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Abstract Climate change is increasing the frequency and inten-
sity of extreme rainfall events, which aggravate the threat to the
safety of natural and man-made slopes. There is growing interest
in the role of rainfall characteristics in these slope failures. Most
of previous studies treated the rainfall individually or as cumula-
tive value and used hypothetical rainfall temporal patterns with
no association with actual physical failures. In this study, the two
deadly landslides in Sau Mau Ping, Hong Kong, in June 1972 and
August 1976, which caused 165 casualties, are revisited. An intrigu-
ing question that has long been overlooked is posed: why the slopes
that withstood the 1972 rainfall failed in the 1976 rainfall, given that
the rainfall intensity of the latter event was only half of the former?
Based on an extensive review of the forensic reports and relevant
studies on the failure events, numerical modeling is carried out
by a combination of seepage analysis with stability analysis and
unsaturated shear strength theory. Focus is placed on the geo-
logical and hydrological settings and the rainfall characteristics,
particularly the temporal pattern of the antecedent and main rain-
fall, to look into the causes and mechanisms for these failures.
Implications of the new findings for future research and practice
are also highlighted.

Keywords Rainfall-induced landslides - Antecedent rainfall -
Rainfall temporal pattern - Landslide hazard

Introduction
Rainfall-induced slope failures are among the most devastating and
alarming natural disasters, as demonstrated by, for example, the
1999 Venezuela landslide and flood disaster, which resulted in a
catastrophic death toll of over 15,000 (Iverson 2000) and the 2009
Hsiaolin (Taiwan) landslide which killed more than 400 people
(Yang et al. 2018). Numerous studies from different perspectives,
including geotechnical, climatological, and hydrological, have
been conducted to understand the underlying mechanisms. These
studies utilized laboratory experiments (Yang 2002; Ng et al. 2004;
Yang and Wei 2012), physical models (Eckersley 1990; Wang and
Sassa 2001; Take et al. 2004; Ng et al. 2022), field instrumentations
(Li et al. 2005; Godt et al. 2009; Springman et al. 2013), numerical
models (Cascini et al. 2010, 2013), and theoretical studies (Iverson
2000; Godt et al. 2012). Results and views found in the literature are
divergent, indicating the complexity of interplays of various factors
(Wang and Sassa 2001; Guzzetti et al. 2007; Zhang et al. 2011; Natalia
and Yang 2022).

On the basis of the effective stress theory in soil mechanics,
rainfall-induced failure is often seen as the result of the saturation
process of the soil, which can gradually weaken the slope. Also, it
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has been well accepted that the in situ state of soil (i.e., density and
confining pressure) are two key factors controlling the mechani-
cal behavior of soil under external loading conditions. Loose soil
contracts and dense soil dilates, subsequently causing the strain-
softening and strain-hardening behavior, respectively. Several stud-
ies highlighted the critical roles of fines and grain shape in causing
flow liquefaction of sandy soils (Yang and Wei 2012; Wang and Sassa
2003) and the influence of the static driving shear stress on the
onset of the flow failure (Yang et al. 2021). The flume experiments
of Wang and Sassa (2001) showed that there is an optimum density
which facilitates the pore pressure build-up and slope failure.

Precipitation is often considered as the main trigger for rainfall-
induced slope failures. The soil permeability controls the ease and
difficulty of water flowing in and out of the soil mass. When the
permeability is low, the desaturation process requires a longer dura-
tion compared to high-permeability soil. Hence, the soil retains
more water within its voids under the same duration. When water
infiltrates the soil, it conducts more freely within the soil mass
and can be easily redistributed. A common assumption used in
analyzing the infiltration process is that the maximum infiltration
rate to a soil body equals the saturated permeability of the soil
(Zhang et al. 2011). However, field instrumentation (Li et al. 2005)
and numerical model (Gasmo et al. 2000) show that it may not
always be the case.

Some studies are interested in identifying the threshold condi-
tions of slope failures from the perspective of rainfall character-
istics, such as intensity, duration, and frequency (Rahardjo et al.
2007; Zhang et al. 2011; Yubonchit et al. 2017), which are useful for
developing variations of intensity-duration (ID curve) and early-
warning systems (Chen et al. 2017; Gao et al. 2018; Kong et al. 2020;
Lee et al. 2021; Zhao et al. 2022). Springman et al. (2013) conducted
field monitoring of a shallow weathered slope in Switzerland to
study the bi-seasonal response of the slope stability. Take et al.
(2015) utilized geotechnical centrifuge modeling to quantitatively
evaluate the effect of different antecedent conditions on landslide
mobility and hazards. Both studies indicated that the landslide
mechanisms depend on the saturation state of the soil mass and the
rainfall history. The implication is that the antecedent conditions
need to be examined when considering the rainfall ID thresholds.

