Hou et al. [4] successfully modelled the excavation of the north square
underground shopping centre in the Shanghai South Railway Station
using 3D FEA. Those studies show that 3D FEA provided better results
that were closer to the instrument data than predicted from 2D FEA for

* Corresponding author.

modelling wall deformation. Hsieh et al. [5] utilised 3D numerical
analysis to study the deformation of a D-wall with and without cross
wall. The results show that the cross wall effectively reduced lateral
wall movement. Recently, Dong et al. [6] modelled the highly irregular
geometry of the North Square shopping centre of the Shanghai South
Railway Station with a 3D finite element model. The 12.5 m deep ex-
cavation was adjacent to a metro line, a metro underground station and
other surrounding public infrastructure. Numerical analysis can be
reasonably used to predict the wall deformation and ground surface
settlement of the complex excavation. Dong et al. [7] also studied
several effects on diaphragm deflection of deep excavation in Shanghai
using 3D FEA. They concluded that much care must be taken in the
FEA. For one, the corner effect was inherent in the 3D analysis of dia-
phragm wall deflection. Furthermore, Hsiung et al. [8] modelled deep
excavation in Taiwan with 3D finite element modelling. They empha-
sised the corner effect and the results showed good agreement with the
measured lateral wall deformation. Hence, the 3D effect shares much
with ground movement analysis in deep excavation. Nowadays, the
shape of excavation becomes more complicated and it leads to be very
far from the assumptions used in 2D FEM as in Dong et al. [6] and Lin
et al. [9].

In Bangkok, the numerical studies of deep excavation are often
conducted using two-dimensional finite element analysis with the
Mohr-Coulomb model. Many researchers [10-12] concentrated their
work on back-calculating the ratio of undrained elastic modulus and
undrained shear strength (E,/s,). Recently, Likitlersuang et al. [13]
conducted a 2D FEA of a Bangkok MRT station considering the

E-mail addresses: chhunla.ch@student.chula.ac.th (C. Chheng), fceslk@eng.chula.ac.th (S. Likitlersuang).

http://dx.doi.org/10.1016/j.compgeo.2017.09.016

Received 10 July 2017; Received in revised form 24 September 2017; Accepted 25 September 2017

Available online 04 October 2017
0266-352X/ © 2017 Elsevier Ltd. All rights reserved.



C. Chheng, S. Likitlersuang

influence of constitutive soil models. The results revealed that the ad-
vanced soil models, the Hardening Soil Model (HSM) and Hardening
Soil Model with small strain (HSS), provided better results compared to
instrument data on the long side of the excavation. Due to the simplified
assumptions of the 2D FEA, the effect of 3D cannot be included, such as
wall movement predictions at the short side or near corner of an ex-
cavation. Moreover, the study was extended to predict ground surface
settlements due to tunnel excavations in Bangkok [14]. This study was
an extension of previous studies [13,14] but employing the 3D finite
element method to model deep excavation problems in soft ground in
Bangkok. The 3D finite element model was initially validated with the
case study of a MRT station excavation by comparing the results with
the instrument data and 2D analysis from the previous study [13,14]. In
addition, an independent underground excavation was selected to make
predictions. This study aims to provide necessary information to model
the deep excavation problem using 3D FEA.

2. Challenges in deep excavation
2.1. Wall deformation

The most challenging issue in deep excavation is inward movement
of retaining walls. Wall deformation can lead to catastrophic con-
sequences when the deformation is excessive and has not been con-
trolled effectively. Hence, this is a problem drawing much attention
from geotechnical engineers. The finite element method is capable of
modelling and predicting such stresses on retaining walls. Wall de-
flection results from lateral earth pressure and surcharge adjacent to the
wall. Clough and O’Rourke [15] demonstrated the behaviour of wall
deformation in response to excavation stages, as shown in Fig. 1. They
concluded there are two types of deformation: cantilever and deep in-
ward. Cantilever type appears at the early stages of excavation when
struts or slabs have yet to be installed. In contrast, the deep inward
pattern is usually exhibited after bracing systems have been installed
and the excavation has advanced to deeper depths. These two types of
deformation lead to the different ground settlement profiles as depicted
in Fig. 1. Similar findings were presented by Ou et al. [16]. They also
added that maximum lateral wall movement (6y,,,) often occurs near the
surface of an excavation and falls within the range of 0.002-0.005 of
excavation depth.

2.2. Ground surface settlement

In general, wall deformation is associated with surface ground set-
tlement. The larger the wall deformation, the more ground surface
settlement. Substantial degrees of settlement can be harmful to sur-
rounding structures or public facilities. Ou et al. [16] conclude that
there are two types of ground surface settlement: spandrel and concave
type, as illustrated in Fig. 1. Spandrel type corresponds to cantilever

S
i s o ————
(S\IH
H,
Type of wall movement
————— Cantilever type
Deep inward or braced excavation type
e Type of surface settlement
A Spandrel type
A Concave type

S,

hm

Fig. 1. Types of wall movement and ground surface settlement [13,18].
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type retaining wall deformation while concave type corresponds to the
deep inward wall deformation pattern. Mana and Clough [17] and
Hsieh and Ou [18] showed that maximum ground surface settlement
(8ym) fell in the envelope of (0.5-1) of &,,. Hsieh and Ou [18] proposed
an empirical trilinear relationship to estimate a ground surface settle-
ment pattern as a function of distance from the wall, as shown in Fig. 2.
It is noted that the maximum ground surface settlement (8,,,) must be
known. However, Ou and Hsieh [19] have suggested a new ground
surface settlement pattern which takes the width of the excavation and
depth to hard stratum into account.

3. Finite element modelling

The numerical method has become a very powerful tool in geo-
technical engineering in recent years. At present however, only two-
dimensional (2D) finite element analysis (FEA) has been extensively
employed in practice. Simplified assumptions are made in 2D FEA, for
instance, plane strain or axisymmetry. In fact, only a few cases of deep
excavation can be reasonably simplified as in 2D FEA. For example, the
3D effect could be neglected only in excavations whose length-to-width
ratio is larger than 6 [20]. Furthermore, some features cannot be
modelled in 2D FEA such as corner effects, complex conditions, and
irregular shapes of excavation. Ou et al. [3] indicated that the degree of
accuracy of 2D plane strain FEA was affected by the presence of corners.
The existing corners can reduce the deformation of the wall especially
on the short side. Therefore, this study focuses on utilisation of 3D finite
element modelling in deep excavation analysis and evaluates its per-
formance. Commercial software PLAXIS 3D AE (Anniversary Edition)
was used in this study. A 10-noded tetrahedron element with a quad-
ratic displacement function was selected to discretise soil volume. In 3D
FEA, many parameters must be considered carefully including geolo-
gical conditions, the constitutive soil model and its parameters, soil-
structure interface modelling, and boundary conditions as well as
construction sequences.

3.1. Bangkok subsoils

Bangkok is situated on a thick soft layer of clay consisting of marine
deposits formed during the Quaternary period. Most deep excavation
projects in Bangkok have been constructed in this layer. The soft layer

dIH,
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0.0 ‘ T T T
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Fig. 2. Estimation of ground concave surface settlement [18].
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Fig. 3. Typical Bangkok subsoil condition [24].

Atterberg limits (%) strength (kN/m?)
0 0 20 40 60 80 100 O 50 100 150 200 250
EWeatheredclay ] IAA.I.OIOI %'0"'
5L 1 [ & oo ] ° ]
' 1B A % ] /6! =0.33]
[ Very soft to soft clay 1 r A © ] 54O vo 227
10 B ] :_ _ ]
F 1 F & #° o ] ]
15 F ] L 1’0 ] ]
: IR LA |
20 b Medium stiff to E o E E
= t very stiff clay 1 [ ® 1 ]
g 25} ] %2 % : :
s [ ] | o o ] 0.21
2 s0p 1t ] :
¢ Sand 1 ] ]
35 ¢ 1 F . .
: 1 I 2 %% : ]
40 £ 1 F ] olan fof
[ Very stiff to 1 I & o ] Ep0 ]
45 [ hard clay ] L ] ]
50: ] :....l....|....|....|....' ....|....|....|....|....:
4 Plastic limit o s, (Vane shear test)
®  Moisture content
o Liquid limit o s, (CKUtesh

of clay is overlaid by a terrestrial deposit of a few meters thickness. The
underlying layers alternate clay and sand forming a broad sedimentary
basin while the depth of the bedrock is still undetermined [21]. Fig. 3
presents a typical subsoil condition after Likitlersuang et al. [24]. The
subsoil layers can be divided into 7 different layers including Made
Ground (MG), Bangkok Soft Clay (BSC), Medium Clay (MC), First Stiff
Clay (1st SC), Clayey Sand (CS), Second Stiff Clay (2nd SC) and Hard
Clay (HC) after Likitlersuang et al. [13]. Many studies have been con-
ducted to explore and investigate Bangkok’s subsoils. For instance, Li-
kitlersuang et al. [21] investigated the Bangkok subsoils extending from
the MRT Blue Line extension project using pressuremeters. The results
were interpreted for geotechnical parameters including coefficient of
earth pressure at rest (Kp), undrained shear strength (s,) and soil
moduli. Moreover, it was reported that Bangkok’s groundwater condi-
tions have suffered from deep well pumping for the past 50 years which
has led to the significant drawdown of water pressure [13,14,21].

Table 1
HSM parameters explanation.

3.2. Soil constitutive models

Soil constitutive modelling is an important procedure in finite ele-
ment analysis. Advanced constitutive models are able to accurately
describe soil behaviour. For example, the Hardening Soil Model (HSM)
is an advanced soil model which can be used to describe both soft and
stiff soils. The HSM was also shown capable of predicting behaviours of
Bangkok clays by Likitlersuang et al. [13]. The HSM adopts a well-
known hyperbolic model developed by Duncan and Chang [22] and the
Mohr-Coulomb failure criterion. Soil stiffness is assumed to be stress-
dependent while loading and unloading/reloading stiffness behave
differently. Isotropic strain hardening and non-associated flow is
adopted for frictional hardening, while associated-flow is employed for
volumetric hardening. All required input parameters in PLAXIS 3D are
shown in Table 1. Further detail on the Hardening Soil Model (HSM)
can be found in Schanz et al. [23]. Surarak et al. [1] re-analysed the
experimental data on soft and stiff Bangkok clays in order to obtain

Parameter symbol Parameter description

Parameters evaluation

¢ Internal friction angle Slope of failure line from Mohr-Coulomb failure criterion

c’ Cohesion y-intercept of failure line from Mohr-Coulomb failure criterion
s Dilatancy angle Ratio of def and def

Esrgf Reference secant stiffness from drained triaxial test y-intercept in log(as/p"® )—log(Esp) curve

Eggj; Reference tangent stiffness for oedometer primary loading y-intercept in log(c1/p"¥ )—log(Eged) curve

E,fff Reference unloading/reloading stiffness y-intercept in log(o3/p™¥)—log(Ey,) curve

Vyr Unloading/reloading Poisson's ratio 0.2 (default setting)

m Exponential power Slope of trend-line in log(cs/p™)—log(Esp) curve

K Coefficient of earth pressure at rest (NC state) 1-sing’ (default setting)

Ry Failure ratio (01~03)r/(01~03)ult

Remarks: o is major principle stress (kN/m?).
o3 is minor principle stress (kN/m?).
p'¥ is reference pressure (100 kN/m?).
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Fig. 4. Sukhumvit MRT station (top view): geometry and location of
inclinometers.

