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Abstract: To advance the understanding of the rainfall-induced landslide triggering mechanism, a comprehensive field
monitoring programme was implemented in a saprolitic hillslope in Hong Kong. The instrumentation covered the measure-
ments of the two stress-state variables (i.e., net normal stress and matric suction) and their effects. The monitoring results,
including pore-water pressure (PWP), volumetric water content, subsurface total horizontal stress, horizontal displacement,
and rainfall intensity, are reported. Most instruments recorded reliable and good quality data, which have strong correlation
among each other. The site-specific infiltration and deformation characteristics of the hillslope subjected to heavy rain-
storms are investigated. Shallow transient perched groundwater tables were believed to be developed at colluvial deposits
on the top 3 m, where PWPs up to 20 kPa were typically measured. The main groundwater table probably rose by 6 m
when the hillslope was subjected to rainfall intensity of 133.5 mm/h. It is possible that cross-slope groundwater flowed
along a shallow, dipped decomposed rock stratum at the central portion of the landslide body. Besides, two distinct types
of slope movements were generally observed, namely the ‘‘cantilever’’ and the ‘‘deep-seated’’ mode. Rupture surfaces
have possibly been developed at 5 m below ground or deeper, resulting in a multiple translational- and rotational-slide
type of failure.

Key words: field monitoring, instrumentation, unsaturated saprolite, earth pressure, landslide.

Résumé : Afin d’améliorer la compréhension des mécanismes de déclenchement des glissements terrains causés par les
précipitations, un programme de suivi extensif sur le terrain a été implanté dans une pente saprolitique à Hong Kong.
L’instrumentation comprend des mesures de deux variables de l’état des contraintes (contrainte nette et succion matricielle)
et leurs effets. Les résultats du suivi incluant la pression interstitielle, la teneur en eau volumique, la contrainte totale hori-
zontale sous la surface, le déplacement horizontal et l’intensité des précipitations sont présentés. La majorité des instru-
ments ont enregistré des données fiables et de bonne qualité et qui comportent des fortes corrélations entre elles.
L’infiltration spécifique au site à l’étude et les caractéristiques de déformation de la pente soumise à des précipitations in-
tenses sont étudiées. Il est suggéré qu’une nappe phréatique perchée transitoire est développée dans les dépôts colluviaux
sur les premiers 3 m, où des pressions interstitielles jusqu’à 20 kPa sont typiquement mesurés. La nappe phréatique princi-
pale s’élève probablement de 6 m lorsque la pente subit des précipitations d’une intensité de l’ordre de 133,5 mm/h. Il est
possible qu’un écoulement d’eau souterraine à travers la pente le long d’une couche peu profonde de roche décomposée se
produise dans la section centrale de la masse du glissement. Deux types de mouvements de pente sont généralement obser-
vés sur les côtés, soit le mode « en porte-à-faux » et le mode « en profondeur ». Des surfaces de rupture sont possiblement
développées à 5 m sous la surface, ou plus en profondeur, ce qui entraı̂ne un type de rupture multiple à glissement en
translation et en rotation.

Mots-clés : suivi sur le terrain, instrumentation, saprolite non saturée, pression des terres, glissement de terrain.

[Traduit par la Rédaction]

Introduction
Rainfall-induced landslides are natural geological phe-

nomena, which have caused untold numbers of catastrophic
consequences in terms of casualities and economic losses

worldwide. These problems are especially serious in tropical
and subtropical regions such as Malaysia, Japan, Brazil, Sin-
gapore, Hong Kong, and part of the mainland China. The in-
trinsic geological conditions in these regions, for instance,
deep weathering of rocks, likely result in deep groundwater
tables, and the soils above exist frequently in unsaturated
conditions. When subjected to seasonal climatic variations,
the infiltration and deformation characteristics of heteroge-
neous unsaturated soil in the vadose zone may be complex.
This may hinder the subsequent slope stability assessment.
Reliable geological and hydrogeological models, which can
be deduced from field inspections, ground investigation
fieldworks, and field monitoring, are therefore always pre-
requisite information to capture the ground behaviour and to
understand the landslide triggering mechanism of a hillslope
subjected to severe rainfall events.

Numerous field instrumentations have been used exten-
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sively to investigate the infiltration characteristic and hence
the response of small-scale unsaturated soil slopes under dif-
ferent natural or artificially applied precipitation conditions
(Lim et al. 1996; Sun et al. 1998, 2000; Gasmo et al. 1999;
Ng et al. 2003; Rahardjo et al. 2005; Zhan et al. 2007). Re-
lationships among matric suction, soil moisture content,
rainfall intensity, and duration were sometimes established.

The matric suction was typically found to vary within the
top 3 m, where transient perched water tables were fre-
quently observed. These may be one of the major reasons
causing most landslides to fail at relatively shallow regions
(Bao and Ng 2000). Although unsaturated soil behaviour is
recognized to be fundamentally governed by the two stress-
state variables (net normal stress and matric suction; Fred-

Fig. 1. Overview of geomorphological setting of natural terrain and location of fieldworks. IP, instantaneous profile.
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lund and Rahardjo 1993), field investigation of any effect of
net normal stress on slope response is rarely studied and re-
ported. It is obvious that the measurements of ground defor-
mation as well as the two stress-state variables are vital to
assess slope movements and landslide failure mechanisms
when an advanced numerical tool such as the finite element
method is used. Ng et al. (2003) described one of the very
few attempts to implement a comprehensive field instrumen-
tation scheme to investigate the influence of the two stress-
state variables on the response of an unsaturated expansive
soil slope. The significant increase of the total horizontal
stress indicated the possibility of passive pressure failures in
the softened clay upon artificially applied rainfalls.