The above discussion suggests that particular soil states and
rainfall phenomena are the necessary and triggering conditions
of slope failures, respectively. However, despite having similar soil
characteristics, not all slopes would fail under a similar rainfall
event. Likewise, despite being “loose enough,” the model slope in
the physical experiment of Take et al. (2004) did not fail under
the expected failure mechanism under the assigned rainfall.
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There should exist some facilitating conditions that aid the rate of
strength reduction and increase failure occurrence (Johnson and
Sitar 1990; Anderson and Sitar 1995; Johnston et al. 2021; Natalia and
Yang 2022). The presence of hydrological characteristics such as
constrictive conductive zones and preferential drainage paths facili-
tates localized pore water development and soil strength reduc-
tion. Moreover, geological structures such as cracks and ground
fissures can further facilitate drainage paths and seepage forma-
tion (Napolitano et al. 2016). Geotechnical features such as slope
height, inclination angle, groundwater table, and soil parameters
control the initial slope stability and the subsequent failure poten-
tial (Chiu et al. 2012; Yubonchit et al. 2017). Ng (2008) presented
a comprehensive review of centrifuge tests that utilized different
means to trigger destabilization (e.g., artificial rainfall infiltration,
rising groundwater, downward seepage flow, and dynamic loading)
to understand the failure mechanisms of loose and dense soil. A
similar conclusion was found that a strain-softening material is
not sufficient to induce liquefaction flowslides. An additional trig-
ger, such as a certain seepage condition, is necessary. Additionally,
Hong et al. (2018) studied the effect of inter-(rainfall) event time
definitions of 231 landslide histories in South Korea and concluded
that the ID threshold differed depending on inter-event durations.
Similarly, Ibsen and Casagli (2004) utilized nearly a century dataset
of landslides in Italy and found that landslide incidence generally
follows the periodic pattern of precipitation with a particular lag
duration. They postulated that the lag is related to the time neces-
sary for the ground to develop a critical groundwater level to initi-
ate slope failures.

In recent years, advances in understanding infiltration mecha-
nisms have brought interest in evaluating the contribution of ante-
cedent conditions and spatiotemporal patterns of rainfall towards
landslide hazards (Parsons and Stone 2006; Mathew et al. 2014;
Harilal et al. 2019; Jones et al. 2021). Rahardjo et al. (2008) con-
ducted field instrumentation and concluded that 5-day antecedent
rainfall could affect slope stability in Singapore. While studies have
been conducted to identify the critical duration of the anteced-
ent rainfall, the conclusions are still divergent, ranging from 24 h
to 35 days (Guzzetti et al. 2008; Smolikovd et al. 2016; Chitu et al.
2017; Harilal et al. 2019; Kong et al. 2020; Kim et al. 2021). Most of
these studies account for the effect of antecedent rainfall as cumula-
tive rainfall values or rolling rainfall amounts. Rahimi et al. (2011)
compared the stability response of a homogeneous slope under
various antecedent rainfall patterns including advanced, normal,
and delayed rainfall patterns. Similarly, Fan et al. (2020) studied
the role of rainfall temporal patterns resembling the bell-curved
distribution with various kurtosis and skewness values to repre-
sent the rainfall intensity and temporal distribution, respectively.
Both studies concluded that the rainfall temporal pattern influ-
ences the simulated infiltration and subsequently affects the timing
and volume of rainfall-induced failures. For a similar total rainfall
intensity and duration, the uniform-rainfall intensity events are
found to promote failure relative to the bell-curved rainfall patterns
with extreme intensity. Most of these studies are based mainly on
hypothetical and relatively simplified rainfall patterns that are not
associated with actual physical failures.