23m @

stiffness and strength parameters of the HSM for finite element mod-
elling. Numerical calibration was carried out and the conclusion drawn
that drained moduli are required for HSM. Likitlersuang et al. [24]
determined the small strain stiffness characteristics for Bangkok clay
focusing on two parameters, the small strain shear modulus (G,,,) and
reference shear strain (y,,), based on laboratory and field tests carried
out at various locations throughout Bangkok.

3.3. Diaphragm wall modelling

A diaphragm wall (D-wall) is a concrete structure of finite thickness
commonly designed as elastic material. In this study, the D-wall was
modelled by plate elements (non-volume). The rigidity of concrete is
mainly controlled by the modulus of elasticity (E), Poisson’s ratio (v),
thickness (¢), and the unit weight of plate elements (y) (the subtraction

Steel columns
encased in concrete

0.00 m
MG Roof level slab (thickness: 1m)
Ava -1.50m ©
-2.50 m
Access level slab (thickness: 1m)
BSC -7.50m @
-12.00m Concourse level slab (thickness: 1m)
MC -12.50 m @
-14.00 m
1*'sC
-20.00 m .
Base level slab (thickness: 1.8m)
CS -21.00 m @
-21.50 m
2" sC
-26.00 m
L L] -279m
xBored piles
(Diameter: 1.8 m)

23 m

Section A-A'

Fig. 5. Sukhumvit MRT station.
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Table 2
Hardening soil model parameters.

Computers and Geotechnics 95 (2018) 68-81

Soil type  y, (RN/M”)  C'(Pa)  F ) WO g e EY MPa)  EY (MPa) Vw M Kg* Ry Riner  Analysis type
MG 18 1 25 0 45.6 45.6 136.8 0.2 1 0.58 0.9 0.7 Drained

BSC 16.5 1 23 0 0.8 0.85 8.0 0.2 1 0.7 0.9 0.7 Undrained
MC 17.5 10 25 0 1.65 1.65 5.4 0.2 1 0.6 0.9 0.7 Undrained
1st SC 19.5 25 26 0 8.5 9.0 30.0 0.2 1 0.5 0.9 0.7 Undrained
Cs 19 1 27 0 38.0 38.0 115.0 0.2 0.5 0.55 0.9 0.7 Drained

2nd SC 20 25 26 0 8.5 9.0 30.0 0.2 1 0.5 0.9 0.9 Undrained
HC 20 40 24 0 30.0 30.0 120.0 0.2 1 0.5 0.9 0.9 Undrained

between the unit weight of concrete and unit weight of soil) to account
for non-volume elements [8].

3.4. Interface modelling

Soil-structure interaction in finite element modelling is another
crucial matter to be carefully modelled. The nodal compatibility must
endure the soil elements and the structure must move together [25].
PLAXIS 3D models interface by setting the distance between the two
nodes of a node pair to zero. Each node has three translational degrees
of freedom in three-dimensional space [26]. Like the behaviour of soils,
interface behaviour can also be represented by the advanced soil
models [2]. In this study, the HSM was employed. The properties of the
interface model incorporate the behaviour of adjacent soil; however,
shear strength parameters (c,¢) are reduced by the reduction factor
(Rinter)- The reduction factors were in the range from 0.7 to 0.9 de-
pending on the soil profile to simulate the amount of ground dis-
turbance [27]. The effect of ground disturbance is normally high on the
top soil layer and lower for the deeper soil layer. In this study, the
interfaces were modelled with the same constitutive modelling as ad-
jacent soil with the strength reduction factors of 0.7 for MG, BSC, MC,
1st SC and CS layers and 0.9 for 2nd SC and HC layers [13].

4. Finite element analysis of deep excavations
4.1. Sukhumvit MRT station

4.1.1. General information

The Mass Rapid Transit (MRT) Blue line project is the first under-
ground transportation system in Bangkok, which began service in 2004.
The project includes approximately 20 km long tunnels and 18 cut-and-
cover stations. The Sukhumvit MRT station is located in the centre of
Bangkok. The station is 200 m long and 23 m wide with a length-to-
width ratio of 8.7. Eight inclinometers were installed to record wall
movement at different stages of excavation and documented with good
quality. Inclinometer 4 (IN4) and inclinometer 8 (IN8) employed in this
study were at the centre of the long and short sides respectively. A
surface settlement array 1 (SS1) was installed behind the diaphragm
wall to record the amount of surface settlement induced by excavation.

Table 3
Parameters for structural materials of Sukhumvit MRT station.

Parameters d(m) y(kN/ E(MPa) v A (m? I(m* Element type
m>)

D-wall 1.0 16.5 28,000 0.15 - - Plate element
Base slab 1.8 25 28,000 0.15 - - Plate element
Platform slab 1.0 25 28,000 0.15 - - Plate element
Steel column - 25 200,000 - 0.5 0.02  Plate element
Bored piles 1.8 25 28,000 - - - Embedded pile

(massive

circular

pile)
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The layout and locations of inclinometers and surface settlement array
are presented in Fig. 4. In addition, the cross section A-A’ is shown in
Fig. 5.

According to Finno et al. [28], the 2D FEA could be used to roughly
predict wall movement at the middle of the long wall. Due to the plane
strain assumption used in the 2D FEA, it was not possible to model wall
movement on the short side with confidence. The amount of wall
movement and ground surface settlement during construction at this
station was predicted and compared with monitoring data using 2D FEA
by Likitlersuang et al. [13] with HSM input parameters as shown in
Table 2. Therefore, at the long side of the excavation, it was expected
that 3D FEA would exhibit the same results as 2D FEA since the geo-
metry could be assumed to be a plane strain condition.

The excavation was supported by a 1 m-thick D-wall to a depth of
28 m. A top down method was adopted for underground construction in
which concrete slabs were used to provide permanent lateral support to
the D-wall. Bored piles were constructed before the soil was excavated
and steel columns were placed on top of the concrete bore piles to
provide vertical support for working loads. The structural input prop-
erties are given in Table 3. The construction sequences were divided
into 4 different stages consecutively as summarised and illustrated in
Table 4 and Fig. 5. The finite element mesh used in this study, as shown
in Fig. 6, consisted of 295,081 10-noded tetrahedron elements with an

Table 4
Construction sequences of Sukhumvit MRT station.

Stage Construction activities

1 Wish-in-place of D-wall, bored piles, steel columns and excavation to the
depth of 1.5m

2 Finish roof floor concrete casting and excavation to depth of —7.5m

3 Finish second floor concrete casting and excavation to the depth of
—-125m

4 Finish third floor concrete casting and excavation to the depth of —21 m

Fig. 6. Sukhumvit MRT station: Finite element mesh (295,081 10-noded tetrahedron
elements with the average size of 3.96 m).
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23m

o

Fig. 7. Sukhumvit MRT station: Finite element mesh of D-wall.

average size of 3.96 m. In addition, the D-wall modelled with plate
elements in PLAXIS 3D was discretised as triangular elements as illu-
strated in Fig. 7. It is noted that the effect of boundary conditions was
studied by observing the deformation near the left, right and bottom
boundaries at stage 4 of the excavation. The result revealed that the
boundary effects were very small.

<103 m]
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4.1.2. Results and discussion

A shading view of wall deformation at stage 4 obtained from 3D FEA
is shown in Fig. 8. Cross sections were cut to observe the behaviour of
wall movement at both the long and short sides at specific locations as
depicted in Fig. 9. From observation of Fig. 10, a cantilever deformation
pattern can be seen at the early stage on both sides of the wall because
no bracing system had been installed yet. From the second stage to the
final stage, the wall movement profiles on both long and short sides
changed shape to the deep inward type. Fig. 10(a) plots the values of
lateral wall movement at the middle of the long side against the mea-
sured values from IN4. The prediction almost overlaps at stage 1 and
stage 4. However, the prediction agrees well with the measured values
for stage 2 and stage 3. Maximum lateral wall movement at the final
stage on the long side, as modelled from 3D FEA, was 95% of maximum
lateral wall movement from recorded data from IN4. Fig. 10(b) presents
the prediction from 3D FEA at the middle of the short side wall against
the measured values from IN8. The prediction provides fair agreement
with data from stage 1 to stage 3. However, the prediction at stage 4
almost coincides with the measured values. Specifically, maximum
lateral wall movement at stage 4 on the short side agrees well with INS,
the difference being as little as 10%. These results suggest that 3D FE
modelling accurately reflects the behaviour of wall deformation during
excavation.

Compared to the previous study of Likitlersuang et al. [13], which
modelled the station two-dimensionally, lateral wall movements at all
stages of the current study greatly overlap as shown in Fig. 11(a).
Maximum values from 3D FEA and the maximum values from 2D FEA
are exactly the same except for stage 1 which varies slightly. An in-
teresting phenomenon from 3D FEA is depicted in Fig. 11(b). Lateral
wall deformation of the long side is twice the lateral wall movement of
the short side corresponding to the observational data from IN4 and
IN8. The difference is due to the corner effect. In addition to wall
movement, ground surface settlement behind the wall can be observed
from 3D FEA, as well. As seen in Fig. 12(a), ground surface settlement
from the first stage, corresponding to the cantilever wall movement
pattern, shows a spandrel shape as explained by Ou et al. [16]. From
stage 2 to 4, ground surface settlements exhibit concave curves corre-
sponding to deep inward wall movement patterns as explained in Ou
et al. [15]. The maximum ground surface settlement at stage 4 agrees

Fig. 8. Sukhumvit MRT station: Shading view of wall deformation station

36.00 at Stage 4.

