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ABSTRACT: Responses of pore-water pressures in unsaturated soil slopes during rainfall have major influences in triggering slope failures. Two fully instrumented residual soil slopes located in two major geological
formations in Singapore, that are Bukit Timah Granite and sedimentary Jurong Formation, were monitored for
a period of several months. Real-time monitoring systems in the slopes were used to provide pore-water pressure, rainfall, and ground water level data. Characteristics of pore-water pressure distributions in both slopes
during rainfalls were studied and compared. The monitoring results indicate that the Bukit Timah Granite residual soil slope has a deeper ground water table and a thicker unsaturated zone than the sedimentary Jurong
Formation residual soil slope. A higher permeability of the Bukit Timah Granite residual soil results in a
faster change in negative pore-water pressure due to rainwater infiltration as compared to those of the sedimentary Jurong Formation residual soil. Consequently, changes in shear strength and factor of safety of the
Bukit Timah Granite residual soil slope during rainfall have different characteristics than those of the Jurong
Formation residual soil. The differing characteristics of pore-water pressure responses during rainfall in these
two residual soils are analyzed and highlighted in the paper.
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1 INTRODUCTION
The major causes of slope failure in residual soil
slopes are often associated with rainfall infiltration
(Brand 1984, Lim et al. 1996). Previous research
works found that infiltration had a significant effect
in reducing matric suction and shear strength of residual soil slopes (Zhang et al. 2000, Gasmo et al.
2000, Rahardjo et al. 2005).
Steep residual soil slope is generally characterized as having a deep groundwater table, i.e. significant thickness of unsaturated zone above the
groundwater table. During rainfall, not only the water content in the unsaturated zone increases, but the
groundwater table in the saturated zone could also
rise due to rainwater infiltration into the slopes. As a
result, the shear strength of the soil decreases.
Therefore, matric suction or negative pore-water
pressure is considered to play a significant role in
stabilizing soil slopes. The responses of pore-water
pressures in unsaturated soil slopes during rainfall
have major influences in triggering slope failures.
Studies on effects of rainfall on residual soil
slopes by pore-water pressure measurements using
piezometric and measuring devices had been performed by Sweeney (1982), Pitts (1985), Fredlund &

Rahardjo (1993), Lim et al. (1996), and Rahardjo et
al. (1998, 2000). This paper presents the results of
pore-water pressure measurements using tensiometers at several depths of two residual soil slopes in
Singapore as part of detailed slope stability evaluation. An extensive programme of field instrumentation and real-time monitoring measurements has
been undertaken at these two sites in order to determine the variation in suction with rainfall and to obtain better understanding of the distribution of porewater pressures and their changes during rainfall
events.
2 THE SITES
The geology of Singapore was described in detail by
PWD (1976), Leong et al. (2002), and Pitts (1984a).
Weathering of Singapore’s granitic and sedimentary
rocks had resulted in two major types of residual
soils which were generally referred to as Bukit Timah Granite in the center and northwestern region
and sedimentary Jurong Formation in the western
region. Pore-water pressure measurements had been
made in Bukit Timah Granite at Marsiling Road site

and in sedimentary Jurong Formation at Jalan Kukoh
site.

sand layers for Jalan Kukoh slope were found to be
approximately the same as 8.21x10-6 m/s.

2.1 Sedimentary Jurong Formation
A fully instrumented slope was located at Jalan Kukoh which was underlain by the sedimentary Jurong
Formation. Site investigations were performed to
characterize the soil properties of the observed slope
and the shear strength of the soils were determined
by laboratory tests. The site has a uniform slope angle of 33˚ and a slope height of 12 m (Fig. 1). The
slope consisted of two soil layers. The first layer
consisted of clayey sand with a unit weight of 20
kN/m3, an effective cohesion of 4 kN/m2, an effective friction angle of 33˚, and a φb angle of 25˚. The
second layer consisted of clayey sand with a unit
weight of 20 kN/m3, an effective cohesion of 0, an
effective friction angle of 36˚, and a φb angle of
26.5˚. The fill material consisted of heterogeneous
soils of firm sandy silt, soft clay with sand and rock
fragments, and loose silty sand with rock and woods.

Figure 2. Soil-water characteristic curves for sedimentary Jurong Formation residual soils at Jalan Kukoh slope

Figure 3. Permeability functions for sedimentary Jurong Formation Residual soils at Jalan Kukoh slope
Figure 1. Stratigraphy of Jalan Kukoh slope

Soil-water characteristic curves (SWCC) for residual soils at Jalan Kukoh slopes were estimated by
Fredlund and Xing SWCC equations as presented in
Figure 2. Fredlund & Xing (1994) developed the
SWCC equation as follows:
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where θw is volumetric water content, θs is saturated
volumetric water content, c(ψ) is correction factor,
(ua-uw) is matric suction (kPa), e is natural number
(2.71828…). The fitting parameters a, n, and m are
related to air-entry value of the soil (kPa), the slope
of the SWCC, and the residual water content, respectively. Leong & Rahardjo (1997) recommended
using a correction factor of 1.
Permeability functions for residual soils at Jalan
Kukoh are presented in Figure 3. Saturated permeabilities obtained from laboratory tests of both clayey