Most of the previous field studies appeared to mainly fo-
cus on the investigation of small-scale unsaturated cut slopes
based on the responses of the single stress-state variable,
i.e., matric suction. When compared to a large-scale natural
hillslope, the ground response may be much more difficult
to capture because of the existing complex geological and
hydrogelogical setting. In this study, a hillside situated in
Lantau, Hong Kong, was chosen to implement a full-scale,
well-instrumented, two-year field monitoring programme
subjected to seasonal climatic variations. The instrumenta-
tion covered the measurements of the two stress-state varia-
bles (i.e., net normal stress and matric suction) in the
unsaturated ground, including pore-water pressure (PWP),
volumetric water content (VWC), subsurface total horizontal
stress, and horizontal displacement. This sophisticated and
comprehensive instrumentation scheme may perhaps be the
first trial to apply to a natural saprolitic hillslope. The mon-
itoring data from each instrument is reported in this paper.

Through the understanding of the interpreted field data, a
site-specific geological and hydrogeological model is then
established in an attempt to capture the hillslope behaviour
as well as the landslide triggering mechanism under severe
rainstorms.

Description of study area
The selected hillslope in this study is located at Lantau

Island, Hong Kong. Interpretation of aerial photographs
from years 1963 to 2004 and engineering geological and
geomorphological field mapping are carried out. The geo-
morphological setting and drainage characteristic of the
study area are shown in Fig. 1. Detailed description of the
study area is reported by GEO (2007) and is briefly sum-
marized in the following paragraphs.

The natural terrain is moderately to densely vegetated.
The terrain itself forms a blunt ridgeline located between a
major stream channel on its northeastern side and a shallow
topographic valley to the south and west. As a result, runoff
from the northeast- and northwest-facing slopes may quickly
enter the stream channels at the toe of the hillslope.
Although limited mapping of the ground was carried out at
the lower portion of the study area, because of its extremely
densely vegetated thick ground cover, the shallow gradient
of the slope indicated that it was a depositional area with
colluvial material. At the mid-portion of the study area, the
topography itself formed a very slight bowl-shaped depres-
sion, flanked by shallow ridges on either flank and a con-
cave break of slope at the crest and convex break of slope
at the toe. This shallow topographic depression may hence
constrain any runoff at the central portion of the study area.

Fig. 2. Inferred active landslide body and location of instruments. CP, Casagrande-type piezometer; EPC, earth pressure cell; IPI, in-place
inclinometer; JFT, jet-filled tensiometer; SP, standpipe; TC, heat dissipation matric water potential sensor; TDR, water content reflect-
ometer; RG, rain gauge.
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Some prominent features of the active landslide body were
identified at the mid-portion of the study area, and details
are described in the next section.

Features of active landslide mass
To characterize the geological profile and groundwater

condition in the hillslope, fieldworks including drillholes
and trial trenches exploration and a geophysical survey
were carried out. The locations of the drillholes (BH 1, 3,
5–8) and trial trenches (TT 1–5) are shown in Fig. 1. In par-

ticular, the trial trenches were intentionally excavated across
the prominent features of the active landslide body in con-
tinuity with the aerial photograph interpretation and field
mapping.

As shown in Figs. 1 and 2, a series of subparallel tension
cracks contouring the hillside of approximately 45 m wide
was identified at an elevation between +84 and +86 mPD
(mPD is a surveying term in Hong Kong, which stands for
‘‘metres above Principle Datum’’ and refers to the height
above mean sea level, approximately 1.23 m above the PD

Fig. 3. Preliminary geological model for (a) section A–A and (b) section B–B.
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(SMO 1995)) and formed the main scarp features. Trial
trenches TT 4 and TT 5 excavated across the subparallel
main scarps identified some poorly defined rupture surfaces
at shallow depths of about 0.5 m. A number of lateral ten-

sion cracks extend north from the main scarps running
down the slope from the eastern and the western side of the
mid-portion of the study area. Trial trench TT 2 excavated
across the eastern flank revealed that some cracks continue
down to link the relict joint within highly decomposed tuff
(HDT) at about 2 m depth. Moreover, foliations identified
in the decomposed tuff at 2 m below ground level (bgl)
were slightly oblique to the dip of the hillslope, which indi-
cates significant past ground movements. Besides, a major
thrust feature was found at +64 mPD, while some smaller
thrust features are identified on both landslide flanks at
+76 mPD.

An active landslide body crossing approximately 45 m
wide is inferred at the mid-portion of the study area, with
slope inclination of about 288. The identified subparallel
main scarps features, the lateral tension cracks, and the
thrust features characterize the head, the flank, and the toe
of the landslide body, respectively. Field mapping revealed
that the past movements of the landslide body were oblique
inwards from its flanks and towards its centre and the toe of
the hillslope, resulting in the ground destabilization around
the landslide flanks and causing distress in the area beneath
the lower of the subparallel main scarps.

Geological–hydrogeological model
Fieldworks including drillholes exploration and geophysi-

cal survey aimed to identify the geological profiles, in situ
soil properties, and groundwater conditions of the natural
hillslope. Some key descriptions of the superficial and solid
geology are summarized as follows. Colluvial materials,
which comprised mainly sand and silt with some angular to
subangular gravel- and cobble-sized rock fragments, were
encountered at the superficial region. A relatively thick layer
of colluvial deposits up to 3 m was found within the topo-
graphic depression at the mid-portion of the study area. The
underlying saprolite is typically described as extremely to
moderately weak, light grey, dappled light brown, com-
pletely decomposed coarse ash tuff (CDT, completely de-
composed tuff) or HDT with occasional angular and
subangular fine gravel.

