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The modelling of soil–atmosphere interactions for slopes requires a proper understanding of the relevant soil
parameters (soil water retention curve and the permeability function). This paper reports on numerical investigations
of an instrumented residual soil slope in Singapore. The objective of the paper is to provide practical suggestions for
choices of hydraulic parameters that can provide realistic predictions in analysing practical problems. The analyses
use an uncoupled unsaturated flow model and a hydromechanical coupled model with time-dependent boundary
conditions. The results obtained using measured weather data for the slope were validated against field
measurements of pore-water pressure changes. The models were able to capture the trend of changes in the pore-
water pressure due to rainfall events provided that account was taken of a more permeable surficial layer due to
the presence of desiccation cracking and root passages. A comparative study of stability shows that the mobilised
shear strength drops quickly during a rainfall event but recovers much more slowly during drying. This shows how a
series of regular rainstorms with short periods of drying in between can cause a ratcheting effect, with rapid loss of
strength during each period of rain that is not recovered during the intermediate drying periods.
Notation
a fitting parameter for soil water retention curves (Van

Genuchten, 1980)
c0 effective cohesion for saturated conditions
ksat permeability to water (hydraulic conductivity) in

saturated conditions
kw permeability to water (hydraulic conductivity) in

unsaturated conditions
kx permeability to water (hydraulic conductivity) parallel

to slope surface
ky permeability to water (hydraulic conductivity)

perpendicular to slope surface
m fitting parameter for soil water retention curves (Van

Genuchten, 1980)
n fitting parameter for soil water retention curves (Van

Genuchten, 1980)
Se effective degree of saturation
Sr degree of saturation
ua pore air pressure
ua − uw matric suction
uw pore-water pressure
g unit weight
gsat saturated unit weight
s total stress
s 0 effective stress
s − ua net stress
t shear strength
tm mobilised shear strength (corresponding to the current

pore-water pressure state)
f0 angle of shearing resistance for saturated conditions
fa angle of shearing resistance with respect to net stress

for unsaturated conditions
fb angle of shearing resistance with respect to matric

suction for unsaturated conditions
c function of degree of saturation (Bishop, 1959)

Introduction
The modelling of weather effects on slopes in engineering
practice increasingly makes use of finite-element software to
model the unsaturated flow aspects of the problem. This is
commonly carried out using an uncoupled analysis, where flow
modelling is used to produce pore-water pressure results that are
then imported into a separate limit equilibrium slope stability
analysis. In some cases, a more sophisticated coupled analysis is
performed, where the flow (hydrological) aspects and the
geomechanical behaviour are both modelled using a finite-element
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approach within a single software package, such that the
equations for flow and mechanical response are solved together.

Unsaturated flow modelling requires a proper understanding of
the relevant soil hydraulic parameters. These include the soil
water retention curve (the relationship between soil suction and
water content (or degree of saturation)) and the permeability
function (that defines how the unsaturated permeability to water
varies with suction). The objective of this paper is to consider
practical measures for the choice of these parameters that can be
used to provide realistic predictions. The choice of parameters is
considered for a numerical investigation of a tropical residual soil
slope at Nanyang Technological University (NTU) in Singapore,
known as NTU Annex (NTU-ANX), to illustrate some key issues
that need to be considered. The slope is an engineered slope in
Jurong Sedimentary Formation residual soils.

The effects of desiccation cracking and vegetation on the
hydraulic parameters are considered in this paper. These factors
also influence the strength and erosion resistance of soils, through
reinforcement or fissuring, but these aspects are not considered
here. Only the effects on the development of suction and water
content changes are considered. More detailed analyses of the
modelling of vegetation have been reported by Indraratna et al.
(2006), Rees and Ali (2006), Cui et al. (2013), Leung et al.
(2015), Elia et al. (2017) and Tang et al. (2018). However, there
has been less focus on the effect of desiccation cracking and root
passages on the surficial permeability, which can often dominate
the infiltration processes (Tsaparas and Toll, 2002).

The slope has been analysed using the finite-element unsaturated
flow model, Seep/W, which is increasingly used in engineering
practice. It is a commercial finite-element code providing a two-
dimensional (2D), transient unsaturated seepage model. It can be
used with Slope/W, a limit equilibrium slope stability analysis
package that can import the pore-water pressure data from Seep/W
in order to undertake stability analysis.