Rainfall-induced slope failures have been a major concern
in Hong Kong since the 1970s. Due to the rapid increase in land
demand in the 1970s, a hurried formation of embankments was
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carried out by end-tipping in many places of Hong Kong, including
the Sau Mau Ping area (Fig. 1). On June 18, 1972, after an extreme
rainfall event with a maximum intensity of 98.7 mm/h, the slope
SMP7y2 failed, releasing 4000 m? of soil mass and causing 123 casu-
alties. Following the failure, the slopes in the nearby areas were
inspected, including the SMP6 slope. The SMP6 was classified as
“reasonably safe” with minor works such as clearing the blocked
drains and removing rubbish from the slope recommended in the
evaluation. Nonetheless, four years later, in 1976, four embankment
slopes that had successfully survived the 1972 extreme rainfall,
including SMP6, failed, releasing 2000 m? of soil mass and causing
42 casualties. However, the maximum rainfall intensity was only
51.5 mm/h, nearly half of the 1972 rainfall intensity.

The catastrophic failures at Sau Mau Ping raised concerns about
the city-wide slope engineering practice and motivated studies by
researchers and practitioners to provide explanations for the dis-
tressing events. The earliest forensic study (Yang et al. 1972; Binnie
and Partners 1976) concluded that both the 1972 and 1976 events
were triggered by water infiltration associated with extreme rainfalls
(Vail 1984; Malone 1988). Furthermore, Sun (1999) utilized the finite
difference method to simulate the 1976 slope failure, concluding that
the high velocity and enormous runaway distance of the soil mass
were attributed to the strain-softening behavior of the loose fill. The
mechanical behavior of the local soils, such as decomposed gran-
ite and volcanic, have been studied by means of laboratory experi-
ments. Compared with the volcanic soils, the decomposed granite,
which was used as fill material to construct the slopes, is widely
considered to have higher liquefaction potential (HKIE 2003; Ng
et al. 2004). The effect of uncertainty in soil strength and hydraulic
parameters of the 1976 slope failure was also studied (Zhang et al.
2016). While most studies in the literature focused solely on the 1976
failure event, there is an intriguing question that has long been over-
looked: Why the slopes that withstood the extreme rainfall in 1972
failed in the 1976 rainfall event, given that the latter had a much
lesser maximum intensity? This study attempts to address this ques-
tion by collectively considering various factors involved. The new
hypothesis proposed here is that the rainfall patterns, particularly
the antecedent conditions, played a critical role in the occurrence
of the two failures at Sau Mau Ping. Whether this hypothesis stands
to explain the phenomenon is explored in this study.

Compared with idealized model slopes, real case histories of
slope failures can serve as a valuable reference for investigating the
complex interactions of geological, hydrological, and climatological
settings. The Sau Mau Ping failure cases are unique in that multi-
ple extreme rainfalls with different antecedents, and main rainfall
patterns were involved. To the author’s best knowledge, the role of
the temporal pattern of antecedent rainfall towards slope stabil-
ity has not yet been discussed with reference to an actual physical
failure in conjunction with real rainfall data, at least to the scale of
Sau Mau Ping landslides. In this paper, an extensive review of the
failure events is presented first. Then, numerical modeling of the
hydrological and mechanical responses of the SMP72 and SMP6
slopes for three recorded rainfall events of 1966, 1972, and 1976
is described. The responses are examined and compared against
the recorded data to validate the modeling. The study reveals the
critical role of rainfall patterns, specifically the antecedent rainfall
conditions, and its interplays with the geological and hydrological
settings of the slopes.
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Fig. 1 Sau Mau Ping 1972 and 1976 landslide area

Numerical modeling strategy

Rainfall-induced slope failures are often associated with the down-
ward water flux introduced by precipitation. In reality, soil near
the surface is rarely under saturated conditions. This means the
void between the soil grains is partially filled with air, hence, the
term unsaturated. When unsaturated slopes are subjected to rain-
fall, the infiltration process causes changes in the water content

and consequently changes in pore water pressure. This will lead to
stress state changes and soil deformation and, subsequently, affect
the seepage behavior. Due to the complex nature of soil behavior
under rainfall, numerical modeling is often used to study the slope
failure associated with rainfall. When properly designed, numerical
modeling allows a broader range of observations compared to the
field measurements, especially in terms of time scale, and allows a
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Fig.2 Schematics of the methodology proposed in this study

detailed parametric study. It is beneficial for forensic analysis—to
study what happened in the field—and can be validated against
well-documented events.