For the solid geology, moderately strong, grey and

Table 1. Summary of the measured index properties of the colluvium and
the CDT.

Measured index properties Colluvium CDT
In situ dry density (kg/m3) 1504 1600
In situ water content by mass (%) 20.1 17.3
In situ void ratio 0.82 0.68
Specific gravity 2.73 2.68
Liquid limit (%) 41 34
Plastic limit (%) 17 20
Plasticity index (%) 23 14
Gravel content (‡2 mm, %)a 0–35 0
Sand content (2 mm – 63 mm, %)a 20–25 35
Silt content (2–63 mm, %)a 30–50 40
Clay content (£2 mm, %)a 15–25 25
Unified Soil Classification System (USCS)b CL CL

Note: CL, inorganic silty clay of low to medium plasticity.
aRefers to the particle-size distributions in Fig. 4.
bASTM 2006.

Fig. 4. Particle-size distributions of colluvium and CDT.

Fig. 5. In situ SDSWCCs of colluvium (Col) and CDT subjected to
two wetting–drying cycles (data from Ng et al. 2011).
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Fig. 6. In situ permeability functions of (a) colluvium (Col) and (b) CDT subjected to two wetting–drying cycles (data from Ng et al. 2011).
R1, range of saturated permeability of colluvium (2� 10–6 to 9� 10–4 m/s) according to GCO (1982); R2, range of saturated permeability of
CDT (3� 10–6 to 9� 10–6 m/s) according to GCO (1982).

Table 2. Some detailed information about each instrument.

Instruments Measurements
Installation depth
(m bgl) Measurement range Source

Tipping-bucket rain gauge Rain depth N/A 0–500 mm/h Campell Scientific
Jet-filled tensiometer PWP 0.5, 1.5, 2.5 0 to –90 kPa Soilmoisture Equipment

Corp.
Heat dissipation matric

water potential sensor
Measure temperature changes

and deduce matric suction
through calibration curve

0.2, 0.4, 0.6 10–2500 kPa Campbell Scientific

Water content reflectometer Measure period and deduce
VWC through calibration
curve

0.5, 1.5, 2.5 0–50% Campbell Scientific

Casagrande-type piezometer Measure positive PWP Refer to Table 3 0–350 kPa Dataqua Elektronikai Ltd.
Vibrating-wire earth pres-

sure cell
Measure wire frequency and

deduce total horizontal stress
2 1–350 kPa Geokon

In-place inclinometer Measure inclined angle and
deduce horizontal displacement

0, 1, 3, 5, 7 158 Geokon

Can. Geotech. J. Vol. 48, 2011
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dappled light brown, slightly or moderately decomposed
coarse ash tuff (SDT, slightly decomposed tuff; MDT, mod-
erately decomposed tuff) was encountered beneath the sap-
rolites. Closely spaced to medium-spaced rock joints were

kaolin infilled. Evidence of hydrothermal alteration (silicifi-
cation and honeycomb weathering of feldspar minerals) of
MDT, which is considerably more resistant to weathering
than the surrounding rock, was mainly identified in drillhole

Table 3. Installation records of standpipes and Casagrande-type piezometers.

Instruments Response zone

Type Symbol From (m bgl) To (m bgl) Ground level (mPD) Material around the response zone
Standpipe SP-BH3a 3.00 15.10 77.43 CDT and HDT

SP-BH5 3.00 12.53 84.33 MDT to SDT
SP-BH7 3.00 10.20 97.77 MDT to SDT and thin bands of HDT
SP-BH9 3.00 12.72 114.25 MDT to SDT

Casagrande-type
piezometer

CP-BH1b 14.02 15.32 58.90 HDT with a zone of fractured MDT

CP-BH6 10.70 12.00 84.55 Interface of HDT and MDT
CP1S 3.70 5.00 60.74 HDT to MDT
CP1D 8.00 9.30 Competent bedrock strata
CP2S 3.70 5.00 73.35 Interface of CDT to HDT
CP2D 7.05 8.35 Interface of CDT to HDT
CP3S 3.70 5.00 77.22 Colluvium
CP3D 8.70 10.00 CDT to HDT

aSP-BH3 means that a standpipe was installed in the drillhole BH 3.
bCP-BH1 means that a Casagrande-type piezometer was installed in the drillhole BH 1.

Fig. 7. Variation of PWP with time during rainstorms (a) 18–22 April and (b) 5–9 June 2008; variation of VWC with time during rain-
storms (c) 18–22 April and (d ) 5–9 June 2008.
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BH 5 (near the western landslide flank) below depths of
1.7 m and in drillhole BH 8 (near the eastern landslide
flank) between the depths of 8 and 12 m (see Fig. 1). The
drop of the rock head level from the western landslide flank
to the eastern one possibly causes the formation of bowl-
shaped localized depression at the central portion of the
landslide body and may as a result exert certain impact on
the hydrogeological regime.

Based on the limited field records, a preliminary and sim-
plified geological profile is established and is shown in
Fig. 3 for section A–A and B–B. The groundwater profile
right after instrumentation generally followed that of the
MDT and was about 1–2 m above the decomposed rock
head surface. The inferred rupture surfaces are also shown
for reference. According to the classification system of the
types of slope failure by Varnes (1978), the active landslide
body in this study area appears to undergo a retrogressive

translational-slide type of failure of limited mobility along
some poorly defined rupture surfaces at 3–5 m bgl, which
are just beneath the colluvium–CDT interface.