The case study has also been modelled using the Plaxis finite-
element software, which provides a coupled hydromechanical
model. This is used to undertake evaluations of the mobilised shear
strength (the shear strength available corresponding to the current
pore-water pressure/suction state) and factor of safety (FOS) of the
slope as these change over time due to the actual rainfall data.

The paper also considers the differences of stability assessments
between the two methods – that is, the limit equilibrium analysis
using the extended Mohr–Coulomb (fb) concept (Fredlund et al.,
1978) in Slope/W and the finite-element approach based on the
application of the Bishop stress concept (using c = Sr) (Schrefler,
1984) in Plaxis.

Hydraulic properties of unsaturated soils
The soil water retention curve and the permeability function are
both greatly affected by the heterogeneity of the subsurface soils
2

due to fractures, fissures and cracks (Novak et al., 2000). The
presence of open cracks and fissures can introduce a bimodal
form into the water retention function. Ignoring infiltration
through these features usually leads to severely underestimated
infiltration rates and, hence, an unrealistic description of the soil
water regime (Van Genuchten et al., 1999). In vegetated slopes,
root pathways and surface cracks can cause the coefficient of
permeability to be significantly higher at the ground surface than
at greater depths (Anderson et al., 1996).

It also needs to be recognised that these parameters change with
time. As a soil dries out, desiccation cracks may appear, and this
will produce a major change in permeability. The macropermeability
will also be highly anisotropic, as the flow will be dominated by the
secondary permeability of the crack system, which tends to form in
a subvertical fashion. The water retention behaviour will also
change as water can be held within the cracks. However, as swelling
develops, the cracks may close and both permeability and water
retention properties may change again. Chappell and Lancaster
(2007) reported that the saturated coefficient of permeability to
water (ksat) values determined in a wet period were typically lower
than the values determined in a dry period by up to a factor of two
orders of magnitude.

The flow in structured porous media can be described using dual-
permeability models in which the soil response consists of two
regions, one associated with macropores (the crack network) and
the other with the less permeable matric region (Van Genuchten
et al., 1999).

There are reports of laboratory measurements of the hydraulic
properties of tropical residual soils from Singapore that are
relevant to this case study. Agus et al. (2001) reported a large
number of water retention curves for Singapore residual soil
samples, at various depths. Soils near the ground surface might be
expected to undergo more severe weathering compared to the
underlying soils. However, Agus et al. (2001) examined the effect
of weathering on the shape of the water retention curves and
reported that there was no significant difference between the
shape of these curves and the depth of weathering for the Jurong
Sedimentary Formation residual soils. This suggests that the effect
of surface cracking on the water retention function may not be as
important as the major effects observed in permeability. Other
measurements of water retention curves have been reported by
Agus et al. (2003). They found that there was a similar trend in
the shape of the water retention curve for the Jurong Sedimentary
Formation residual soils even though there were differences in the
saturated volumetric water content with depth.

The measurement of permeability functions for unsaturated soils
are time-consuming, and there are often limited data. However,
Agus et al. (2003, 2005) presented unsaturated permeability
functions measured in the laboratory for Singapore residual soils.
They showed that the saturated permeability (ksat) can vary
between 10−10 and 10−6 m/s. No clear trend was seen in the
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saturated coefficient of permeability with saturated volumetric
water content, which highlights the difficulty of generalising the
properties of residual soils.

Because of the time-consuming nature of permeability measurements,
it has become common to estimate the permeability function from
the soil water retention curve (Fredlund et al., 1994). Integration
functions for predicting the unsaturated permeability function
from water retention data have been reported by Green and Corey
(1971), Van Genuchten (1980) and Fredlund et al. (1994), among
others. It is important to recognise that there are dangers in using
such expressions without an experimental confirmation of their
validity, as will be discussed later.

An initial analysis of the case study in Singapore (NTU-ANX)
was undertaken by Tsaparas and Toll (2002). They observed a
discrepancy between the results of the numerical model and the
field observations when considering the predicted infiltration.
Using a field-measured value of ksat = 6 × 10−7 m/s and a Green
and Corey (1971) derived permeability function, they showed that
the numerical model predicted a total infiltration of 2·5 mm for a
rainfall event on 23 March 2000, whereas the field measurements
showed a total infiltration of 9 mm. The numerical model also
predicted a low total infiltration of 8 mm for a rainfall event on
24 March 2000, whereas the field measurements showed a total
infiltration of 15 mm.