2.2 Bukit Timah Granite
The second instrumented slope was the granitic Bukit Timah Granite residual soil slope at Marsiling
Road with a slope height of 17 m and a slope angle
of 27˚ (Fig. 4). The slope consisted of two soil layers. The first soil layer of the slope consisted of silty
sand with a unit weight of 20 kN/m3, an effective
cohesion of 9 kN/m2, an effective friction angle of
34˚, and a φb angle of 21˚. The second layer consisted of sandy silt with a unit weight of 20 kN/m3,
an effective cohesion of 0, an effective friction angle
of 33˚, and a φb angle of 26.1˚.
Figures 5 and 6 show SWCCs estimated by Fredlund & Xing equation (1994) and permeability functions for residual soils at Marsiling Road slope, respectively. Generally, SWCC for Bukit Timah
Granite residual soil at Marsiling Road has a higher
saturated volumetric water content, a lower air-entry
value, a steeper slope, and a higher residual water
content than that for the sedimentary Jurong Formation residual soil at Jalan Kukoh. The measured saturated permeabilities of the first and second layers of

the residual soil at Marsiling Road are 6x10-6 and
3.3x10-5 m/s, respectively.

For each site, sixteen tensiometers, three piezometers, and one rain gauge were installed in four rows
as illustrated in Figure 7. Layout of instrumentation
at Jalan Kukoh and Marsiling Road sites are presented in Figures 8 and 9, respectively. Each rows
consisted of four tensiometers installed at depths of
0.64, 1.31, 1.66, and 2.08 m below ground level.

Figure 4. Stratigraphy profile of Marsiling Road slope

Figure 7. Schematic diagram of relative position and arrangement of field instrumentation
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Figure 5. Soil-water characteristic curves for Bukit Timah Granite residual soils at Marsiling Road slope
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Figure 8. Layout of instrumentation at Jalan Kukoh site

Figure 6. Permeability functions for Bukit Timah Granite residual soils at Marsiling Road slope

3 FIELD INSTRUMENTATION

Figure 9. Layout of instrumentation at Marsiling Road site

Real-time monitoring systems in the slopes were
used to study the response of soil slope to environmental changes. The measuring devices installed in
the slope consist of jet-fill tensiomenters, tipping
bucket rain gauges, and piezometers to provide porewater pressure, rainfall, and groundwater level data,
respectively.

The Casagrande piezometers were fixed with
depth transmitters to allow for automated data acquisition in monitoring of groundwater level changes in
response to rainfall. Three piezometers at Jalan Kukoh, i.e. 13, 10, and 6 m-depth of piezometers, were
placed at the crest of the slope, at the mid-slope, and

at the toe of the slope, respectively. Three piezometers at Marsiling Road, i.e. 20, 14, and 11 m-depth of
piezometers, were positioned at the crest of the
slope, at the mid-slope, and at the toe of the slope,
respectively.
All transducers from tensiometers, piezometers,
and rain gauges were connected to a data logger
which subsequently connected to a GPRS (General
Packet Radio Service) modem to transmit the recorded data to a web server. Afterwards, the data
measured by the measuring devices could be observed in real-time through the internet. In order to
record the changing field conditions accurately, it
was important to collect meaningful data at a shorter
time interval, for instance, 10 minutes during rainfall.

13). It can be seen in Figure 14 that moisture migration occurred within the slope where water moved
upward on the slope as evaporation and also along
the slope. Figure 15 shows that matric suction decreased near the ground surface, while total head
distribution in Figure 16 illustrates that the water
was flowing across and downward in the slope during the wet period.

4 RESULTS AND DISCUSSIONS
4.1 Sedimentary Jurong Formation
A 3-month data was compiled from the instrumentation on the sedimentary Jurong Formation residual
soil slope. Figure 10 shows pore-water pressure
changes in response to climatic conditions during
this period. The total amount of rainfall on 17 November 2008 was 78 mm and the maximum rainfall
intensity was 106.8 mm/hr. The depths of groundwater table were about 10.5, 5.15, and 0 m from the
ground surface at the crest, mid, and toe of the slope,
respectively.
Figure 11 shows the pore-water pressure profiles
measured by tensiometers at Row C (near toe of the
slope) on 17 November 2008 during a rainfall event.
It can be seen from Figure 11 that the pore-water
pressure near the crest of the slope can be as low as 8 to -10 kPa near the ground surface during a dry period (as measured on 17 November 2008) and tends
to be more negative than those at deeper depths. The
depth of infiltration from the rainfall event was approximately around 1.31 m below the ground surface. A significant pore-water pressure change towards positive pressure occurred at this depth. The
tensiometers located at depths of 1.66 and 2.08 did
not record a significant change in pore-water pressure as a result of the rainfall event. Figure 12 illustrates the drying process after the rainfall stopped
and the negative pore-water pressure started to develop again.
Pore-water pressure and total head contours were
generated using, Surfer (Golden Software, Inc.
1997), based on the data measured by the tensiometers before and at the end of rainfall. The pore-water
pressure and total head contours before and at the
end of rainfall are presented in Figures 13, 14, 15,
and 16. There was the presence of significant matric
suctions near the ground surface during the dry period which affected the stability of the slope (Fig.