Soil properties
A series of conventional laboratory tests were conducted

to determine the soil properties of both the colluvium and
the CDT. They included the determination of specific grav-
ity, in situ void ratio, in situ dry density and water content,
and the Atterberg limits. The measured index properties are
summarized in Table 1. As determined by the sieve and the
hydrometer analysis (BSI 1990), the particle-size distribu-
tions of each material obtained from some block samples
are shown in Fig. 4. It can be seen that both materials are
dominated by the silt content (about 40% each), while both
sand and clay content is less than 35%. To further character-
ize the in situ unsaturated hydraulic properties of the collu-

Fig. 8. Variation of piezometric level with time during rainstorms (a) 18–22 April and (b) 5–9 June 2008.
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vium and the CDT, the instantaneous profile test (IP test)
was conducted at the toe of hillslope (see Figs. 1 and 2)
prior to the commencement of the field monitoring (Ng et
al. 2011). Figures 5 and 6 show the measured in situ stress-
dependent soil-water characteristic curves (SDSWCCs) and
permeability function subjected to two wetting–drying
cycles of each material, respectively. Detail discussions of
these hydraulic properties for each material are reported by
Ng et al. (2011) and are not repeated in this paper.

Instrumentation programme and monitoring results
A comprehensive instrumentation scheme was imple-

mented in this field monitoring programme. The instruments
consisted of jet-filled tensiometers (JFTs), water content re-
flectometers (TDRs), heat dissipation matric water potential
sensors (TCs), vibrating-wire earth pressure cells (EPCs), in-
place inclinometers (IPIs), Casagrande-type piezometers
(CPs), standpipes (SPs), and a tipping-bucket rain gauge
(RG). These instruments were typically installed around the
active landslide body. The schematic instrument arrange-
ment is shown in Figs. 2 and 3. Detailed information of
each instrument is summarized in Tables 2 and 3. The sam-
pling frequency of each instrument was 15 min. Since all in-

struments recorded significant responses during the two
heavy rainstorms from 18 to 22 April and from 5 to 9 June
2008, the monitoring results between these two periods are
selected to investigate the hillslope behaviour in this paper.

Rainfall characteristic
A RG was installed to record rain depth and to estimate

rainfall intensity. Although the area for sampling is compa-
ratively small when compared to that of the terrain, it is as-
sumed that the measured rain depth is representative and
uniform over the entire study area. In comparisons with the
rainfall isohyet and the monthly rainfall amount reported by
the Hong Kong Observatory (HKO), the measurements
made by the RG are generally consistent and have reliable
quality.

The recorded annual rainfall in 2008 was about 3084 mm.
The wet season started in mid-April. It brought Hong Kong
heavy rain on 19 April, with maximum 24 h rolling rainfall
of 187.7 mm (i.e., peak rainfall intensity of 62 mm/h). It ne-
cessitated the issuance of the first Black Rainstorm Warning
(i.e., hourly rainfall exceeds 70 mm) by the HKO in 2008.
In June, the weather was marked with heavy rains and
squally thunderstorms. The RG recorded the rain depth of

Fig. 9. Variation of in situ total horizontal stress with time near main scarps (EPC1) during rainstorms (a) 18–22 April and (b) 5–9 June
2008; variation of in situ total horizontal stress with time at central portion of landslide body (EPC2) during rainstorms (c) 18–22 April and
(d ) 5–9 June 2008.
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1391 mm (45% of the annual rainfall in 2008) over the
month. The peak 1 h rolling rainfall of 133.5 mm was re-
corded on 7 June and was the highest since the record be-
gan. The return period may be estimated using the
procedures described by Evans and Yu (2001) based on the
Gumbel method, though the estimation may not be necessa-
rily applicable for other locations in Hong Kong (Peterson
and Kwong 1981; Lam and Leung 1994; Evans and Yu
2001). The return period of the peak 4 h rolling rainfall of
323.6 mm on 7 June is approximately 245 years. The pas-
sage of the several tropical cyclones from July to October
brought continuous storm surges, and the 24 h rolling rain-
fall was typically about 200 mm.

Response of PWP and VWC
Three pairs of JFTs and TDRs were installed to measure

PWPs and VWCs, respectively. Each pair of the instruments
was installed at depths of 0.5, 1.5, and 2.5 m bgl near the
subparallel main scarps (see Fig. 2). Each TDR measures
the travelling time of an applied electrical pulse along the

rods. The travelling time primarily depends on the dielectric
constant of the water in the surrounding soil, and VWC can
thus be deduced through a soil-specific calibration curve in-
directly. Each JFT and TDR was inserted into a 50 and
100 mm diameter predrilled hole, respectively. In particular,
the rods of each TDR were carefully inserted into the
ground to avoid any damage of sensors. After installation,
the lower part of each predrilled hole was backfilled with a
100 mm thick layer of compacted in situ soil and followed
by bentonite cement grout. According to the drillhole re-
cords, instruments embedded at 0.5 and 1.5 m bgl were situ-
ated within the colluvium while instruments embedded at
2.5 m bgl were situated within the CDT.