Therefore, in order to achieve a closer match to the two sets of
field observations from the NTU-ANX slope (run-off/infiltration
measurements and pore-water pressure measurements) in the
numerical model, a more permeable layer, 0·25 m thick, was
defined at the ground surface to model the vegetated and
desiccated surficial zone of the slope. The depth of 0·25 m was
based on the observed depth of root passages. It was found that a
ksat value equal to 5 × 10−5 m/s for the surface material predicted
total infiltration values that were in reasonable agreement with the
field observations. For the rainfall event of 23 March 2000, the
numerical model predicted a total infiltration equal to 7 mm (the
field observation for this rainfall event was 9 mm total
infiltration). For the rainfall event of 24 March 2000, the
numerical model predicted a total infiltration of 17 mm (the field
observation for this rainfall event was 15 mm).

The recognition of the presence of a more permeable surface layer
produced predictions of total infiltration that were in agreement
with the field observations and at the same time still gave pore-
water pressure changes that were in reasonable agreement with
the field measurements.

Rahardjo et al. (2013) carried out a similar analysis for a case
study in Singapore. They found that rainfall and evaporation in
Singapore play equally important roles in determining the flux
boundary conditions of soil. The modelling of the evaporation
process must be included for the appropriate modelling of pore-
water pressure responses.
Description of the case study
The case study under investigation was reported by Tsaparas et al.
(2003). They presented data from an instrumented slope located
on the campus of NTU, Singapore, where the Jurong Sedimentary
Rock Formation is the predominant geological formation. The
NTU-ANX slope has an inclination of slope of 29°, height of
21 m and length of 43 m. The ground surface of the NTU-ANX
slope is covered with buffalo grass (Brachiaria mutica).

The simplified soil profile used in the 2D, transient numerical
modelling is illustrated in Figure 1. It consists of two soil layers.
Layer 1 is the surface soil layer that extends to a depth of 10 m. It
is a hard silty to sandy clay that has an orange colour, moderate
plasticity and 58% fines. Layer 2 is clayey silt with siltstone and
sandstone fragments and a fines content of 32%. The ground
water table lies at depths between 15 and 17 m from the ground
surface and is not greatly affected by rainfall events. Hence, in
this numerical analysis, the hydrological properties of soil layer 2
were less important, and the same water retention curve as for
Layer 1 has been used for this layer.

The main instrumentation of the NTU-ANX slope consisted of
three rows of tensiometers, a rain gauge and a piezometer. Three
rows (A, B and C) of jet-fill tensiometers were spaced 3 m apart
(Figure 1). Each row consisted of five tensiometers (spaced 0·5 m
apart) for measuring the pore-water pressures at depths of 0·5,
1·1, 1·7, 2·3 and 2·9 m. These measuring depths were chosen to
study the variation of the pore pressure increase with depth during
a rainfall event. The instrumented area of the site is relatively
small (6 m long) in comparison with the size of the slope.
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Figure 1. Geometry of the slope used in the numerical analysis
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A rain gauge was installed next to the study area. The modelling
of the case study focuses on the period from 23 March 2000 to 24
March 2000 (Tsaparas et al., 2003). During this time period, two
natural rainfall events were recorded on the slope. Figure 2 shows
the recorded rainfall events from 23 to 24 March 2000 and the
measured pore-water pressure responses.

The pore-water pressures near the ground surface (at a depth of
0·5 m) were most affected by the rainfall events, and there was
less significant change in the pore-water pressure profiles at
greater depths. Md. Rahim and Toll (2014) showed that the
deeper responses (at 1·0 m and below) can be captured well by
numerical analyses, and for this paper, only the responses at
shallow depth of 0·5 m will be reported.

It can be seen that the pore-water pressure changes are small
(2–3 kPa) and are close to the accuracy of field measurements.
Although the pressure transducers are capable of measuring to
0·1 kPa, there could be variations of larger amounts due to
temperature changes and so on. However, it can be seen that there
are clear trends of responses that match with rainfall events that
show that the measurements are reflecting real soil responses.