Figure 2 presents the methodology for each analysis in this
study. For each time increment, a two-step analysis is per-
formed. First, a seepage analysis of the slope is performed to
model the respective rainfall intensity. The pore water pressure
obtained from the seepage analysis is then used as an input to
the stability analysis to calculate the safety factor, FOS, of the
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slope at the time. The pore water pressure is also used as an
input for the subsequent seepage calculation. The process is
repeated for each time increment. For the “main rainfall event,”
which refers to the recorded rainfall that led to the failure
event, hourly time increments are selected to match the actual
rainfall records (Fig. 3d-f). In this study, the two-dimensional
transient water flow theory (Fredlund et al. 2012), as defined
below, is utilized to study transient water pressure resulting
from the applied rainfall.
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where m2,y,, h,, t,k,,, k,,, and q are the slope of the soil water-

characteristic curve, unit weight of water, total head, elapsed time,
coefficients of permeability corresponding to the volumetric water
content in x-direction and y-direction, and the applied (rainfall)
flux, respectively. Equation 1 is solved using the well-accepted com-
puter program SEEP/W (GeoSlope 2018).

To account for the effect of infiltration on slope stability, a shear
strength model that incorporates the contribution from suction is
needed. In this study, the non-linear unsaturated shear strength model
of Vanapalli et al. (1996) is used. The equation is defined as follows:

’

T =c + (an - ua) tan q')/ + (uu - uw) [Se tan q')/] (2)
where 7,¢',0,,u,,u,,, and ¢’ are the shear strength, effective cohe-
sion, total normal stress, pore air pressure, pore water pressure,
and friction angle, respectively. The (6, — u,) and (u, — u,,) corre-
spond to net normal stress on the failure plane and matric suction,
respectively. Thus, the first, second, and third components in Eq. 2
account for the contribution of cohesive, frictional, and suction
strength to the soil, respectively. The effective degree of saturation
S, is responsible for quantifying the non-linear contribution of the
suction to the shear strength, which is defined as:

6, — 0,

Se ( o — 0 ) ()
where 6 is the volumetric water content, and the subscripts w,r,and s
indicate the current, residual, and saturated conditions, respectively.

The non-linear strength definition provides a more realistic rep-
resentation of unsaturated behavior. Generally, the shear strength
of unsaturated soil increases with matric suction until the air-
entry value is reached. At a higher magnitude of suction, the suc-
tion strength decreases non-linearly in proportion to the effective
degree of saturation. When the field volumetric water content is
equal to the residual value, the contribution of suction to the shear
strength is equal to zero.

The slope stability analysis is performed using the Morgenstern—
Price method implemented in SLOPE/W (GeoSlope 2018). The

strength Eq. 2 is input to account for the stability of the unsaturated
slope under rainfall conditions.

Case study: Sau Mau Ping slope failures

This section gives a brief summary of the Sau Mau Ping slope fail-
ures. The bedrock in the Sau Mau Ping area is formed by granite,
one of the two dominant rock types in Hong Kong besides vol-
canic rock. These rocks are deeply weathered in situ, with highly
variable weathering depth, reaching up to 60 m. The site, located
between elevations 45 and 9o mPD, covered five main tributaries
that drained southwestwards to a stream draining southeastwards
near Hip Wo Street and Tsui Ping Road, shown in Fig. 1. After the
construction, the drainage pattern was modified by providing
catchwater and stormwater drains. The valleys of the tributaries
were filled as part of the platform using decomposed granite taken
from adjoining site formation, part of which became SMP72 and
SMP6, the failure area in 1972 and 1976, respectively.

The site formation was completed between 1964 and 1965. How-
ever, some of these slopes had a history of instability, even during
the time of the site formation works. Most of these failures were
relatively small scale, such as erosion and shallow slides, none of
which caused casualties. Binnie and Partners (1976) recorded ero-
sion and surface slides that were visible to the slope areas, including
the SMPs, 6, 10, and 72 after the 1966 extreme rainfall. The origi-
nal slope protection measures were proven inadequate as multiple
instabilities kept occurring between 1965 and 1968. Several remedial
works were commenced within that period, focusing on erosion
prevention, such as providing stone pitching on the lower half sec-
tions, construction of additional drainage systems, and turfing over
the upper half of the slope surface.