32.00

28.00

24.00

20.00

12.00

8.00

0.00
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(a)

Computers and Geotechnics 95 (2018) 68-81

(b)

Fig. 9. Sukhumvit MRT station: Lateral wall movement at stage 4 by PLAXIS 3D [movement X 500]: (a) On the long side (IN4); (b) On the short side (IN8).

Wall movement, 8, (mm)

Wall movement, 5, (mm)

Fig. 10. Sukhumvit MRT station: Lateral wall
movements: (a) PLAXIS 3D vs. IN4; (b) PLAXIS
3D vs. IN8.
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well with the field data from a surface settlement array (SS1) as well as
the empirical formulation by Hsieh and Ou [18]. Comparison between
2D FEA, 3D FEA and empirical relationships of Hsieh and Ou [18] are
summarised in Fig. 12. As can be seen, maximum ground surface set-
tlements from these three methods coincide at stage 4 which is the most
critical stage of excavation.

In this section, the results of comparisons confirm that the proposed
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(b)

3D finite element modelling is valid for deep excavation in Bangkok. In
general, 3D FEA provides lateral movement and ground surface settle-
ment predictions at all sides of the excavation. Moreover, the corner
effect can be observed clearly as a significant feature in the 3D FEA. The
wall movement and ground surface settlement prediction agree not
only with the measured data but also with the empirical relationship.
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Fig. 11. Sukhumvit MRT station: Lateral wall movements: (a) PLAXIS 2D vs. PLAXIS 3D on long side; (b) PLAXIS 3D on long side vs. PLAXIS 3D on short side.
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Fig. 12. Sukhumvit MRT station: Ground surface settlement profile comparison: (a) PLAXIS 3D vs. SS1; (b) PLAXIS 2D vs. PLAXIS 3D.
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A Fig. 13. Silom residential tower (top view): geometry, lo-
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Table 5
Construction sequences of the underground works of Silom residential tower.

Sequences Construction activities

1 Wish-in-place of D-wall, bored piles, and excavation to the depth of
1.5m

2 Install the 1st level of bracing system at —1.00 m and preloading
excavation to the level of —6.5m

3 Install the 2nd level of bracing system at —6.00 m and preloading
and excavation to the level of —11.55m

4 Finish lean concrete and mat foundation

5 Remove 2nd level of bracing system and cast B2 slab at —5.85m

6 Cast B1 slab at —3.05 m and remove the 1st level of bracing system

Table 6

Parameters for soil retaining structures of Silom residential tower.

Computers and Geotechnics 95 (2018) 68-81

4.2. Silom residential tower

4.2.1. General information

To confirm the consistency of the 3D FEA, another monitored deep
excavation of a residential tower in Silom was selected as an in-
dependent case study. Silom is one of the most densely populated areas
of Bangkok consisting of many commercial and residential towers. An
underground construction site of a residential tower in the Silom road
area was selected for this study. The excavation area has a rectangular
shape 57.4 m long and 23.5 m wide. The length-to-width ratio is about
2.44. The layout and cross section A-A’ of the excavation area are de-
picted in Figs. 13 and 14, respectively, while the construction stages are
summarised in Table 5. To obtain wall deformation information, 6 in-
clinometers were installed at 6 different locations. In this study, 2 in-
clinometers (IN1 and IN2) were used to compare with a 3D FEA. The
residential project consists of 3 ground floors with a maximum ex-
cavation depth of 11.55 m below ground level. A bottom-up construc-

3
Parameters (plate element) d (m) v (N/m) E (MPa) v tion method was adopted for underground construction. Surrounding
D-Wall 08 16 24.800 0.15 soil was 51.1pported with 0.8 m thick d}aphragm walls (D—wa.lls) with
barrette piles. D-walls and barrette piles were modelled with plate
elements with input properties summarised in Table 6. Two levels of
Table 7
Parameters for bracing system of Silom residential tower.
Parameters (beam element) A (m?) y (kN/m%) E (MPa) I (m*) I, (m*)
Steel struts (400 x 400 x 172kg/m) 2.19 x 1072 77.15 210,000 2.24 x 1074 6.66 x 1074
Steel wailings (400 x 400 x 172 kg/m) 2.19 x 1072 77.15 210,000 6.66 x 1074 2.24 x 1074

Remarks: Preloading was 30% of designed load.

Table 8
Parameters for bored piles of Silom residential tower.

Parameters (embedded  E (MPa) vy (kN/ Type Diameter (m)
pile) m®)
Bored piles 24,800 23 Massive circular ~ 1.20
pile
Bored piles 24,800 23 Massive circular ~ 0.80
pile

Fig. 15. Silom residential tower: Finite element mesh (236,424 10-noded tetrahedron
elements with the average size of 3.54 m).
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19 m

Fig. 16. Silom residential tower: finite element mesh of D-wall.
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bracing system were used to laterally support the walls. Struts and
wailings were modelled as beam elements in which axial and flexural
stiffness play important roles. The properties of struts and wailing are
presented in Table 7. Moreover, these 2 levels of struts were preloaded
to 30% of the load acting on each strut to provide the axial forces to the
shore to reduce the inward movement of the wall. In addition, the input
properties of existing bored piles are given in Table 8. The finite ele-
ment model illustrated in Fig. 15 consists of 236,424 elements with an
average size of 3.54 m while the finite element mesh of the D-wall is
depicted in Fig. 16.

4.2.2. Results and discussion

A shading view of wall deformation at the final stage is displayed in
Fig. 17. Maximum total movement of the wall occurs at the middle of
the wall and reduces toward the corners. All wall panels show inter-
connection in which the deformation on the short sides of the excava-
tion is smaller than the deformation along the long sides of excavation.
Moreover, the cross-sections of both sides of wall are depicted in Fig. 18
to make the distinction clear from the original position. Here, a deep
inward type of wall movement can be observed. Values of wall move-
ment extracted from 3D FEA are compared with inclinometers 1 (IN1)
and 2 (IN2) as plotted in Fig. 19. The continuous curves represent re-
sults from 3D FEA while the marked curves represent the instrument
data. The maximum lateral wall movements from 3D FEA are 19 mm
and 12 mm compared to 22 mm and 8 mm from IN1 and IN2 respec-
tively. However, the movements at IN1 and IN2 are much less than the
movements at the middle of the walls which is about 58 mm as illu-
strated in Fig. 20(a). This observation suggests that the corner effect is
inherent and is therefore significant in the 3D FEA. Following the em-
pirical relationship described by Ou et al. [16] as shown in Fig. 2, the
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Fig. 17. Silom residential tower: Shading views of wall
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input maximum lateral wall movement from observation is 58 mm,
which is the same as given by the 3D FEA. The maximum lateral wall
movement is 0.005 times the maximum excavation depth which is
11.55 m. In terms of surrounding soil movement, corresponding ground
surface settlement is captured in Fig. 20(b) with comparison to the
empirical relationship. After Hsieh and Ou [18], maximum ground
surface settlement (8,,,) is 60 mm while &,,, from 3D FEA is 59 mm. The
result shows that maximum ground surface settlement is 0.9 of max-
imum lateral wall movement which falls under the upper limit line of
Mana and Clough [17].

To confirm the consistency of the 3D modelling for deep excavation
in Bangkok soft soil, the second case was selected as an independent
case study. The same set of parameters for Bangkok subsoils can be
used. This indicated that the proposed 3D finite element modelling with
the set of soil parameters can be reasonably used for the analysis of
deep excavation in Bangkok. In this section, the results also confirm
that 3D FEA provides reasonable wall movement and ground surface
settlement predictions. The modelling clearly shows the difference of
deformation near the corner and at the middle of the wall. 3D FEA
shows good agreement with empirical and measured values for lateral
wall movement as well as ground surface settlement.

5. Concluding remarks

This study presents three-dimensional finite-element analysis of
deep excavations in soft ground. The 3D modelling and a set of Bangkok
subsoil parameters were proposed for the deep excavation analysis.
Two case studies from different locations in Bangkok were selected to
model and analyse. The first case of the Sukhumvit MRT station was
utilised for model validation by comparing the 3D FEA results with the
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\
(a) (b)

Fig. 18. Silom residential tower: Lateral wall movement at stage 3 by PLAXIS 3D [movement X 500]. (a) On the long side. (b) On the short side.

results from the previous 2D analysis. The second case of deep ex- strain analysis could be reasonably applied for large length-to-
cavation was used to confirm the proposed 3D model and the set of width ratio excavations. Unlike the Sukhumvit MRT station case,
Bangkok subsoil parameters. Several significant conclusions can be most of the projects in Bangkok do not possess such dimensions. In
drawn: addition, the 2D assumption did not take the corner effect into
account. Therefore, the main purpose of using 2D FEA is to reduce
(1) Though 2D FEA has been extensively used, the simplified plan complexity and time in application.
Wall movement. & (mm) Wall movement. & (mm) Fig. 19. Silom residential tower: Lateral wall movements: (a)
> ~h >Th PLAXIS 3D vs. IN1. (b) PLAXIS 3D vs. IN2.
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Fig. 20. Silom residential tower: (a) Wall deformation at the middle of the long side. (b) Corresponding ground surface settlement profile.

(2) 3D FEA provided wall deformation and ground surface settlement
estimates at all sides of excavation pits. The corner effect was in-
herent in the simulation providing the different lateral wall move-
ments on the long and short sides. Furthermore, lateral wall
movements tended to be smaller near the corner.

(3) 3D FEA provided better agreement between predicted lateral wall
movements and measurements from the sites along the long and
short sides of the retaining walls; the differences were 10% on
average in this study.

(4) Hardening soil model (HSM) parameters adopted from
Likitlersuang et al. [13] characterised fairly accurately the soft and
stiff Bangkok subsoils. Based on 3D FEA, the HSM parameters
provided accurate wall deformation and ground surface settlement
predictions compared to measurement data from the field.

(5) Another advantage of the 3D FE model is in simulating construction
sequences. It can accurately reflect the real construction process at
the excavation site. As a result, ground movement can be sequen-
tially assessed.