Hydraulic soil properties used for the case study
Figure 3(a) shows the water retention curve of a soil sample
obtained from the NTU-ANX slope at a depth of 0·4 m
(Tsaparas, 2002). The saturated volumetric water content was
0·53, and when an applied suction of 200 kPa was established in
the sample, the volumetric water content reduced to 0·38. This
result in Figure 3(a) is compared with the envelope for water
retention curves established for Jurong Sedimentary Formation
residual soils reported by Agus et al. (2001) in Figure 3(b). The
upper, average and lower water retention curves shown in Figure
3(b) were established using saturated volumetric water content of
0·53, and the curve fitting parameters are reported in Agus et al.
(2001).
4

Other water retention curves from the NTU campus reported by
Agus et al. (2003) are also shown in Figure 3(b). These are for
different depths (5·60 and 4·0 m). The figure shows that there is a
similar trend in the shape of the water retention curve for the
Jurong Sedimentary Formation residual soils even though there is
a difference in the saturated volumetric water content. The
assessed versions of the soil hydraulic parameters adopted for the
analysis are tabulated in Table 1.

In situ permeability measurements at the study area showed that
the saturated coefficient of permeability ksat for the surface soil is
6 × 10−7 m/s, measured at approximately 0·4 m deep using a
Guelph permeameter (Tsaparas et al., 2003). Other measurements
for the ksat of Jurong soil are given by Agus et al. (2003). They
show that ksat can vary between 10−10 and 10−6 m/s. The saturated
volumetric water content for these soils varies between 0·25 and
0·60. No clear trend was seen in the saturated coefficient of
permeability with saturated volumetric water content. However,
the field measurement by Tsaparas (2002) falls within the range of
values and is in agreement with data by Agus et al. (2003).

Figure 4 shows the unsaturated permeability functions measured
for Jurong Sedimentary Formation residual soil samples based on
data taken from Agus et al. (2003, 2005). From Figure 4, it can
be seen that there is close agreement between the two soil
samples (from different depths of 4·0 and 5·6 m) for suctions
above 20 kPa. Even though the saturated permeability values are
different (due to differences in saturated volumetric water content
as can be seen in Figure 3), the unsaturated permeability functions
are almost identical in the higher suction range.

The commonly used integration functions for predicting the
unsaturated permeability function from water retention data
(Fredlund et al., 1994; Green and Corey, 1971; Van Genuchten,
1980) were investigated for the Jurong residual soil. The predicted
curves showed significant differences between the experimental
0

50

100

150

−10

−5

0

5

23 Mar 12.00 23 Mar 18.00 24 Mar 00.00 24 Mar 06.00 24 Mar 12.00 24 Mar 18.00

Ra
in

fa
ll 

in
te

ns
ity

: m
m

/h

Time (2000)

A1 (0·5 m) A2 (1·1 m) A5 (2·9 m) Rainfall

1·1 m field

0·5 m field

2·9 m field

Po
re

-w
at

er
 p

re
ss

ur
e:

 k
Pa
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data reported by Agus et al. (2003) and the predictions. The
Green and Corey (1971) method, based on the Tsaparas (2002)
water retention curve shown in Figure 3(b), gave a curve closest
to the experimental results but was still very different (Figure 4).
This indicates the danger in using such expressions without an
experimental confirmation of their validity.
It can be seen from Figure 4 that there is a lack of information on
experimental data near the air entry of value of the soil (below a
matric suction of 20 kPa). Therefore, the Green and Corey (1971)
equation was used to estimate the unsaturated coefficient of
permeability values near the air entry value up to the matric
suction of 20 kPa by using the water retention curve shown in
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Figure 3. Water retention curve envelopes for Jurong Formation residual soils (a) measured by Tsaparas (2002) (b) compared with data
from Agus et al. (2001, 2003) (UP-1 corresponds to a depth of 4·0 m and UP-3 to a depth of 5·6 m)
Table 1. The hydraulic parameters for each soil layer of the slope
Soil layer
 Description
 ksat: m/s
Van Genuchten parameters for the water retention curves
Wetting
 Drying
a
 m
 n
 a
 m
 n
1
 Silty to sandy clay
 6 × 10−7 a
 3·36
 0·319
 1·47
 3·30
 0·075
 1·08

2
 Clayey silt with siltstone and sandstone
 6 × 10−8
 3·36
 0·319
 1·47
 3·30
 0·075
 1·08
a For the surface desiccated upper part of the layer, a value of ksat = 5 × 10−5 m/s was adopted
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Figure 3 with the saturated coefficient of permeability of
6 × 10−7 m/s. The fitted permeability function shown in Figure 4
is based on the Green and Corey equation to 20 kPa suction and
on experimental observations for higher suctions. This curve has
been used in the analyses that follow.