The measurement range of JFTs is limited to about
80 kPa of negative PWPs because of the possibility of cavi-
tation. Three calibrated TCs were installed in the colluvial
deposits at 0.2, 0.4, and 0.6 m bgl. According to the manu-
facturer (CSI 2009), each TC is supposed to measure matric
suction indirectly between 10 and 2500 kPa, and its resolu-
tion is claimed to be up to 1 kPa at suction greater than

Fig. 10. Down-slope displacement profiles of (a) IPI2 and (b) IPI1; cross-slope displacement profiles of (c) IPI2 and (d ) IPI1 at central
portion of active landslide body.
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100 kPa. Depending on the thermal conductivity of the ce-
ramic–water complex surrounding the sensor, temperature
changes under constant power dissipation from the line heat
source are measured at a specified sampling frequency.
Matric suction can then be deduced by each TC through a
soil-specific calibration curve indirectly. To have reasonable
comparisons with the JFT measurements, matric suctions de-
duced by the TCs are expressed in terms of PWP, assuming
that pore-air pressure is equal to the atmospheric pressure.

Figure 7 shows the variation of PWP and VWC in re-
sponses to the two rainstorms from 18 to 22 April and from
5 to 9 June 2008. The PWPs measured by the JFTs have
been corrected to account for the elevation head difference
between the ceramic tip and the pressure transducer. Hence,
maximum positive PWPs of 5, 15, and 25 kPa can be de-
duced for JFT installed at 0.5, 1.5, and 2.5 m bgl, respec-
tively. Matric suction deduced from each TC is temperature
corrected. As shown in Figs. 7a and 7c, the PWPs initially
decreased from –10 to –45 kPa with depths, while the
VWCs increased from 21% to 32% with depths. For the
rainstorms of 19 April, the PWPs at all depths increased
promptly to about 0 kPa within 30 min. This rapid advance-
ment of wetting front seemed physically impossible for the
colluvium, having an average saturated permeability of ap-
proximately 10–7 m/s (see Fig. 6), to seep 2.5 m depth
within a short period of time. Similar rapid increases of
PWP during rainfalls can be observed from other in situ
PWP measurements carried out by Gasmo et al. (1999), Ng
et al. (2003), and Ng et al. (2011) when using JFTs.

At the peak rain depth on 19 April, positive PWPs were
deduced at all depths, approaching a full hydrostatic condi-
tion at the ground surface (see Fig. 7a). Besides, the PWPs
deduced by the three TCs decreased from about –28 kPa to
a minimum value of –15 kPa consistently. It is noted that
when the soil moisture is too high, the change of water ther-
mal conductivity in the ceramic of each TC becomes indis-
tinguishable. According to the calibration carried out in the

laboratory, it is found that when PWP is less than –60 kPa,
the maximum deviation from the calibration curve and the
precision of each TC is ±20% and 13 kPa, respectively.
Therefore, any measurement made by each TC is expected
to be less accurate for PWP smaller than –60 kPa. On the
other hand, substantial but gradual increases of VWC are
observed at depths of 0.5 and 1.5 m (see Fig. 7c). The fairly
close agreement with the laboratory-measured saturated
VWC (34%) implies that ground above 1.5 m bgl may ap-
proach its saturation limit. In contrast, the observed rapid in-
crease of VWC at 2.5 m bgl (from 21% to 36% within
30 min) seems to indicate the problematic installation of the
TDRs. Air pockets may possibly form if the rods of TDRs
are not fully inserted to a ground that is stiff or contains fre-
quent gravels, cobbles, and boulders.

During the heavy rainstorms from 5 to 9 June, the re-
sponses of PWPs and VWCs generally exhibited similar fea-
tures to those observed in the previous rainstorms (see
Figs. 7b and 7d). Significant positive PWPs were deduced
at all depths. This full hydrostatic condition at ground sur-
face is rare but sometimes observed, which again suggests
the problematic installation technique for the JFTs. Constant
minimum PWP of –15 kPa was deduced by all the three
TCs during the entire rainstorms. Besides, the increase of
VWC at 0.5 and 1.5 m bgl was gradual and limited, attain-
ing a maximum value of about 36.5%.

Piezometric-level variation
The SPs and CPs were installed at various elevations

around the active landslide body to monitor the variations
of the piezometric level. They aimed to record any response
of the groundwater table and any formation of transient
perched groundwater tables during rainstorms. Each SP con-
sisted of an open-ended, perforated PVC tube, where the gap
between the tube and the drillhole wall was backfilled with
gravel filter. The response zone was typically from about 3
to 12 m bgl. On the other hand, a pressure transducer

Fig. 11. Hillslope responses at peak rain depth on 7 June 2008.
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equipped in each CP was protected by a perforated rigid
sheath, and the sheath was wrapped by a sand filter for
backfilling. The response zone of CP was narrower when
compared to SP and commonly ranges from 1.5 to 2 m in
height. Among the CPs, the CP1, CP2, and CP3 consisted
of a shallow device (S) and a deep device (D), which were
installed in a single drillhole. Table 3 summarizes the eleva-
tion and the range of the response zone of each SP and CP.
The material surrounding each response zone is also shown
for reference.

Focusing on the groundwater responses within the active
landslide body, the SP-BH3, CP-BH6, CP2S, CP2D, CP3S,
and CP3D are selected for detailed assessment in this paper.
The variation of piezometric level, i.e., elevation head plus
pressure head, during the rainstorms from 18 to 22 April
and from 5 to 9 June 2008 are shown in Fig. 8. It should be
noted that any change of piezometric level indicates change
of positive PWP head. As shown in Fig. 8a, at the peak rain
depth on 19 April, the shallower device CP2S recorded sub-
stantial increase of piezometric head of 2 m while the
deeper device CP2D did not respond. On the other hand,
the piezometric head in the SP-BH3 increased by 4 m and
dropped back to its tip level in a gradual manner within
1 day. The CP3D, which was installed at nearly the same
elevation as SP-BH3 (see Table 3 and Fig. 3b), recorded
consistent and similar variations but with less increase of
piezometric head (about 2.5 m). However, surprisingly, the
shallower device, CP3S, showed negligible response, indi-
cating a complex hydrogeological regime in the hillslope.
The groundwater flow mechanism might be primarily af-
fected by the geological setting of this particular hillslope
and is discussed in detail later.