(6) Meanwhile, applying 3D FE modelling for excavation means high
costs. The 3D FE modelling requires a lot more time for calculation
and engineering experience to analyse the results. For the
Sukhumvit MRT station case, the 2D PLAIXS model takes around
30 min for calculation, while the 3D PLAXIS model requires up to
8 h. It is noted that the calculations were carried out on Intel®
Core™ i7-6500U CPU@2.50 GHz.
Based on the cases done in this study and experience learned from
other 3D FE models, the advantage of applying 3D FE modelling
would be more significant when the construction and excavation
domain is more complex. It is recommended that more complex
projects, in terms of geometry and construction processes, shall be
tested with the proposed 3D FE modelling and the set of Bangkok
soil parameters in the future.
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Q5 The effects of climate change including intense rainfalls have resulted in many slope failures. The bioengineering
method using vegetation is an environmentally friendly alternative for slope stabilisation. This paper presents the
effect of root reinforcement on the stability of vegetated slope under rainfall condition. A transient seepage and
slope stability analysis was conducted based on the finite-element and limit equilibrium methods. Field monitoring
on a residual soil slope in Thailand was numerically modelled. In transient seepage analysis, the soil-water
characteristic curve and the saturated permeability measured from laboratory and in situ tests were used, and the
results are comparable with the monitored values from the site. For slope stability analysis, the effective shear
strength parameters from direct shear tests were used to model the well-compacted and non-compacted soil slopes.
The additional shear strength of soil from the root cohesion was modelled for vegetated soil slope. The results show
that the contribution of root cohesion to slope stability was more significant for the non-compacted soil condition
than for the well-compacted one. Both modelled and monitored pore-water pressure reached the highest values
about 1d after the daily rainfall had reached its peak. This finding has a significant implication for landslide warning
based on rainfall.

Notation
A; root area
Ag cross-sectional area of soil
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effective soil cohesion

root cohesion

total pressure head

hydraulic conductivity function

saturated permeability

hydraulic conductivity in the horizontal direction
hydraulic conductivity in the vertical direction
length of slice

soil-water characteristic curve (SWCC) parameters
applied flux boundary

effective water saturation

tensile strength of root

time: d

3

pore-air pressure

pore-water pressure

weight of slice per unit base area
fitting parameter for SWCC

slice base inclination

Manila Typesetting Company

unit weight of soil

volumetric moisture content

residual volumetric moisture content
saturated volumetric moisture content
total stress

effective stress

“»

Q99 a®D o

suction stress
T¢ shear strength
¢’ effective friction angle

Introduction

Shallow landslides usually occur due to heavy rainfall and mostly
involve completely weathered rock or residual soil slopes. Heavy
rainfall and the subsequent infiltration can cause a reduction in soil
shear strength due to a decrease in soil suction and/or an increase
in pore-water pressure as well as moisture content, which can
ultimately lead to slope failure (Ng and Shi, 1998; Rahardjo et al.,
2007). The stability of natural and fill slopes can be significantly
influenced by the vegetation condition. The contributions of
vegetation to slope stability are well recognised for both their
hydrological effects and mechanical effects (Cecconi et al., 2015;
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Chirico et al., 2013; Fatahi et al., 2014; Jotisankasa et al., 2014;
Leung et al., 2015; Pathirage et al., 2017; Schmidt et al., 2001;
Wu et al., 1979). For the hydrological effects, the increase in soil
suction due to the moisture extracted by plant roots from soil is
known as evapotranspiration. The presence of roots in the soil
can also affect the soil’s permeability and soil-water retention
behaviour (Jotisankasa and Sirirattanachat, 2017). One of the
major mechanical effects of roots on slope stability is the process
of increase in soil shear strength provided by additional root
reinforcement (Coppin and Richards, 1990; Eab et al., 2015;
Likitlersuang et al., 2017; Rahardjo et al., 2018; Wu, 2013).
During heavy rainfall, the air humidity is generally high;
evapotranspiration would thus be negligible and of minor
influence on infiltration and slope stability.

Wu et al. (1979) developed a simple root reinforcement model
with the assumption of elastic roots which extended to a potential
failure surface in a slope. Schmidt es al. (2001) measured root
cohesion in the field, and their results indicate that the variability
in root cohesion depends on the species of vegetation present.
They found that root cohesion ranges from 6-8 to 23-2kPa in
industrial forests and from 25-6 to 94-3 kPa in natural forests. Eab
et al. (2015) studied the increase in soil shear strength by a
vetiver root system by using direct shear tests. The results can be
used to correlate the root area ratio with the increase in soil shear
strength. Vetivers with root area ratios of 2-44-4-37% can
increase root cohesion by around 6-0-6-8 kPa. In addition, the
fact that root cohesion tends to decrease with depth was observed
from typical shrub and tree roots in Hong Kong and China by Ji
et al. (2012) and Leung et al. (2015). The results of these studies
on root cohesion were then employed in slope stability analysis,
which suggests that vegetation significantly contributes to shallow
failures at depths of around 1-0-2:0 m only.

Several researchers have investigated the influence of rainfall on
slope stability by using numerical modelling (Fredlund and Zhang,
2004; Ng and Shi, 1998). Most results indicate that the critical
pore-water pressure triggering slope instability is significantly
influenced by rainfall intensity and rainfall duration. Oh and Lu
(2015) conducted a field study of two cut slopes in Korea and
investigated the hydromechanical properties of soils, aiming to
predict failure events. They found that the shape of the predicted
failure surfaces matched those of actual failure. The slope failures
occurred as a result of the decrease in soil suction due to heavy
rainfall of about 100 mm/d. Nguyen ez al. (2017) conducted a case
study of a rainfall-induced slope failure to verify the effect of
spatial variability of soil shear strength. However, most previous
researches on vegetated soil slope lacked comparisons between
monitoring data and model prediction (Leung, 2014; Zhan et al.,
2007). This may lead to the proposed model being less
convincing. In addition, the contribution of vegetation to slope
stability during heavy rainfall has not been studied yet.

In this study, full-scale field monitoring on an unsaturated soil
slope in Nakorn Nayok Province, Thailand (Jotisankasa et al.,
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2009) together with rainfall records and pore-water pressures were
employed in an analysis. The soil slope was rebuilt, compacted
and grown with vetiver grass after failure in 2004. A two-
dimensional (2D) seepage analysis was performed using the
finite-element method to simulate the pore-water pressure and
volumetric moisture content. The results of seepage model were
verified against the field data. Transient stability analysis was
conducted for two cases: well-compacted soil condition and non-
compacted soil condition. To study the influence of vegetation on
slope stability, the extended Mohr—Coulomb model with the
unified effective stress concept for unsaturated soils was applied
in the limit equilibrium analysis. The method of slices was used
to calculate the factor of safety (FS) for the soil slope considering
the effect of root reinforcement. The analysis results can be used
to explain the influence of root reinforcement on vegetated slope.

Theoretical framework

Unsaturated-saturated seepage analysis

For seepage analysis of an unsaturated soil layer, Darcy’s law
originally derived for saturated soil was modified for the flow of
water through unsaturated soil (Richards, 1931). The numerical
codes were developed based on the theory of unsaturated flow.
The governing equation for 2D transient flow in unsaturated soil
is given by

gk% +£ k% + 7@
1. ax\ax) Tay\Pay) T1T

where / is the total pressure head (m); &, and k, are the hydraulic

conductivities in the horizontal direction (x) and vertical direction
(y) (m/d), respectively; 6 is the volumetric moisture content,
defined as the ratio of the volume of soil water to the total volume
of soil; ¢ is the applied flux boundary (m/d); and 7 is time (d).

Several empirical and semi-empirical functions have been
proposed to define the hydraulic conductivity of the unsaturated
soil. In this analysis, the non-linear functions of the volumetric
moisture content and the coefficient of permeability of the
unsaturated soil were adopted based on the Mualem—van
Genuchten model (van Genuchten, 1980) as

g - 0-6, _ 1
2. e_es_er_ [1+(ah)n}m

where m =1 — 1/n and n > 1 are dimensionless parameters and

k=kst[(1- Sl/”’>m]2
3. s~e €

in which S, is the effective water saturation, 6, is the residual
volumetric moisture content, 6, is the saturated volumetric
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moisture content, kg is the saturated permeability (m/d) and o is
the fitting parameter (1/m).

The transient-state non-linear partial differential equation
(Equation 1) was solved using an iterative finite-element scheme
in the Seep/W module of GeoStudio software (Geo-Slope, 2007).
To obtain reliable results, the time step and element size should be
defined in advance (Caviedes-Voulliéme et al., 2013; Smith and
Griffiths, 2004; Van Dam and Feddes, 2000). In this analysis, a
small time step increment of 300s and a global element size of
0-2 m were employed.

Root cohesion of vegetation

The contribution of vegetation to slope stability analysis is usually
characterised by root cohesion through root reinforcement. Wu
et al. (1979) modified the root reinforcement model to define the
root cohesion from the tensile strength of an individual root 7;
and the root area ratio (4,;/4,) as follows

n A
¢ =12 T, (A—>
i=1 s

4.

where the root area ratio is defined as the ratio between the area
of each root (4,;) and the cross-sectional area of soil (4s) and 7 is
the number of roots in the area.

There are several researchers who investigated and statistically
compared the distribution of roots and root area ratio with depth,
the relationship between root tensile strength and root diameter
and the variation of root cohesion with depth (i.e. Eab et al.,
2015; Ji et al., 2012; Leung et al., 2015). The laboratory
investigation on the vetiver root system by Eab et al. (2015) was
employed in this study. The investigation programme included
root observation and direct shear tests of vetiver root-reinforced
soils. The results showed that a vetiver root could grow up to
1-8 m with an average root area ratio of 4%. The root cohesions
observed from the direct shear tests were approximately 3—6 kPa
within 3—-6 months of growth.

Stability analysis of vegetated slope

FS is defined as the ratio of the available shear strength to the
shear stress calculated along the failure surface. Normally, the
traditional limit equilibrium is used to determine the FS of a slope
under the transient infiltration condition (Lu and Godt, 2013).
Therefore, the method of slices was adopted to calculate the FS
along the potential failure surface and to search for the critical
surface. FS can be expressed as

FS >l

5. Z:le sin B,
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where 7 is the total number of slices, 77 is the shear strength, 7 is
the slice index, /; is the length of each slice, W is the weight of
each slice per unit base area and f; is the slice base inclination.

For a vegetated slope under unsaturated—saturated condition, the
shear strength can be expressed by using the primary influence
of root reinforcement, as suggested by Wu ef al. (1979), in
combination of the Mohr—Coulomb failure criterion (Fredlund
et al., 1978). The shear strength is given by

6. 7= +c¢ +0 tan ¢

where ¢ is the effective soil cohesion, ¢, is the root cohesion, ¢’
is the effective stress and ¢’ is the effective friction angle. The
effective stress can be computed by using the suction stress-based
equation (Lu and Likos, 20006)

7. 6 =0-u,- o

where o is the total stress due to the self-weight of the soil; u, is
the pore-water pressure, which is zero at the atmospheric
condition; and ¢° is the suction stress, which can be expressed as
a function of matric suction (v, — uy,) (Fredlund et al., 2012; Lu
et al., 2010)

S 0- T _
8 o = 05 _ er (ua MW)

where 6 is volumetric water content. 6, and 6 are the saturated
and residual volumetric water contents of soil, respectively.