For the surface-desiccated upper part of layer 1, the same
saturated permeability value as used by Tsaparas and Toll (2002)
of 5 × 10−5 m/s was adopted for the upper 0·25 m, as indicated in
Table 1.

Shear strength of unsaturated soils
In Slope/W, the extended Mohr–Coulomb concept (Fredlund
et al., 1978) is used to carry out stability assessments for the
residual soil slope. It is a concept that separates the contributions
of net stress (s − ua) and matric suction (ua − uw) components as
shown in Equation 1.

t ¼ c0 þ s − uað Þ  tan  f0 þ ua − uwð Þ  tan  fb1.

where t is the shear strength; c0 is the effective cohesion for
saturated condition; f0 is the angle of shearing resistance for the
saturated condition; and fb is the angle of shearing resistance with
respect to matric suction for unsaturated conditions.
6

In the original formulation by Fredlund et al. (1978), the angle of
shearing resistance for net stress was identified as fa and was later
assumed to be equal to f0. This latter assumption may not always
be the case (Delage et al., 1987; Toll, 2000; Toll et al., 2008).

The strength parameters for the NTU-ANX site were measured by
Gasmo et al. (1999) for layers 1 and 2 (Table 2). The parameters
were obtained through saturated and unsaturated laboratory
triaxial tests, providing the values of f0 and fb for the slope
stability assessments considering unsaturated soil concepts. It is
worth noting that for both layers, the values of f0 and fb were
found to be equal for the range of suction investigated. This
implies that contributions from the net stress and suction are
equal, suggesting that an ‘effective stress’ approach based on the
assumption of saturation would be appropriate in this case.

In Plaxis, the concept introduced by Bishop (1959) for ‘effective’
stress in unsaturated soils is used for coupled analyses (Galavi,
2010).

s 0 ¼ s − ua þ c ua − uwð Þ2.

where s and s0 are the total and effective stresses, respectively;
uw is the pore-water pressure; ua is the pore-air pressure; (s − ua)
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Figure 4. Measured unsaturated permeability function for Jurong Sedimentary Formation (UP-1 corresponds to a depth of 4·0 m and UP-3
to a depth of 5·6 m)
Table 2. The strength parameters for each soil layer of the slope (Gasmo et al., 1999)
Soil layer
 Friction angle e 0: °
 Friction angle e b: °
 Cohesion c 0: kPa

Unit weight
g : kN/m3
 gsat: kN/m3
1
 30
 30
 1·2
 19
 20

2
 31
 31
 1·4
 19
 20
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is the net stress; (ua − uw) is the matric suction; and c is a
function of degree of saturation.

It has to be recognised that this simple concept of effective stress
in unsaturated soils is not valid for all ranges of degree of
saturation. It should not be seen as a true effective stress that
controls all aspects of soil behaviour, as would be the case for
saturated soils (Gens, 2010). However, it can provide a realistic
approach at high degrees of saturation when the air phase is
discontinuous.

This matric suction coefficient value (c) varies from 0 to 1,
representing the condition of dry to fully saturated. Oberg and
Sallfors (1997) and Vanapalli et al. (1996) recommended that the
degree of saturation (Sr) or the effective degree of saturation (Se)
can be used as an approximate replacement for c. The effective
degree of saturation (Se) is used for c in the Plaxis formulation.

Drying and evaporation
The objective of the original numerical analyses was to study the
seepage conditions of the NTU-ANX slope during infiltration.
Therefore, the drying process of the slope between rainfall events
was not the main focus of the study. However, it was necessary to
incorporate drying into the analysis so that the numerical model
could predict a realistic decrease in the pore-water pressures
during periods of no rainfall. Otherwise, the initial values of pore-
water pressure would be in error for rainfall events following a
dry period.

During dry periods, the soil response should be modelled using
the drying phase of the soil water retention curve rather than the
wetting curve. However, Seep/W cannot handle hysteresis in these
parameters, and the input functions have to be single curves.
Therefore, it was necessary for a switch between wetting and
drying curves to be made by the user by changing the parameters
at different time steps in the analysis. In initial analyses, the
simulation was stopped immediately after the end of a rainfall
event, and the drying phase of the soil–water characteristic curve
and permeability function was assigned for the surficial soil layer
of the slope. The simulation then continued with these parameters
until another rainfall event occurred, when the wetting curve was
reassigned.