Figure 10. Pore-water pressure reading at various depths of the
Jalan Kukoh site (monitoring period: September to November
2008)

Figure 11. Pore-water pressure profile of the Jalan Kukoh site
at Row C on 17 November 2008 during rainfall

Figure 12. Pore-water pressure profile of the Jalan Kukoh site
at Row C on 17 November 2008 after rainfall
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Figure 13. Pore-water pressure contour of the Jalan Kukoh site
on 17 November 2008 before rainfall

Slope at Jalan Kukoh
17 November 2008 – 11:09:21

Figure 14. Total head contour of the Jalan Kukoh site on 17
November 2008 before rainfall

4.2 Bukit Timah Granite
Data from the instrumentation on the granitic Bukit
Timah Granite residual soil slope was collected for a
period from February to May 2008. Figure 17 presents pore-water pressure changes in response to
climatic conditions during this period. Figure 18
shows the pore-water pressure profiles measured by
tensiometers at Row C (near the toe of the slope) on
7 May 2008. The depths of groundwater table were
about 15.7, 10.7, and 4.3 m below the slope surface
at the crest, mid, and toe slope, respectively.
No severe rainfall occurred on 7 May 2008. The
total amount of rainfall on 7 May 2008 was 18.4 mm
and the maximum rainfall intensity was 19.2 mm/hr.
Figure 18 shows that the pore-water pressure near
the crest of the slope can be as low as -20 to -30 kPa
near the ground surface during the dry period. However, tensiometer reading showed that there was a
significant increase in pore-water pressure during
the wet period (Fig. 18), followed by the recovery
during the dry period (Fig. 19). Based on this case, it
can be seen that the relatively lower rate of rainfall
on the Bukit Timah Granite residual soil resulted in
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Figure 15. Pore-water pressure contour of the Jalan Kukoh site
on 17 November 2008 after rainfall
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Figure 16. Total head contour of the Jalan Kukoh site on 17
November 2008 after rainfall

a larger pore-water pressure response to the rainfall
than in that in the sedimentary Jurong Formation residual soil. This could be due to the fact that saturated permeability of the Bukit Timah Granite residual soil was higher than that of the sedimentary
Jurong Formation residual soil. The pore-water pressure profiles in Figure 18 appear to be was reasonable with the point at shallower depths responding
first to the rainfall event.
The pore-water pressure and total head contours
based on measured data obtained from the field before and at the end of rainfall are presented in Figures 20, 21, 22, and 23. A significant negative porewater pressure near the ground surface during the
dry period as illustrated in Figure 20 could affect the
stability of the slope. The moisture movement was
not only across the slope, but also in the upward direction on the slope (Fig. 21). During the wet period,
the matric suction would decrease due to rainfall
(Fig. 22) and, at the same time, the total head contours show that water was flowing along the slope
and percolating downward the slope as shown in
Figure 23.
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Figure 17. Pore-water pressure reading at various depths of the
Marsiling Road site (monitoring period: February to Mid of
May 2008)
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Figure 20. Pore-water pressure contour of the Marsiling Road
site on 7 May 2008 before rainfall
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Figure 18. Pore-water pressure profile of the Marsiling Road
site at Row C on 7 May 2008 during rainfall

Figure 21. Total head contour of the Marsiling Road site on 7
May 2008 before rainfall
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Figure 22. Pore-water pressure contour of the Marsiling Road
site on 7 May 2008 after rainfall
Figure 19. Pore-water pressure profile of the Marsiling Road
site at Row C on 7 May 2008 after rainfall
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Figure 23. Pore-water pressure contour of the Marsiling Road
site on 7 May 2008 after rainfall

5 CONCLUSIONS
The results of this study indicated that the characteristics of pore-water pressures in Singapore’s residual
soil slopes were affected by the slope geometry,
groundwater positions, soil properties, and rainfall
pattern. The site investigation and monitoring results
have shown that the sedimentary Jurong residual soil
slope have a shallower groundwater table and a
thinner unsaturated zone than the granitic Bukit Timah Granite residual soil slope. A lower permeability of the sedimentary Jurong Formation residual soil
resulted in a slower change in negative pore-water
pressure due to rainwater penetration as compared to
those of the Bukit Timah Granite residual soil. As a
result, the different characteristics of pore-water
pressure responses during rainfall in these two residual soils affect the rate of changes in shear strength
and factor of safety of the slopes as well.
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