In the incorporation of Equations 6-8, the shear strength of the

vegetated slope can be defined under the soil-root composite for
unsaturated-saturated condition as follows

0
G+ [(07 ) + gy~ )| an ¢

S T

9.

Since the weight of grass was considered negligible and there was
no traffic load on the slope, the weight of each slice per unit base
area (J¥;) from the slope surface to the potential failure surface
was contributed by soil only, which can be expressed as

10. VVt = ;yAsi

where 7 is the unit weight of soil. To simplify the calculation in
the transient slope stability analysis, ¥ can be approximated as the
saturated unit weight for both wunsaturated and saturated
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Figure 1. Field instruments and finite-element model of study site
(after Jotisankasa et al. (2009))

conditions during the rainy season. A is the cross-sectional area
of each slice.

Finally, the FS with consideration of vegetation effects on slope
stability during rainfall infiltration can be written as

FS =
neoy / -6 /
Zi (" +¢)l; + W; cos B, tan ¢ — 08 u,l; tan @

S T

> W sin B,

11.

The computed field of volumetric moisture content and soil
suction (pore-water pressure) from transient seepage analysis are
then used as hydrological parameters to input in the Slope/W
module (Geo-Slope, 2007) for calculating FS. The results are
verified whether or not slope failure occurs within periods of
heavy rainfall.

Site description

Location, geometry and historical failure

The study site is located near the Khundan Prakanchon dam
(formerly known as the Thadan dam) in Nakorn Nayok Province,
Thailand (hereafter referred to as the Thadan slope) about 200 km
north-east of Bangkok. A shallow failure in 2004 was triggered
by a heavy rainfall spanning over 3 d which amounted to a total
rainfall of about of 300 mm or an average of about 100 mm/d.
After failure, the slope was redesigned and constructed with
compacted residual soil available on-site. The repaired soil slope
was investigated by using a lightweight dynamic penetrometer

Table 1. Physical properties of residual soil

Saturated unit

e T Liquid limit: %

Soil type

MH/ML 1761
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(Jotisankasa et al., 2009), which indicated the thickness of the
residual soil layer to be around 2-3 m. Below the residual soil lies
the slightly weathered volcanic rock, which can be defined to be
impermeable bedrock. Figure 1 displays the cross-section of the
study site considering the residual soil layer. The slope angle of
26° with respect to the horizontal plane was averaged along the
ground surface. Field instrumentation was conducted on the slope
using tensiometers, which were installed at point 1 (lower station)
and point 2 (upper station) to monitor pore-water pressure at
depths varying from 0-3 to 2-15 m during rainfall, as depicted in
Figure 1.

Geological conditions

The geology in the area of the slope consists of undifferentiated
Permo-Triassic volcanic rock, including rhyolite, andesite, tuffs
and agglomerate (Royal Irrigation Department, 2004). The
undisturbed samples were collected using a thin-walled tube
sampler with a diameter of 63 mm from the depths of about
0-5-1-0m. The basic properties of the residual soil were
determined and are summarised in Table 1. According to the
Unified Soil Classification System, the residual soil can be
classified as silty soil with medium plasticity (MH/ML).

The relationships between soil suction and volumetric moisture
content (soil-water characteristic curve (SWCC)) of the residual
soil were obtained from Kasetsart University (KU) tensiometers
for both drying and wetting conditions of the samples (Jotisankasa
and Vathananukij, 2008).
were developed by Jotisankasa er al. (2007) at KU, using
microelectromechanical system (Mems) pressure sensors. Each
device is able to measure pore-water pressure in the range of

The KU miniature tensiometers

—100 to 600 kPa both in conventional laboratory tests and in the
field. The SWCC test involved suction measurement of a soil
sample at different moisture contents. After each suction
measurement, the sample is either wetted or dried, corresponding
to the test path in progress, by about 2% water content in order to
obtain suction values at different moisture contents. The sample
was simply left exposed in the air for gradual drying, while
wetting was realised by directly spraying very fine droplets of
water onto the sample. After the moisture content was changed to
the desired value, the sample was carefully wrapped and cured for
about 2-3 d to allow for suction equilibration in the sample. The
SWCC and its curve-fitting van Genuchten model are presented in
Figure 2. It is noted that the wetting points only slightly lie below
the drying points and the hysteresis loop (shown as dashed lines)
is minimal for this range of suction. The explanation for this small
hysteresis could be that the wetting SWCC represents a scanning
curve and the suction range involved is rather limited. Due to the

Grain-size distribution: %
Clay Silt Sand
31:9-36-7 38-9-53-9 13-7-189

Plasticity index: %

Gravel

0-5-5-5
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Figure 2. SWCC of residual soil (data from Jotisankasa and
Vathananukij (2008))

small suction range involved, the variation in void ratio during
wetting appears to be negligible. Upon redrying, only a slight
decrease in void ratio was observed corresponding to a volumetric
strain of about 1:6%. The change in void ratio was taken into
account when interpreting the SWCC, although the magnitude of
this was considered marginal and did not largely affect the
hysteresis of the SWCC. An average SWCC curve fitting was
thus reasonably assumed for the data points on wetting and
drying paths.

The saturated permeability was determined from a constant-head
in situ borehole permeability test at different depth at the study
site, using the method described by Garga and Blight (2012). As
shown in Figure 3, the field test results exhibit larger values of
hydraulic conductivity at the topsoil (0-0-3m depth) varying
from 7 x 107% to 2 x 10™*m/s. This large variation was expected
to relate to the effect of vegetation root rather than the compacted
state of the soil. The permeability then decreases to 4 x 10™° m/s
at a depth of about 1-8m, most likely to due to the effect of
overburden stress. The average saturated permeability of 2-9 x
10 m/s was reasonably used as a first approximation to define
the hydraulic conductivity function (Equation 3). Table 2
summarises the fitting parameters of SWCC and the average
saturated permeability of residual soil as input parameters in
seepage analysis. Of course, a more sophisticated permeability as
a function of effective stress or depth could also be used at a
higher computational cost. As will be shown later, this simplified
constant permeability could be used to reproduce the pore
pressure response accurately enough for the purpose of this study.

The effective shear strength parameters were measured on the

undisturbed specimens using the drained direct shear test under
the saturated condition. It is noted that the undisturbed samples
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Figure 3. Saturated permeability variation with depth from field
permeability tests

Table 2. SWCC parameters and saturated permeability

Type Parameter Value
Residual volumetric moisture content 0, 21 x 107
Saturated volumetric moisture content O, 0-473
Fitting parameters a(1/kPa) 0-902

n 1101
Saturated permeability ks (m/s) 29 %107

were obtained from the slope recompacted after failure in 2004,
which would represent a denser state than it would have been
before failure in 2004. Both single-stage and multistage shearing
tests were performed, which mainly showed a strain hardening
behaviour. The effective soil cohesion ¢’ and the effective friction
angle ¢’ are 12-8 kPa and 33-1°, respectively. In this study, the
effective soil cohesion ¢ = 12-8 kPa was applied for the well-
compacted soil slope case, while ¢’ = 0 was assumed for the
worst-case scenario of non-compacted soil condition. The
effective cohesion intercept (¢’ > 0) of the well-compacted soil
was expected to be due to grain interlocking and dilatancy (e.g.
Bolton, 1986; Xiao et al., 2014) as well as natural cementation
that would likely increase over time due to thixotropy (Doglioni
and Simeone, 2013; Jeong er al., 2015) and bacterial/fungal
activities (Molope, 1987; Wood et al., 1995). Table 3 presents the
values of shear strength for both cases as the input parameters in
stability analysis during the rainfall infiltration.

Table 3. Soil shear strength parameters
Type Parameter Value Remark

Effective soil cohesion c (kPa) 12-8  Well-compacted soil
0 Non-compacted soil
Effective friction angle ¢’ () BEREES
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Monitoring data

Rainfall records

In order to simulate the effect of heavy rainfall that can lead to
the slope failure, the rainfall intensity within the period of
3-24 September 2008 was chosen in this study as shown in
Figure 4. This was the period with maximum pore pressure
readings observed during the monitoring programme starting from
2007. No rain was recorded at the beginning of the period, and the
rainfall intensity slightly increased a few days later. The maximum
rainfall intensity of this period was observed on 12 September
2008 and found to be over 120 mm/d. The rainfall intensity
dropped rapidly after the highest rainfall had occurred and
remained about 25 mm/d within 6 d. Then, the rainfall intensity
suddenly increased to about 100 mm/d on 19 September 2008 and
quickly decreased, and no rain occurred at the end of this period.

Measured pore-water pressure

The pore-water pressures were monitored at two different
locations along the slope (i.e. upper and lower stations) by using
the miniature tensiometers developed at KU (Jotisankasa et al.,
2007). These devices are based on the Mems pressure sensor
technology and are capable of measuring both positive and
negative pore-water pressures ranging from —80 to 600 kPa. The
Mems sensor used was a Freescale-NXP piezoresistive absolute
pressure transducer. In order to avoid the cavitation problem, the
tensiometer and the porous ceramic tube were submerged in water
under vacuum pressure for about 1h to saturate the space within
the sensor body and porous ceramic with de-aired water. Each
tensiometer was installed at depths of 0-3, 06 and 1-0m at
point 1 and at depths of 1-0, 1-5, 2-15m at point 2 as shown in
Figure 1. The pore-water pressures corresponding to the rainfall
intensity record during the period of 3-24 September 2008 were
also obtained as presented in Figure 4. The pore-water pressure at

757 Rainfall intensity [ 16
150 —-+— Measured —s— Simulated (0-:3 m) 15
=~ Measured —=— Simulated (0-6 m)
E 125 ——s— Measured;:*— Simulated (1-0 m) [ o §
IS /' \\_‘M 9]
o ||'_|"p > e . S
21901 M\ 4 &
% : ‘-,1\ ’ H\.\.“" 0 §-
£ - 3
s ” A T
£ N\
S 507 ¢ —4 05_
{
25 a0 =
o<l HHY I]D ﬂ a -12

3 September 10 September 17 September 24 September
2008 2008 2008 2008
Date
@

point 1 appears to be greater and more positive than those at
point 2. In the lower station of the slope, the pore-water pressure
was close to zero at shallow depth (0-3 m) and became values at
deeper depth (0-6 and 1-:0 m) during rainy days, while at every
depth in the upper station of slope, the pore-water pressure
remained negative and slightly fluctuated throughout most of
rainy days and only became positive when the rainfall intensity
exceeded about 100 mm/d on 19 September 2008.