The difficulty with this was the fact that after the end of a rainfall
event, a part of the slope (particularly near the ground surface)
starts to dry, while other parts of the slope (at greater depths)
continue to wet due to the percolation of water from above.
However, it was not possible to overcome this, due to the
limitations of Seep/W. Nevertheless, it was interesting to see how
the pore-water pressure changes were affected by using different
wetting and drying curves. It was found that this has little effect
on the decrease in the pore-water pressures during the drying
process. For this reason, it was decided to insert the drying phase
of the soil water characteristic curve into the analysis only for dry
periods that were longer than 12 h. This methodology had the
advantage that it allowed the study of the increase, during
wetting, of the pore-water pressures at large depths (where an
increase in the pore-water pressures may occur long after the end
of the rainfall event). In addition, possible numerical instabilities
in the solution were reduced, as can occur when switching
between different soil water retention curves and permeability
functions partway through an analysis.

To model drying, evapotranspiration had to be modelled as a
negative (upward flux) over the whole slope surface within
Seep/W. The use of this methodology made it possible to
predict the decrease in the pore-water pressures at all depths in a
way that was comparable with the field measurements. The
applied negative fluxes varied between 2·4 × 10−10 m/s (i.e.
0·02 mm/d) and 5 × 108 m/s (i.e. 4·3 mm/d). These values fall
within the range of observed evaporation rates given by Gasmo
et al. (2000).

Effect of anisotropic permeability
As noted earlier, the presence of cracking in the surficial layer is
likely to induce significant anisotropy. This was modelled using
a high permeability perpendicular to the surface (taking account
of cracking and root passages in this direction), but maintaining
the same value of permeability as the matrix soil for flow parallel
to the ground surface. The ratio of hydraulic conductivities
(kx/ky) was set to 1 × 10−3, with the saturated value of kx set to
6 × 10−7 m/s (and, hence, ky = 6 × 10−4 m/s).

Figure 5 shows the comparison of the measured pore-water
pressure in the field at a depth of 0·5 m (as reported in Figure 2)
with the numerically predicted values when including the 0·25 m
thick more permeable layer. The trend in the results is the same as
that shown by the field-measured values. However, the numerical
prediction still underestimates the magnitude of the pore-water
pressure change when compared with field measurement.
Nevertheless, they show improved predictions compared to the
original analysis by Tsaparas and Toll (2002).

Further attempts have been made to introduce dual-porosity-and-
permeability models in the analysis. However, the numerical
results showed the inability of Seep/W to handle the steep
changes in material properties required; the solution tended to
diverge instead of converge and oscillate between two extreme
solutions represented by the extremities of the hydraulic
conductivity function. This is a shortcoming that needs to be
addressed by developing solvers that can ensure convergence
under highly non-linear conditions (Fredlund, 2007).

Plaxis modelling
Transient analyses were carried out using a fully coupled flow
deformation model by applying the Consolidation Total Pore
Pressure (Consolidation-TPP) calculation option, which is
available in Plaxis (Hamdhan and Schweiger, 2011). Hourly
precipitation data, as shown in Figure 2, were used as the flux
boundary condition over the whole slope surface.
7
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As Plaxis only provides Van Genuchten’s (1980) equation for the
permeability function, the curves created by Tsaparas and Toll
(2002) (Figure 4) were refitted to gain equivalent Van Genuchten
parameters. The curves for wetting and drying are shown in
Figure 6 (Md. Rahim and Toll, 2014). The curves shown are for
the surface-desiccated material with a saturated permeability of
5 × 10−5 m/s. The initial pore-water pressure was taken as −3 kPa,
based on the value used in Tsaparas and Toll’s (2002) initial
analysis.

Figure 7 shows a comparison of both the coupled (Plaxis) and
uncoupled (Seep/W) analyses against the field data at 0·5 m
depth. Reasonable agreement can be seen between the two
models. The models do explain the trends in fluctuations of pore-
8

water pressures during rainfall; the curves show agreement with
inclinations and declinations at the right time periods during and
after rainfall events. This shows that the solutions are comparable.

Figure 7 shows the pore-water pressures for the whole period of
22–25 March 2000, with a 40 h rain-free period before the
rainstorm on 23 March. It can also be seen that the starting pore-
water pressures of −3 kPa taken in the analysis of Tsaparas and
Toll (2002) (based on a much longer time series analysis) are an
underestimate of the true observed pore-water pressure, which
drops from −1 to −2 kPa prior to the rainstorm on 23 March. If an
initial value of −1 kPa were taken for the analysis, the curve
would be shifted up by 2 kPa, and the agreement for the later
pore-water pressure would be much closer.
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Mobilised shear strength
The stability analyses for the uncoupled Slope/W model use
the traditional limit equilibrium method. The extended
Mohr–Coulomb concept incorporating fb is used to identify the
mobilised shear strength (tm) at the base of each slice in the
analysis. The mobilised shear strength represents the shear
strength available corresponding to the current pore-water
pressure/suction state.