During the heavy rainstorms from 5 to 9 June, all of the
devices typically showed significant increase of piezometric
head and dropped gradually after the peak rain depth (see
Fig. 8b). In particular, both the CP2S and the CP3S recorded
a peak increase of piezometrical head of 3 m while the CP-
BH6 exhibited a gradual and limited increase of 2 m. The
SP-BH3 and CP3D again showed comparable piezometric
head increases of 6 m at deep regions because of their sim-
ilar installation depth. These dramatic increases of water
pressure may also be affected by the complex geological
setting of the natural hillslope.

Subsurface total horizontal stress
Two pairs of EPCs were installed near the main scarps

(EPC1) and at the central portion of the landslide body
(EPC2) to monitor the total horizontal stress at 2 m in depth
(see Figs. 2 and 3a). For each pair, the variations of total
horizontal stress in both the down-slope (A) and the cross-
slope (B) direction were recorded. Each EPC was inserted in a
narrow slot, which was slightly oversized at the base of a trial
pit at 2.5 m bgl. The resulting void between the CDT and the
sensor was then backfilled with cement bentonite grout.

Figure 9 shows the variation of in situ total horizontal
stress with time in responses to the rainstorms from 18 to
22 April and from 5 to 9 June 2008. The deduced positive
PWPs recorded by the JFT-1.5 m are also shown for com-
parison. Initially, a few negative values (i.e., tensile stresses)
of 0.5 kPa were recorded, which was probably due to the
stress alteration during installation and (or) shrinkage of

grout. Nevertheless, these negative readings are apparent,
since the accuracy of EPCs is ±0.35 kPa (Geokon 2007a).
As shown in Figs. 9a and 9b, the measured total horizontal
stress of EPC1A and EPC1B recorded extremely similar
variations during the two rainstorms. Peak total horizontal
stresses of 12 and 18 kPa were attained at peak rain depths
on 19 April and 7 June, respectively. The stress then
dropped gradually and stabilized at a slightly larger pressure
as both the rainstorms cease. Moreover, it can be seen that
the measurements made by the EPC1A and (or) EPC1B
were reasonably close to the positive PWPs deduced by the
JFT-1.5 m. Theoretically, it is anticipated that decrease of
matric suction would consequently result in elastic soil swel-
ling. However, the above observations seem to suggest that
the increases of stress near the main scarps were likely
caused by the increase of positive PWPs instead of the earth
pressure itself. In other words, the backfilled cement benton-
ite grout may possibly strengthen the ground and thus re-
duce its compressibility upon matric suction changes.

At the central portion of the active landslide body, the
trend of the measured total horizontal stress at both orienta-
tions (EPC2A and EPC2B) were similar, and the magnitude
in the down-slope direction was consistently larger than that
in the cross-slope direction after rainstorms (see Figs. 9c and
9d). At peak rain depths on 19 April and 7 June, the maxi-
mum total horizontal stresses in the down-slope direction
were 18 and 28 kPa, respectively. The stress difference be-
tween orientations increased from about 0 to 7 kPa on 19
April and from 5 to 17 kPa on 7 June. The stresses recorded
by both the EPC2A and EPC2B dropped steadily as the rain-
storms ceased. Moreover, it can be seen that the variations
of the total horizontal stress recorded by both the EPC1B
and EPC2B are close to the positive PWPs deduced by the
JFT-1.5 m (see Figs. 9b and 9d). It suggests that the stress
changes in the cross-slope direction in the active landslide
body were likely originated by the increase of positive
PWPs. On the contrary, the larger stress changes recorded
by the EPC2A in the down-slope direction indicate either
significant ground movement or the presence of preferential
groundwater flow in the down-slope direction.

Subsurface horizontal deformation characteristic
Two IPIs (IPI1 and IPI2) were installed around the central

portion of the active landslide body for subsurface horizon-
tal displacement measurements. Four tilt sensors were
scheduled to suspend ‘‘in-place’’ along each inclinometer
casing at ground surface (i.e., 0 m bgl), 1, 3, and 5 m bgl.
The horizontal displacement at 7 m bgl was assumed to be
zero. The tilt sensors of each IPI continuously recorded the
inclined angle as a result of ground deformation, with
accuracy of 0.0158 (Geokon 2007b). Similar to the EPCs,
horizontal displacement in both the down-slope and the
cross-slope direction were monitored.

Figure 10 shows the down-slope and cross-slope horizontal
displacement profiles of IPI1 and IPI2 on some key days. The
numbers shown in parentheses denote the peak rain depth dur-
ing the day. The estimated colluvium–CDT interface and the lo-
cation of the inferred rupture surfaces as revealed from the
ground investigations are shown on the displacement profiles
for comparison (see also Fig. 3a). During the rainstorms from
18 to 22 April, the ground generally exhibited ‘‘cantilever’’
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mode of deformation towards the down-slope direction. The
peak displacement change at the ground surface was approxi-
mately 3 mm (see solid triangular symbol in Figs. 10a and
10b). This deformation characteristic is consistent with the in-
ferred shallow, translational-slide type of failure, where the rup-
ture surfaces are just below the interface between the colluvium
and the CDT.