Analysis and results

Seepage analysis

In this section, the unsaturated—saturated flow model as explained
in the section headed ‘Unsaturated—saturated seepage analysis’ was
simulated for both steady-state analysis and transient-state analysis.
The SWCC parameters and the saturated permeability from
laboratory and field tests were used as input parameters in the
seepage model to calculate pore-water pressure and volumetric
moisture content during the period of rainfall. To define the initial
condition, an infiltration rate is assumed as the annual average
rainfall intensity during the period of data record (i.e. 1 January to
31 December 2008). So the infiltration rate of 7-54 mm/d was
assigned on the ground surface of the slope. This was meant to
simulate the initial condition of pore-water pressure in the ground
before simulation of the major heavy rainfall event. A zero-flux
boundary was imposed at the bottom of the domain where slightly
weathered volcanic rock is in place. In order to simulate the
transient infiltration analysis, a flux boundary condition can
be applied at the ground surface where the flux corresponds to the
recorded rainfall (Lan et al., 2003; Oh and Lu, 2015; Yeh et al.,
2008). In this study, the transient flux boundary was simulated
using the rainfall data during the period of 3-24 September 2008.
Since the ground surface was close to interacting with the bottom
of residual soil at the crest and toe of slope, a zero-flux condition
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175 [ Rainfall intensity
150 —-»— Measured —e—Simulated (1-:0 m) 12
17 —-«—Measured —s—Simulated (1:-5m) |
+— Measured —+—Simulated (2-15 m

g 1254 0 h ( ' 1o €
£ g
2 100 - L6 3
2 g
g 5
£ 754 L3 g
= 2
£ (4]
ks 50 4 0 .;’t

25 L L3

0 44— R AH0 U -6

3 September 10 September 17 September 24 September
2008 2008 2008 2008
Date
(b)

Q14 Q15 Figure 4. Comparisons between measured and simulated pore-water pressures
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can thus be also set for the left and right boundary conditions. The
model ignored the effect of evapotranspiration, in which it is not a
major contribution to slope stability within the rainy season
(Coppin and Richards, 1990; Greenway, 1987). No ponding (when
rainfall is more than infiltration) on the top surface of the soil
slope can be reasonably assumed due to the fact that when the
rainwater does not exceed the infiltration capacity of soil, the
excess water will not drain away as surface run-off.

Predicted against observed rainfall-induced effects

Figures 4(a) and 4(b) present the results of the transient seepage
analysis at the various depths at points 1 and 2, respectively. The
pore-water pressure at the lower part (point 1) gradually changed
in response to the rainfall process at shallow depths, while the
change appeared more sudden in the upper part (point 2) at
deeper depths when rainfall intensity exceeded 100 mm/d. At
point 1, the positive pore-water pressure appeared at different
depths at 1 d before the highest rainfall intensity and was almost
constant until the finishing period of rainfall. This was expected
as the free-draining saturated surface was located near the toe
slope. At point 2, however, the positive pore-water pressure could
be observed at different depths only at 1d after the highest
rainfall intensity and reappeared at the deeper depths (1-5 and
2-15m) after 19 September 2008. This demonstrated a kind of
delayed infiltration behaviour or time lag at a deeper depth. This
finding has a significant implication for landslide warning based
on rainfall (e.g. Mairaing et al., 2012). In other words, slope
instability could take place quite sometime after the daily rainfall
reaches its peak. Failure could be triggered by the delayed rise in
pore-water pressure even when there was only minimal rainfall at
the time. The measured pore-water pressures at different depths
are also drawn on these figures to demonstrate the accuracy of the
proposed seepage model. As shown in Figure 4(a), the pore-water
pressures obtained from simulation are higher than those from
measurement at the shallow depths (0-3 and 0-6 m) at the first

0 -
—-o— Initial condition

—a— 5 September 2008
7 September 2008
—a— 10 September 2008
—=— 13 September 2008
—-»—- 16 September 2008
—-o—- 20 September 2008
+-— 24 September 2008

02 4

12 16 20
Pore-water pressure: kPa

Q16 Figure 5. Prediction of pore-water pressure distribution with depth

period of rainfall (no rainfall). This is because the assumed initial
flux boundary condition of 7-54 mm/d, based on long-term
rainfall measurement, was set to the ground surface and therefore
may not represent the short-term distribution of the pore-water
pressure that would be affected by some daily climate effects (e.g.
evapotranspiration), particularly at a shallow depth. Subsequently,
the simulation curves and the measurement curves become more
consistent from the beginning rainfall to the finishing period
of rainfall. At 1-0m depth of the lower station (Figure 4(a)), the
pore-water pressure from simulation was slightly greater than
those from measurement after a few days of rainfall (9 September
2008). This slight difference can be explained by the fact that in
the analysis, the undrained flux boundary at the bottom domain
and consequently a small part of rainwater would still be
remaining in the soil slope. In reality, however, a small part of
seepage may occur out of the bottom domain.

Unlike the results in Figure 4(a), the pore-water pressure
responses at the upper station in Figure 4(b) indicate that the loss
of soil suction in the first period of rainfall affected not only the
initial infiltration but also the downslope seepage from the crest to
the toe slope. In the same way, the modelled downslope seepage
can occur more easily than the actual response because the
modelled soil was assumed as homogeneous in this analysis. This
would explain why the measured pore-water pressure was greater
than the simulated value. However, 1 d after the highest rainfall
record (13 September 2008), the results at different depths show
a better consistency between the modelled and measured pore-
water pressures. In addition, the pore-water pressure response
characteristics are also expected to be strongly affected by other
factors, such as geomorphological and geological condition.

Predicted pore-water pressure

Figures 5(a) and 5(b) show the prediction of pore-water pressure
distribution with depth at points 1 and 2, respectively, during the

0 -

—-o— |[nitial condition

—— 5 September 2008
7 September 2008

—=— 10 September 2008

0-4

08 1 ! —=— 13 September 2008
c ! —-n—- 16 September 2008
£ P —-o—- 20 September 2008
é d : +—- 24 September 2008
e |
1-6 4 :
I
I
2-0 4 I
I
|
24 T 5 T . ¥ T )
-8 -4 0 4 8 12 16 20

Pore-water pressure: kPa

envgeo1700025.pdf 7

Manila Typesetting Company

07/15/2018 7:04am

O 00 3 O L AW N —

—_—
—- o

L L i i i i B B B B B B B B DB D W W W W W W L LW L WK K DN DNNDNNDNDNDDNDDN = — = o—m = —m = —
N B WN O VoI WU A WN—=OWVWOKIAANWUPRAWN=—=OWLVOOWJIANWPAWNRO VOO W B WN



O 00 3 O L AW N =

10

—_
—_

Environmental Geotechnics
Volume XXXX Issue EGXXXX

Stability analysis of vegetated residual
soil slope under rainfall conditions
Nguyen, Likitlersuang and Jotisankasa

period of rainfall. As seen in Figure 5(a), at the beginning of
rainfall (before 5 September 2008), a decrease in pore-water
pressure occurred at shallow depth, which tended to increase
because of water redistribution during the period of no rain, while
pore-water pressure remained almost unchanged at the deeper
depth. It is noteworthy that this decrease in pore-water pressure
could be also attributed to evapotranspiration. Nevertheless, since
no measurements of meteorological data such as air temperature,
solar radiation, air humidity and wind speed were available at this
site to derive evapotranspiration fluxes, such effects were not
taken into account in the current analysis. On 7 September 2008,
pore-water pressure exceeded the initial condition only at a depth
above 0-4m as a consequence of limited rainfall infiltration.
Below 0-4m depth, the pore-water pressure curve tends to be
similar to the pore-water pressure curve on 5 September 2008.
Since rainfall had continuously increased up to 10 September
2008, pore-water pressure reached a positive value at a depth
below 1-1m. On the other hand, the ground above 1-1m depth
was still unsaturated. After the highest rainfall intensity had
occurred (13 September 2008), the saturated zone was up to the
bedrock (1-4m depth) and the pore-water pressure linearly
increased with depth. The rainfall intensity declined rapidly on
16 September 2008’ pore-water pressure decreased with the same
range of values along depth, and this tendency remained until no
rainfall was recorded on 24 September 2008. In addition, it was
noted that the pore-water pressure distributions on 13 and
20 September 2008 were nearly identical even though the rainfall
intensities of these days were different. This can be explained that
when rainfall intensity exceeded an amount of about 100 mm/d,
those rainwaters in excess of the infiltration capacity cannot
infiltrate through the ground surface and thus were converted to
run-off. It can be implied that rainfall at that particular time
caused the flow rate to be over the infiltration capacity of the soil.
A similar explanation can be provided for pore-water pressures
at the upper station (before 7 September 2008), as shown in
Figure 5(b). However, on 10 September 2008, pore-water pressure
increased to approximately —1-5kPa and soil slope became
saturated only near bedrock because the rainfall amount and
duration were not sufficient for inducing pore-water pressure rise
to a higher part. When the highest rainfall intensity happened
(125 mm/d), the soil profile was completely saturated below 0-8 m
depth and was almost saturated above this level on 13 September
2008. Rainfall intensity dropped to 37 mm/d on 16 September
2008, which caused an obvious decrease in pore-water pressure at
a deeper depth since seepage happened downslope by gravity.
Unlike the case of the lower station, pore-water pressure on
20 September 2008 was smaller than the value on 13 September
2008 below 0-8m depth and the soil slope had not been
completely saturated above 0-8 m. This can be explained by the
fact that soil thickness at the upper station is larger than that at the
lower station. It can be demonstrated that the highest rainfall
intensity assumed in this analysis cannot make the whole soil
profile completely saturated at the upper station. Therefore, run-
off might not appear at the upper location as the infiltration and
seepage progressed.
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Stability analysis

Slope without root cohesion

In this section, analysis method as explained in the section headed
‘Stability analysis of vegetated slope’ was performed to
investigate slope stability during the period of rainfall. The
resulting pore-water pressure and volumetric moisture content
calculated from Seep/W were then used as input in Slope/W to
determine the corresponding FS. FSs were determined for both
well-compacted soil condition and non-compacted soil condition.
Figure 6 illustrates the variation in FS during the rainfall period of
3-24 September 2008. For the well-compacted soil condition, the
slope remained stable according to the FS (FS > 1-0). For the
non-compacted soil condition, slope instability appeared to
happen after the rainfall intensity exceeded 100 mm/d, in which
FS was less than 1-0 after 13 September 2008. At the beginning
of rainfall (before 7 September 2008), FS was almost constant for
both conditions, which indicated the minor effect of suction on
slope stability analysis. From 7 to 12 September 2008, the FS
of the well-compacted soil condition gradually decreased, while
the FS of the non-compacted soil condition fluctuated. It can
be implied that FS variability was not affected in the case of
greater soil cohesion in the first period of rainfall. However,
the distribution of FS with time for well-compacted sand the
non-compacted soil conditions (Figure 6) showed some
discrepancy after the highest rainfall intensity had occurred on
12 September 2008.