For the coupled analyses using Plaxis, the principle of the shear
strength reduction (SSR) method is used by simultaneously
reducing c0 and f0 in small increments until a failure mechanism
is created (Matsui and San, 1988). This stability assessment
method, available in many finite-element codes, produces the
concurrent reduction factor for the shear strength parameters and
ultimately represents it as the FOS for the slope.
Figure 8 presents the correlation between mobilised shear strength
(tm) against the variations of pore-water pressure induced by
rainfall. It is as anticipated that the tm value will decrease during
both rainfall events as the increase in pore-water pressure
consequently produces reduction in suction, weakening the soil.

It is interesting to note that during wetting, a sharp increase in
pore-water pressure occurs that results in a rapid drop in
mobilised shear strength (Figure 8). However, during the drying
period following a rainstorm, the pore-water pressures drop much
more slowly, so the resulting strength increase takes place quite
gradually. Figure 9 shows a similar picture for the degree of
saturation, with rapid changes during wetting but taking longer to
recover during drying. The more rapid response to wetting can be
explained by the increase in pore-water pressure (reduced
suctions) induced by infiltration that will mean that flow into the
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surface is controlled by the saturated permeability. It can be seen
from Figure 4 that as the suction increases (as will occur during
the drying phase), the permeability reduces quickly, by one order
of magnitude as suction increases to 2–3 kPa and by more than
two orders of magnitude as suctions approach 10 kPa. Therefore,
the drying phase will take longer to produce the same change in
degree of saturation.

This shows how a series of regular rainstorms with short periods
of drying in between can cause a ratcheting effect, with the rapid
loss of strength during each period of rain that is not recovered
during the intermediate drying periods.

The comparison between the stability assessments between the
Slope/W-uncoupled and the Plaxis-coupled model is shown in
10
Figure 10. From the graph, it can be seen than the FOS of the
slope is slightly higher than that for the uncoupled analyses
compared to the results for the latter. Although there is this
difference in the magnitude of FOS, which will be due to the
different approaches of SSR and limit equilibrium methods (e.g.
Aryal (2008)), the trends of the curves show a very similar shape
as both FOS decline and rise up during and after rainfall
infiltration.

Conclusions
Results are presented of numerical simulations of soil–atmosphere
interaction of a tropical soil slope in Singapore using both
uncoupled (Seep/W) and coupled (Plaxis) commercial finite-
element codes. The paper discusses the choices of input
parameters for this type of modelling and provides practical
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suggestions for the choice of these parameters that can be used to
provide realistic predictions. The results show that the prediction
of changes in the pore-water pressure profile during precipitation
and evapotranspiration is highly sensitive to the soil hydraulic
properties used in the analysis. It was found that a Seep/W-
uncoupled flow model was able to capture the general trend of
field behaviour of the changes in the pore-water pressure profile
due to rainfall events. This could be achieved only by taking
account of a more permeable surficial layer to allow for the
presence of desiccation cracking and root passages. Improved
results could be achieved by recognising the anisotropy of
permeability within the cracked zone.

The coupled Plaxis code showed similar results for pore-water
pressure responses using an unsaturated flow model and adopting
the ‘Bishop stress’ model for mechanical behaviour. The FOS
determined for the slopes was compared between the SSR method
in the coupled model and the limit equilibrium method in the
uncoupled model. The two models showed the same pattern of
FOS reduction, although the limit equilibrium method gave
slightly higher values, as has been found in other studies.

The results show that the mobilised shear strength drops quickly
during a rainfall event but recovers much more slowly during
drying. This shows how a series of regular rainstorms with short
periods of drying in between can cause a ratcheting effect, with
rapid loss of strength during each period of rain that is not
recovered during the intermediate drying periods. This rapid loss
of strength during wetting and a slower recovery of strength
during drying can be particularly important for tropical weather
patterns, where regular (often daily) rainstorms occur, which can
lead to a progressive loss of FOS if the drying periods are
insufficiently long to allow strengths to recover between one
storm and the next.
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