The slope SMP72, located between Hiu Kwong Street and Tsui
Ping Road, failed on June 18,1972, at 1.24 p.m. The failure was pre-
ceded by a series of extreme rainfall with a total rainfall of 650 mm,
which started on June 16, 1972 (Fig. 3b, e). The maximum rainfall
intensity of 98.7 mm/h was recorded around 1 h before the failure
commenced. The failure was located right on top of the Sau Mau
Ping Class II Licensed Area, a resettlement area proposed by the
local government in 1964, which consisted of temporary huts to
accommodate homeless refugees (see areas bounded by red-dotted
lines in Fig.1). The area was engulfed by the fallen earth and rocks
almost immediately after the ground movement was noticed, caus-
ing 71 fatalities and injured 60 others.

The extreme rainfall occurring on 16-18th of June 1972 also
caused another deadly landslide on the same day at Po Shan Road,
causing 67 fatalities, 20 injuries, and the failure of three buildings.
The failure mechanisms of the 1972 Po Shan Road and Sau Mau Ping
failures were assumed to be similar at that time, although several
studies suggested different views (Yang et al. 2008; Luo et al. 2021).
Thus, the Po Shan Road incident was widely selected as the study
case in the literature. There are no quantitative attempts to study
the Sau Mau Ping 1972 failure prior to this study.

Four years after the deadly landslides, on August 25,1976, at 10.12
a.m., another disastrous failure happened in the Sau Mau Ping area.
The failures were recorded at four locations, two at SMP6, one at
SMPs, and another at SMP1o (Fig. 1). What is intriguing is that all
these slopes were examined right after the 1972 failures and were
considered reasonably safe. Remedial works following the sugges-
tions of the inspectors also followed the examinations. In this study,
we focus on the main failure site at SMP6, which formed a flowslide
and impinged on Block 9 of the estate, inundating the ground
floor, killing 18 people, and causing serious injuries to 24 others.
Figure 3¢, f shows the rainfall intensity prior to the failures.

Modeling setup and parameter selection

The slope profiles used for numerical modeling of SMP72 and
SMP6 are shown in Fig. 4a and b, respectively, which are deter-
mined by referring to the available topography and water courses
map, construction schedule of the slopes, drillholes, trial pits, and
piezometer readings from the forensic reports (Binnie and Partners
1976; Knill et al. 1999; Vail 1984; Yang et al. 1972). These profiles are
taken from cross-sections X’-X’ and Y’-Y in Fig. 1 (blue lines),
which were located at the main failure area of SMP72 and SMP6,
respectively. The slopes were comprised of CDG (completely
decomposed granite) fill overlaying the MDG/SDG (moderately/
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Fig.4 Slope cross-sections of a SMP72 and b SMP6

slightly decomposed granite) bedrock. The inclination angle of
SMP72 and SMP6 is taken as 32.83° and 34.62°, respectively. The
groundwater table is approximated from the piezometer read-
ings shown in Fig. 4a, b as dotted lines. The pore water is set to
be hydrostatic with a maximum suction of 10 kPa, based on field
measurements of Li (2003). Two cross-sections, S1 and S2, located
10 m from the slope’s crest and toe, are drawn to observe the pore
water development due to the rainfall. Four flux points are selected
to observe the seepage and infiltration characteristics. Points P1and
P3 are located on the slope surface on the top of the S1and S2 cross-
sections, respectively. Points P2 and P4 are located at the depth of
the critical slip of SMP6 and SMP72, respectively.

Table 1 shows the parameters used for the seepage and sta-
bility analysis. These parameters are determined based on a
careful study of the forensic reports and relevant studies on Sau
Mau Ping failures (Binnie and Partners 1976; Vail 1984; Sun 1999;
Zhang et al. 2016), and they are representative of the materials
involved. As the variability of unit weight is relatively small,
a typical value (18 kN/m?) is used for simplicity. For strength
parameters, a variation with depth is assumed (Sweeney and
Robertson 1979) to reflect field conditions (inhomogeneity and

Table 1 Summary of the input parameters used in the modeling
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spatial variability) and the potential influence of slope construc-
tion method (end tipping), since the thickness of the fill is rather
large. The permeability coefficients were measured from bore-
holes using the constant head method, and the average saturated
permeability is used for the CDG fill. For the high permeability
(HP) cases, one magnitude higher is assigned to the CDG fill to
study the possibility of uncertainty in terms of permeability in
explaining the 1976 failure. The SWCC of the soil is taken from
the study on other similar slopes by Jiao et al. (2005) as there was
no direct measurement for SWCC of CDG fill and MDG/SDG at
Sau Mau Ping.