In order to illustrate the influence of the heavy rainfall event and
failure mechanism of slope for the non-compacted soil condition,
Figure 7 presents the distribution of pore-water pressure in the
soil slope and the corresponding failure surface on 13 September
2008 as shown in Figure 8. As seen in Figure 7, the water table
(where the pore-water pressure was zero) was up to the upper half
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Figure 6. FS variation with time for soil slope without root
cohesion
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Figure 7. Pore-water pressure distribution on 13 September 2008

of the slope, and pore-water pressures linearly increased from
ground surface to the interface between the residual soil and
bedrock. The failure surface took on the region of the lower half
of the slope, in which the residual soil slope was fully saturated
(Figure 8). The simulated failure surface implied that the failure
mechanism of slope was shallow failure, which could occur only
at the lower depth of 1:0 m in the residual soil. The slope would
fail as a result of the decrease in the effective stress due to the
increase in pore-water pressure, while the slope failure might not
be affected by a great reduction in soil shear strength (an
assumption of ¢’ = 0 for non-compacted soil condition).

Slope with root cohesion

To assess the influence of vegetation on slope stability, the worst-
case scenario (non-compacted soil condition) was only performed
to calculate FS using Equation 11 from 3 to 24 September 2008.

Vertical distance: m

=i
5

Vegetation with typical vetiver grass in Thailand was employed as
a special case of the Thadan slope. In the literature, the majority
of root cohesion of vegetation species fall within the range of
1-:0-20-0kPa depending on different environments (Abernethy
and Rutherfurd, 2001; Kazutoki and Iwamoto, 1986; O’Loughlin,
1974; Simon and Collison, 2002). Furthermore, according to
Lynch (1995), the root distribution of some grasses was observed
and can be approximately uniform at the shallow depth, while the
researches of Ji et al. (2012); Leung et al. (2015) presented that
the root distribution tends to decrease with depth at deeper zones.
In this section, root cohesion was assumed based on the research
of Eab ef al. (2015), which presented a condition near the ground
surface. The average value of root cohesion corresponding to ¢, =
3-0 kPa and the root cohesion of ¢, = 6-0 kPa are used to simulate
the effect of variability of root vegetation on slope stability, as
shown in Table 4. As seen in Figure 1, the thickness of the

20 25 30 35 40

Horizontal distance: m

Figure 8. Corresponding failure surface for non-compacted soil slope without root cohesion on 13 September 2008 (the worst-case

scenario)

envgeo1700025.pdf 9

Manila Typesetting Company

07/15/2018 7:04am

O 00 3 O L AW N —

—_—
—- o

RO B — —m —m —m e e
—_— O 0 0 N BN

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
4
43
44
45
46
47
48
49
50
51
52
53
54
55



O 0 3 N L bW~

10

—_
—_

Environmental Geotechnics
Volume XXXX Issue EGXXXX

Stability analysis of vegetated residual
soil slope under rainfall conditions
Nguyen, Likitlersuang and Jotisankasa

Table 4. Characteristics of vetiver grass

Type Parameter Value
Root cohesion ¢ (kPa) 3:0, 6:0
Depth of root I (m) 1-8

residual soil changes from 0-3m at the crest and toe slope to
2-5m at the middle of slope. However, the depth of the root
system varies significantly with vegetation species and their
growing environments. For example, root depths of trees and
shrubs were reported to be in the range of 1-0-3-0 m (Kozlowski,
1971). In North America, the root depth is usually constrained by
the bedrock (less than 2-:0 m) in many slopes (Schmidt e al.,
2001). Therefore, an assumption of the extended depth of roots
which reach the bedrock can be performed for the whole soil
slope in this study.

Figure 9 shows FSs during the rainfall period of 3-24 September
2008 considering the contribution of vegetation for both of the
root cohesions ¢, = 3-0 and 6-0 kPa. It can be seen that the FSs of
the vegetated slope are higher than those of the worst-case
scenario of without root cohesion (Figure 8). In all cases, FSs are
higher than 1-0 even though the highest rainfall intensity
happened on 12 September 2008. The results in Figure 9 also
indicate the discrepancy in the distribution of FS considering the
smaller value of root cohesion and that of FS considering the
greater value of root cohesion. For cases of root cohesion ¢, = 3-0
and 6-0kPa, the lowest FSs are 1-03 and 1-24 (45 and 75%
increments from the case of without root cohesion), respectively.
This finding suggests that a uniform distribution of roots can
effectively increase the stability of a slope during heavy rainfall.
Thus, the contribution of vegetation to stabilisation of slopes can
be readily seen that the slope would not fail even under the worst-
case scenario if it was rebuilt and grown with vegetation.
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Concluding remarks

This paper presents a case study of a seepage model for slopes
subjected to rainfall in Thailand and the influence of vegetation
on slope stability. The rainfall intensity, the soil-water
characteristics and the saturated permeability recorded and/or
measured from the field were used in the seepage analysis. The
pore-water pressure and volumetric moisture content obtained
from the seepage model were then employed in a transient
unsaturated—saturated slope stability analysis. The influence of
root cohesion on slope stability was considered by means of root
cohesion. FSs in transient seepage and slope stability analysis
were computed for the cases of without and with root cohesion.
The research conclusion can be highlighted as follows.

®  The proposed seepage model indicated that there is a better
agreement between the simulated and measured pore-water
pressures at the shallower depths than between those at the
deeper depths. The positive pore-water pressures showed
more discrepancy at point 1 (lower part), while a conversion
occurred at point 2 (upper part). The prediction of pore-water
pressure pointed out that the whole soil slope was almost
completely saturated in intense storms.

= The non-vegetated slope with well-compacted soil condition
was stable during the period of rainfall, while slope instability
occurred in the non-compacted soil condition (the worst-case
scenario) when rainfall intensity exceeded the amount of
100 mm/d. The failure mechanism of slope under the worst-
case scenario was characterised as shallow failure, in which
the failure surface was located at a depth above 1-0 m, in the
saturated region.

= Slope stabilisation by vegetation was adopted through
additional soil shear strength by root cohesion. Typical
characteristics of the vetiver grass in Thailand were assumed
to specify due to root in the analysis. The results showed that
FS was greater than 1-0 for both root cohesions of ¢, =
3-0kPa and ¢, = 6-0 kPa during the period of rainfall, and the
slope with the non-compacted soil condition considering
vegetation became stable in the assumed heavy rainfall
condition. This finding demonstrated the effectiveness of
bioengineering for shallow slope stabilisation.

®m  The highest positive pore-water pressure could be observed at
different depths 1 d after the highest rainfall intensity. This
demonstrated a kind of delayed infiltration behaviour at a
deeper depth. This finding has a significant implication for
landslide warning based on rainfall. In other words, slope
instability could take place several days after daily rainfall has
reached its peak. Failure could be triggered by the delayed
rise in pore-water pressure even when there was hardly any
rainfall at the time.

Acknowledgements

This research was supported by the Thailand Research Fund
Grant Number RSA-5880023, the Ratchadapisek Sompoch
Endowment Fund (2017) and Chulalongkorn University (760003-
CC). Field instrumentation and monitoring works were funded by

07/15/2018  7:04am

Q19

O 00 3 O L AW N —

—_—
—- o

L L L B AR BB DR AR R DA LWDLWLULLWWLWLWWIRNMNERNNRNDRNNN — — e —
QDR QRO —~ S 0 XUATAEDLWAL,ODOVXANATE DO —-OOVOX®IANRELN—~O OWIO LA WN



O 0 3 N L bW~

Environmental Geotechnics
Volume XXXX Issue EGXXXX

Stability analysis of vegetated residual
soil slope under rainfall conditions
Nguyen, Likitlersuang and Jotisankasa

the Kasetsart University Research and Development Institute. The
work was also carried out under the research and development
project on landslide prevention and protection according to Royal
Initiatives of the Chaipattana Foundation. The first author would

Q20 like to acknowledge Asean University Network/Southeast Asia
Engineering  Education ~ Development  Network  (Japan
International Cooperation Agency) for a PhD sandwich
scholarship during his study.

REFERENCES

Abernethy B and Rutherfurd ID (2001) The distribution and strength of
riparian tree roots in relation to riverbank reinforcement. Hydrological
Processes 15(1): 63-79, https://doi.org/10.1002/hyp.152.

Bolton M (1986) The strength and dilatancy of sands. Géotechnique
36(1): 65-78, https://doi.org/10.1680/geot.1986.36.1.65.

Caviedes-Voulliéme D, Garci P and Murillo J (2013) Verification,
conservation, stability and efficiency of a finite volume method for the
1D Richards equation. Journal of Hydrology 480: 6984, https://doi.
org/10.1016/j.jhydrol.2012.12.008.

Cecconi M, Napoli P and Pane V (2015) Effects of soil vegetation on
shallow slope instability. Environmental Geotechnics 2(3): 130-136,
https://doi.org/10.1680/envgeo.13.00110.

Chirico GB, Borga M, Tarolli P et al. (2013) Role of vegetation on slope
stability under transient unsaturated conditions. Procedia
Environmental Sciences 19: 932-941, https://doi.org/10.1016/j.proenv.
2013.06.103.

Coppin NJ and Richards IG (1990) Use of Vegetation in Civil Engineering.
Construction Industry Research and Information Association, London,
UK.

Doglioni A and Simeone V (2013) Recovery of strength along shear
surfaces in clay soils. In Landslide Science and Practice (Margottini
C, Canuti P and Sassa K (eds)). Springer, Berlin, Germany,
pp. 183-188.

Eab KH, Likitlersuang S and Takahashi A (2015) Laboratory and
modelling investigation of root-reinforced system for slope
stabilisation. Soils and Foundations 55(5): 1270-1281, https://doi.org/
10.1016/j.sandf.2015.09.025.

Fatahi B, Khabbaz H and Indraratna B (2014) Modelling of unsaturated
ground behaviour influenced by vegetation transpiration.
Geomechanics and Geoengineering 9(3): 187-207, https://doi.org/10.
1080/17486025.2014.880520.

Fredlund D and Zhang L (2004) Numerical study of soil conditions under
which matric suction can be maintained. Canadian Geotechnical
Journal 41(4): 569-582, https://doi.org/10.1139/t04-006.