In responses to the heavy rainstorms from 5 to 9 June,
significant down-slope ground movements were recorded
for both the IPI1 and IPI2 (see open triangular symbol in
Figs. 10a and 10b). In particular, the IPI2 measured a nearly
irrecoverable displacement change of 40 mm, and the dis-
placement profile was fairly uniform along the depth. There
is hence possibility that the movement in the upper soil pro-
file drags the lower portion of the casing. The assumption of
zero horizontal displacement at 7 m bgl may be questionable
and needs to be examined in this circumstance. A conven-
tional manual inclinometer survey was therefore undertaken
to accurately record the ‘‘real’’ deformation profiles. The
manual measurement was made on 9 January 2009 and is
compared with the displacement recorded on the same day
(see dotted line and cross symbol in Fig. 10a). The compar-
ison provides evidence that well-defined rupture surfaces sit-
uated at 5 m bgl or deeper have possibly been developed
because of the relatively large displacement between 5 and
7 m. In contrast, the ground displacement recorded by the IPI1
exhibited a cantilever mode of deformation when the peak rain
depth occurred on 7 June (see Fig. 10b). The peak displace-
ment increment at the ground surface was found to be 25 mm.

In contrast to the ground movements in the down-slope
direction, the displacement change in the cross-slope direc-
tion appears to be limited and less sensitive to the rain-
storms (see Figs. 10c and 10d). The ground generally
tended to deform towards the easterly direction, where the
maximum displacement of 3 mm took place near the
colluvium–CDT interface (see open circle and open triangle
symbols in Fig. 10c). Consistent to the observations re-
corded by the groundwater monitoring devices (see the var-
iations of the SP-BH3, CP3S, and CP3D in Fig. 8), this
unusual deformation characteristic might be affected by the
complex groundwater flow and geology of the active land-
slide body. The detail is discussed in the next section.

Investigation of hillslope behaviour
In an attempt to capture the hillslope behaviour and the

landslide triggering mechanism upon precipitations, a site-
specific geological and hydrogeological model are estab-
lished in this section. The field observations during the
heavy rainstorms from 18 to 22 April and from 5 to 9 June
2008 are interpreted and comprehended. The site-specific in-
filtration and deformation characteristics of the hillslope are
then identified.

A preliminary geological and hydrogeological model
based on the previous ground investigations, field mapping,
and aerial photograph interpretation has been set up and is
reported and described earlier. The simplified soil profile,
initial groundwater table, and the inferred rupture surfaces
are shown in Fig. 3. Prior to the rainstorms, the ground
above 1.5 m bgl was initially wet, as shown by the fairly
close agreement between the field- and laboratory-measured
VWC (see Fig. 7c). It probably resulted from the consider-

able amount of antecedent rainfalls from January to March
2008. For the ease of discussions, the hillslope responses
and some observed key features at the peak rain depth on 7
June are schematically illustrated in Fig. 11.

Infiltration characteristic and groundwater condition
Upon rainstorms, significant increases of piezometric

head and total horizontal stress at 2 m bgl were typically
and consistently observed (see the variations of the CP2S
and CP3S in Fig. 8 and variations of EPC1 and EPC2 in
Fig. 9). Positive PWPs as high as 20 kPa were frequently re-
corded. The VWCs also showed a gradual but limited in-
crease to attain in situ saturation limits (about 36%) at
shallow regions (see Figs. 7c and 7d). As revealed from the
geophysical survey, a lens of stiff material was found to
overlay the ground surface of the hillslope. It indicates the
presence of corestones or fractured decomposed rock mate-
rial as a result of past mass wasting processes. Based on
these field observations and measurements, shallow (i.e.,
top 3 m) transient perched groundwater tables are believed
to be developed within the bouldery colluvial deposit in the
landslide body (see Fig. 11). This is consistent with the ob-
servation from the IP test that positive PWPs were recorded
near the colluvium–CDT interface, likely because of the sig-
nificant difference of unsaturated water permeability be-
tween the two strata (Ng et al. 2011; see also Fig. 6).

During the rainstorms from 18 to 22 April, the significant
increase of piezometric head of about 4 m (40 kPa of posi-
tive PWP) at 10 m bgl (see the variations of the SP-BH3 in
Fig. 8a) implies the possible rise of the main groundwater
table, resulting from the continuous advancement of rain-
water in the subsurface. As shown in Fig. 3b, a shallow de-
composed rock stratum dipping towards the easterly
direction was identified across the hillslope at +75 mPD.
This unusual complex geological setting of this particular
hillslope may affect its hydrogeological regime and hence
the groundwater flow mechanism upon infiltration. It may
be reasonable to postulate that a portion of rainwater infil-
trated from the western flank might flow towards the central
portion of the landslide body on top of this dipped rock head
profile, resulting in possible cross-slope groundwater flow
(see the arrows in Fig. 3b).

As indicated by the close field- and laboratory-measured
VWC, the ground is believed to be significantly wetted after
the rainstorms in April (see Fig. 7d). The increase of PWP
(or decrease of matric suction) (see Fig. 7b) increased hy-
draulic flow paths in the ground, and its water permeability
would hence be increased (see Fig. 6). The ‘‘improvement’’
of ground permeability would thus allow more rainwater to
seep in the subsurface during the subsequent rainstorms
from 5 to 9 June. As a result, at the peak rain depth on 7
June, the main groundwater table probably rose by 6 m
from the initial position (see the variations of the SP-BH3
and CP3D in Fig. 8b), approaching the colluvium–CDT in-
terface (see Fig. 11).