-Three sets of rainfall data, 1966, 1972, and 1976 rainfall events,
are modeled in this study. The 1966 rainfall is included here because
it had an extreme rainfall intensity of 108 mm/h, more significant
than that in the 1972 and 1976 rainfall events, but only minor fail-
ures were recorded. Thus, we would like to investigate the differ-
ences between these rainfall events and how they affected the slope
stability. All these rainfall cases are applied as flux sections on the
slope surface to simulate the infiltration process.

The rainfall datasets have been obtained from different ref-
erences. Three measurement gauges (Fig. 1) located near the

Input parameters CDG fill MDG/
SDG
Seepage analysis SWCC [(Fredlund and Xing 1994) equation] Os 0.37 0.08
a 1.70 0.20
ns 2.10 5.00
my 030 045
Permeability (m/s) [(Fredlund et al. 1994) Keat 268 x 1076 1 x 1078
L _s\b
approximation] (268 x 107°)
Slope stability Unit weight (kN/m?) Ysat 18 18
Friction angle® ¢ 34° — 36.8° 45°
Cohesion (kPa)? c 0-2 10

The friction angle and cohesion of CDG fill is set to be increasing with depth with direction parallel to the slope’s surface

bPermeability coefficient used in high permeability (HP) cases
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site provided hourly rainfall records prior to these failures:
Tate’s Cairn, Kai Tak Airport, and Royal Observatory (Binnie
and Partners 1976; Royal Observatory 1977, 1979). However, only
daily measurement readings measured at Royal Observatory are
available for the “previous rainfall event” analysis (Hong Kong
Observatory 2023). Thus, for consistency purposes, the rainfall
data recorded at Royal Observatory are used in this study. Rainfall
intensity is defined as the total amount of rain falling for a given
period of interest (duration). The duration is the length of time
of the rainfall. In this study, the hourly rainfall record is used to
evaluate the influence of rainfall temporal pattern towards seep-
age and slope stability. Additionally, daily rainfall data records
are also used to establish the “previous rainfall” which is used to
evaluate the antecedent condition.

The “previous rainfall event” in this study (Fig. 2) refers to the
19-day rainfall prior to the recorded extreme rainfall. When no “pre-
vious rainfall event” is applied, the slope’s initial condition depends
on the input parameters, and the calculation steps are the “initial to
the end” steps in Fig. 2. The slopes have identical initial seepage. It
is particularly useful to isolate the effect of the “main rainfall event”
on the seepage and slope stability as in “Main Analysis” (MA) test
cases. The “main rainfall event” is selected to have a cumulative
rainfall intensity of approximately 470 mm based on considera-
tions of the rainfall intensity and duration of the extreme rainfall
events leading to the failure and the data availability. The previous
and main rainfall events are represented as white and grey shaded
bars, respectively, in Fig. 3a—c. The hourly rainfall patterns, which
are used as input for the main rainfall events, are shown in Fig. 3d-f.
The forensic reports have recorded substantial variability on the
failure sites. Thus, another set of test cases with higher permeability
input for the CDG fill is conducted as a parametric study in this
study. The test cases are referred to as “High Permeability (HP)”
cases. Additionally, in order to study the effect of previous rain-
fall and replicate the possible actual slope conditions that led to
failures, a 19-day rainfall is applied to the slope prior to the “main
rainfall event” as shown in Fig. 2. These cases will be referred as
“With Previous Rainfall” (WP) cases. The summary of the test cases
is shown in the table on the top right of Fig. 2. The bars located
below Fig. 3d-f indicate the distribution of hourly rainfall intensity
which are larger than 10, 20, and 30 mm/h.

11 June 1966 12 June 1966 16 June 1972

17 June 1972

Model validation

Using the numerical approach described in previous sections and
summarized in Fig. 2, the rainfall events at Sau Mau Ping areas are
simulated. The rainfall durations of the 1966,1972, and 1976 events
are 48, 50, and 34 h, respectively, corresponding to approximately
470 mm of total rainfall by the end of the calculation. In order
to assist in the comparison of the slope performance under these
rainfalls, we use calculation time to represent the results. The time
t=1h represents the results at the end of the calculation after being
subjected to 1-h rainfall from t=ohtot=1h.