Fredlund D, Morgenstern NR and Widger R (1978) The shear strength of
unsaturated soils. Canadian Geotechnical Journal 15(3): 313-321,
https://doi.org/10.1139/t78-029.

Fredlund DG, Rahardjo H and Fredlund MD (2012) Unsaturated Soil
Mechanics in Engineering Practice. Wiley, New York, NY, USA.

Garga V and Blight G (2012) Steady and unsteady flow of water and air
through soils — permeability of saturated and unsaturated soils. In
Mechanics of Residual Soils (Blight GE and Leong EC (eds)). CRC

Q21 Press, London, UK, p. 119.

Geo-Slope (2007) Seepage Modeling with SEEP/W and Slope Stability
Analysis with SLOPE/W. Geo-Slope International Ltd, Calgary, AB,
Canada.

Greenway D (1987) Vegetation and slope stability. In Slope Stability:
Geotechnical Engineering and Geomorphology (Anderson MG and

Q22 Richards KS (eds)). Wiley, Chichester, UK.

Jeong SW, Locat J, Torrance JK and Leroueil S (2015) Thixotropic and
anti-thixotropic behaviors of fine-grained soils in various flocculated
systems. Engineering Geology 196: 119-125, https://doi.org/10.1016/j.
enggeo.2015.07.014.

envgeo1700025.pdf "

Manila Typesetting Company

Ji J, Kokutse N, Genet M, Fourcaud T and Zhang Z (2012) Effect of spatial
variation of tree root characteristics on slope stability: a case study on
Black Locust (Robinia pseudoacacia) and Arborvitae (Platycladus
orientalis) stands on the Loess Plateau, China. Catena 92: 139-154,
https://doi.org/10.1016/j.catena.2011.12.008.
Jotisankasa A and Sirirattanachat T (2017) Effects of grass roots on soil-
water retention curve and permeability function. Canadian
Geotechnical Journal 54(11): 1612-1622, https://doi.org/10.1139/cgj-
2016-0281.
Jotisankasa A and Vathananukij H (2008) Investigation of soil moisture
characteristics of landslide-prone slopes in Thailand. Proceedings of
the International Conference on Management of Landslide Hazard in
the Asia-Pacific Region, p. 12. Q23
Jotisankasa A, Porlila W, Soralump S et al. (2007) Development of a low
cost miniature tensiometer and its applications. Proceedings of the 3rd
Asian Conference on Unsaturated Soils (Unsat-Asia), Nanjing, China. Q24
Jotisankasa A, Takahashi A, Takeyama T et al. (2009) A study of
deformation behaviour of an instrumented slope subject to rainfall near
Thadan dam Thailand. Proceedings of the 14th National Convention
in Civil Engineering, Nakhon Ratchasima, Thailand.
Jotisankasa A, Mairaing W and Tansamrit S (2014) Infiltration and
stability of soil slope with vetiver grass subjected to rainfall from
numerical modeling. Proceedings of the 6th International Conference
on Unsaturated Soils, UNSAT, pp. 1241-1247. Q25
Kazutoki A and lwamoto M (1986) Preliminary experiment on shear in
soil layers with a large-direct-shear apparatus. Journal of the Japanese
Forestry Society 68(2): 61-65, https://doi.org/10.11519/jjfs1953.68.
2 61.
Kozlowski T (1971) Growth and Development of Trees, Volume II:
Cambial Growth, Root Growth, and Reproduction Growth. Elsevier,
Amsterdam, the Netherlands.
Lan H, Zhou C, Lee CF, Wang S and Wu F (2003) Rainfall-induced
landslide stability analysis in response to transient pore pressure — a
case study of natural terrain landslide in Hong Kong. Science in China
Series E: Technological Sciences 46: 52—68. Q26
Leung AK (2014) Grass evapotranspiration-induced suction in slope: case
study. Environmental Geotechnics 3(3): 155-165, https://doi.org/10.
1680/envgeo.14.00010.
Leung FT, Yan W, Hau BC and Tham LG (2015) Root systems of native
shrubs and trees in Hong Kong and their effects on enhancing slope
stability. Catena 125: 102-110, https://doi.org/10.1016/j.catena.2014.
10.018.
Likitlersuang S, Takahashi A and Eab KH (2017) Modeling of root-
reinforced soil slope under rainfall condition. Engineering Journal
21(3): 123-132, https://doi.org/10.4186/¢j.2017.21.3.123.
Lu N and Godt JW (2013) Hillslope Hydrology and Stability. Cambridge
University Press, New York, NY, USA.
Lu N and Likos WJ (2006) Suction stress characteristic curve for
unsaturated soil. Journal of Geotechnical and Geoenvironmental
Engineering 132(2): 131-142, https://doi.org/10.1061/(ASCE)1090-
0241(2006)132:2(131).
Lu N, Godt JW and Wu DT (2010) A closed-form equation for effective
stress in unsaturated soil. Water Resources Research 46(5), https://doi. Q27
org/10.1029/2009WR008646.
Lynch J (1995) Root architecture and plant productivity. Plant Physiology
109(1): 7-13. Q28
Mairaing W, Jotisankasa A and Soralump S (2012) Some applications of
unsaturated soil mechanics in Thailand: an appropriate technology
approach. Geotechnical Engineering Journal of the SEAGS &
AGSSEA 43(1): 1-11. Q29
Molope M (1987) Soil aggregate stability: the contribution of biological
and physical processes. South African Journal of Plant and Soil 4(3):
121-126, https://doi.org/10.1080/02571862.1987.10634957.
Ng C and Shi Q (1998) A numerical investigation of the stability of
unsaturated soil slopes subjected to transient seepage. Computers and

11

07/15/2018 7:04am

O 00 3 O L AW N —



O 0 3 N L bW~

Q30

Q31

Q32

Environmental Geotechnics
Volume XXXX Issue EGXXXX

Stability analysis of vegetated residual
soil slope under rainfall conditions
Nguyen, Likitlersuang and Jotisankasa

Geotechnics 22(1): 1-28, https://doi.org/10.1016/S0266-352X(97)
00036-0.

Nguyen TS, Likitlersuang S and Ohtsu H and Kitaoka T (2017) Influence
of the spatial variability of shear strength parameters on rainfall
induced landslides: a case study of sandstone slope in Japan. Arabian
Journal of Geosciences 10(16): 369, https://doi.org/10.1007/s12517-
017-3158-y.

Oh S and Lu N (2015) Slope stability analysis under unsaturated conditions:
case studies of rainfall-induced failure of cut slopes. Engineering
Geology 184: 96103, https://doi.org/10.1016/j.engge0.2014.11.007.

O’Loughlin C (1974) The effect of timber removal on the stability of
forest soils. Journal of Hydrology (New Zealand) 13(2): 121-134.

Pathirage U, Indraratna B, Pallewattha M and Heitor A (2017) A
theoretical model for total suction effects by tree roots. Environmental
Geotechnics, https://doi.org/10.1680/jenge.15.00065.

Rahardjo H, Ong TH, Rezaur RB and Leong EC (2007) Factors controlling
instability of homogeneous soil slopes under rainfall. Journal of
Geotechnical and Geoenvironmental Engineering 133(12): 1532-1543,
https://doi.org/10.1061/(ASCE)1090-0241(2007)133:12(1532).

Rahardjo H, Satyanaga A, Wang CL, Wong JLH and Lim VH (2018) Effects
of unsaturated properties of soil with Caesalpinia crista roots on slope
stability. Environmental Geotechnics, https://doi.org/10.1680/jenge.17.
00031.

Richards LA (1931) Capillary conduction of liquids through porous
mediums. Journal of Applied Physics 1(5): 318-333, https://doi.org/
10.1063/1.1745010.

Royal Irrigation Department (2004) Report on Source Areas for Rock and
Aggregates in Klong Thadan Dam Construction Project. Royal
Irrigation Department, Bangkok, Thailand.

Schmidt K, Roering J, Stock J et al. (2001) The variability of root cohesion
as an influence on shallow landslide susceptibility in the Oregon Coast
Range. Canadian Geotechnical Journal 38(5): 995-1024, https://doi.
org/10.1139/t01-031.

12

envgeo1700025.pdf 12

Manila Typesetting Company

Simon A and Collison AJ (2002) Quantifying the mechanical and
hydrologic effects of riparian vegetation on streambank stability. Earth
Surface Processes and Landforms 27(5): 527-546, https://doi.org/10.
1002/esp.325.

Smith | and Griffiths D (2004) Programming the Finite Element Method.
Wiley, New York, NY, USA.

Van Dam JC and Feddes RA (2000) Numerical simulation of infiltration,
evaporation and shallow groundwater levels with the Richards
equation. Journal of Hydrology 233(1): 72-85, https://doi.org/10.1016/
$0022-1694(00)00227-4.

van Genuchten MT (1980) A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils. Soil Science Society of
America Journal 44(5): 892—-898, https://doi.org/10.2136/sssaj1980.
03615995004400050002x.

Wood DM, Meadow A, Murray J and Meadows PS (1995) Effect of fungal
and bacterial colonies on slope stability. In Vegetation and Slopes
(Barker D (ed.)). Thomas Telford, London, UK, pp. 46-51.

Wu TH (2013) Root reinforcement of soil: review of analytical models,
test results, and applications to design. Canadian Geotechnical
Journal 50(3): 259274, https://doi.org/10.1139/cgj-2012-0160.

Wu TH, McKinnell WP IIl and Swanston DN (1979) Strength of tree roots
and landslides on Prince of Wales Island, Alaska. Canadian
Geotechnical Journal 16(1): 19-33, https://doi.org/10.1139/t79-003.

Xiao Y, Liu H, Chen Y and Chu J (2014) Strength and dilatancy of silty
sand. Journal of Geotechnical and Geoenvironmental Engineering
140(7): 06014007, https://doi.org/10.1061/(ASCE)GT.1943-5606.
0001136.

Yeh HF, Lee CC and Lee CH (2008) A rainfall-infiltration model for
unsaturated soil slope stability. Journal of Environmental Engineering
and Management 18(4): 261-268. Q33

Zhan TL, Ng CW and Fredlund DG (2007) Field study of rainfall
infiltration into a grassed unsaturated expansive soil slope. Canadian
Geotechnical Journal 44(4): 392-408, https://doi.org/10.1139/t07-001.

How can you contribute?

To discuss this paper, please submit up to 500 words to
the editor at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editorial board, it will be published as a
discussion in a future issue of the journal.

07/15/2018  7:04am

O 00 3 O L AW N —



	finalreport (RSA5880023)
	Journal papers (RSA5880023)