Deformation characteristic and failure mode
The increases of total horizontal stress (see Figs. 9c and

9d) resulting from the building up of positive PWPs at shal-
low regions (see the variations of the three JFTs in Figs. 7a
and 7b and variations of the CP2S and CP3S in Figs. 8a and
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8b) during rainstorms would likely result in soil deforma-
tion. According to the measured horizontal displacement,
two distinct modes of deformation were identified in this
hillslope (see Figs. 10a and 10b). At the peak rain depth on
19 April, a cantilever mode of deformation with limited dis-
placement (about 3 mm at the ground surface) was ob-
served. This deformation characteristic suggests that the
inferred shallow translational-slide type of movement along
some poorly defined rupture surfaces at 3–5 m bgl, which is
near the colluvium–CDT interface, is likely reactivated
(failure mode 1 in Fig. 11).

In response to the heaviest rainfall on 7 June, well-defined
rupture surfaces have possibly been developed at 5 m bgl
or deeper at the central portion of the landslide body. A
nearly irrecoverable lateral displacement of 40 mm was re-
corded at the ground surface (see Fig. 10a). This observed
‘‘deep-seated’’ mode of deformation is probably the conse-
quence of the significant increases of total horizontal stress
(maximum value of 28 kPa) in the down-slope direction
(see the variation of the EPC2A in Fig. 9d and Fig. 11).
By comparing the measured data on 7 June 2008, 11 June
2008, and 12 Jan 2009 as shown in Fig. 10a, it is interest-
ing to note that there were some recoverable displacements
recorded after the heavy rainstorm on 7 June 2008. Simi-
larly, some partial recoverable displacements were also re-
ported by Ng et al. (2003) from their field monitoring of
an unsaturated expansive soil slope. The deep-seated mode
of slope movement implies that the landslide mass under-
went another distinct type of failure mode. Considering the
field-observed discontinuities like relict joints and foliations
in the subsurface, a rotational-slide type of failure may
have been triggered (failure mode 2 in Fig. 11). According
to the classification system of the types of slope failure by
Varnes (1978), the combined failure mode (failure modes 1
and 2 in Fig. 11) of the landslide body may be described
as multiple, translational-slide, and rotational-slide type.

Apart from the effects of stress changes upon precipita-
tions, the existence of the unusual complex geological set-
ting may also influence the deformation characteristic of the
landslide body. The possible cross-slope groundwater flow
on the shallow, dipped decomposed rock head regime
at +75 mPD (see Fig. 3b) might result in notable easterly
horizontal ground movements. The maximum displacement
change of about 3 mm took place at 3 m bgl, which is close
to the colluvium–CDT interface (see Fig. 10c). The meas-
urement suggests that the landslide body tended to slide to-
wards the easterly direction upon failure.

Summary and conclusions
The behaviour of an unsaturated saprolitic hillslope upon

heavy rainstorms was investigated through a comprehensive,
full-scale field monitoring programme in Hong Kong. Vari-
ous types of instruments were installed around the active
landslide body to measure the two stress-state variables
(i.e., net normal stress and matric suction) and their influen-
ces on slope performance. Monitoring results including
PWP, VWC, total horizontal stress, horizontal displacement,
and rainfall intensity during the two selected heavy rain-
storms from 18 to 22 April and from 5 to 9 June 2008 were
reported and interpreted. Site-specific geological and hydro-
geological models were then established by understanding

and comprehending the aerial photograph interpretation,
field mapping, ground investigation fieldworks, and inter-
preted monitoring results.

Except for the measurements made by the JFTs and the
TDR installed at a depth of 2.5 m, all instruments generally
provided reliable and good quality data. The measurements
among each instrument were also shown to have strong cor-
relation.

During the rainstorm of 19 April (peak rainfall intensity
of 62 mm/h), the VWC of the overlying colluvium attained
an in situ saturation limit of 36%. Shallow pressure trans-
ducers installed at 2 m bgl frequently recorded positive
PWPs up to 20 kPa, suggesting that transient perched
groundwater tables may have been developed within the
bouldery colluvial deposit on the top 3 m. The increases of
total horizontal stress resulting from the building up of pos-
itive PWPs resulted in slope movements. A cantilever mode
of ground deformation was observed. This kind of deforma-
tion characteristic implies that the shallow translational-slide
type of failure (failure mode 1) of the landslide body was
likely reactivated. It slid along some poorly defined rupture
surfaces at 3–5 m in depth, near the colluvium–CDT interface.

When the rainfall reached its peak intensity on 7 June
(133.5 mm/h), the main groundwater table probably rose by
6 m, approaching the colluvium–CDT interface. The ground-
water flow mechanism of this particular hillslope may have
been affected by its complex geological setting, where a
shallow decomposed rock stratum dipping towards the east-
erly direction was identified across the hillslope. Cross-slope
groundwater flow at the central portion of the landslide body
might have been possible.

Because of the significant increase of total horizontal
stress (maximum value of 28 kPa on 7 June) in the down-
slope direction, a deep-seated mode of slope movement re-
sulted. A nearly irrecoverable displacement change of
40 mm was recorded at the ground surface, and the displace-
ment profile was fairly uniform along the depth. Well-defined
rupture surfaces were possibly developed at about 5 m
below ground or deeper. Considering the identified in situ
discontinuities like relict joints and foliations in the
subsurface, this kind of slope movement indicates that a
rotational-slide type of failure may have been triggered
(failure mode 2). The combined failure mode (failure modes
1 and 2) may be described as multiple, translational-slide,
and rotational-slide type.

Based on the interpreted field monitoring results, ground-
water flow and failure mechanisms are postulated. It will be
useful to carry out a comprehensive three-dimensional
coupled seepage–stress–deformation analysis to confirm the
findings in future.
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ment of the Hong Kong SAR.
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