Figure sa-c and d-f summarizes the safety factors of SMP72
and SMP6, respectively, at different calculation times after being
subjected to different rainfall events. The red, blue, and green lines
represent the main analysis (MA), high permeability (HP), and with
previous (WP) rainfall cases, respectively. The bar charts at the bot-
tom of Fig. 5d-f denote the distribution of rainfall intensity greater
than 10, 20, and 30 mm/h. The initial safety factors for MA and HP
cases are identical as they have identical initial seepage conditions.
The initial safety factors of SMP72 and SMP6 are 1.249 and 1.165,
respectively. Likewise, with different initial conditions, all the WP
cases have different initial safety factors, depending on the rainfall
cases. As shown in Fig. 5, the slope stability, quantified by the safety
factor, increases and decreases with calculation time, depending
on the rainfall loadings. Table 2 summarizes all the initial and
minimum safety factors. The value inside the brackets refers to the
calculation time at which the minimum safety factor is reached.

The 1972 failure happened on June 18, 1972, at 1.24 p.m., corre-
sponding to the calculation time between 49 and 50 h of the 1972
rainfall event. As shown in Fig. 5b, the safety factor of the WP case
constantly decreases and reaches the FOS_;, =1.004 at calculation
time t =50 h. Likewise, the 1976 failure occurred on August 25,1976,
at 10.12 a.m., approximately corresponding to t=34 h. The safety
factor of the WP case is equal to 1.004 at calculation time t=34 h
(Fig. 5f). Hence, both failure cases are properly replicated by the
WP cases.

Additionally, according to the forensic report, the failure zone at
Sau Mau Ping was generally confined within the top 3 m of the slope
surface. Moreover, it was recorded that only a small portion of the
stone pitching was removed in the 1976 failure. This means the fail-
ure zone was concentrated in the upper part of the slope. Figure 6

18 June 1972 24 August 1976 25 August 1976
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Time corresponding to maximum hourly rainfall intensity

~=®— Time of landslides at Sau Mau Ping

Summary of changes in factor of safety (FOS) with respect to time and applied rainfall
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displays the critical slip surface for the WP cases at the initial time

E._E K g 3 (dotted red line) and when the minimum safety factor is reached
g 5 % % (green areas). The initial depth of the slip surface is 1.5 m and 3 m
é = || = for the SMP72-1972-WP and SMP6-1976-WP, respectively. After the
'§ 1972 rainfall, at =50 h, the SMP72’s slip surface is located at the
E lower half of the slope with a depth of 2.2 m (Fig. 6a). Likewise, the
& slip surface of SMP6 after the 1976 rainfall (=34 h) is found to be
'Eo ¢ |9 |9 concentrated at the upper half of the slope with a maximum depth
T = || = of 1.3 m (Fig. 6b). Hence, the numerical results agree with the field
= —_ investigation.

| EEE :

:7‘3 8 § § Results and discussion

<] - — -

g Rainfall characteristics

; Figure 3 summarizes all rainfall inputs used in this study. The “pre-
E vious rainfall event” refers to the rainfall applied to the slope to
: - simulate different initial conditions for WP cases. The 1966 “previ-
§' ? ? E ous rainfalls” (Fig. 3a) tend to spread closer to the “main rainfall.”

Four days before the “main rainfall,” the daily rainfall intensity is
higher than 40 mm. The 1972 “previous rainfalls” (Fig. 3b) are rela-

KAl T
—~ g | & | & tively spread throughout the 19-day duration. However, to ensure
S 2192 |y . . . . L
2 3|38 the same cumulative rainfall intensity for the “main rainfall,” half
2 A of the rainfall intensity on 16/6/1972 is modeled as previous rainfall
= with rainfall intensity of approximately 100 mm/day. On the con-
= trary, the 1976 “previous rainfalls” (Fig. 3¢) are concentrated in the
e 8y & first half of the duration. The “main rainfall” is preceded by nine
m - - -
= N days without rainfall.

_ The 1966 “main rainfall” (Fig. 3d) resembles Rahimi et als (2011)
5 g3 definition of a “normal” rainfall pattern with positive kurtosis as
R A described by Fan et al. (2020). The bar chart at the bottom facili-

tates us in evaluating the distribution of rainfall intensity. Gener-
ally, high-intensity rainfalls are centered around t=28-34 h with a
maximum intensity of 108 mm/h at £=31h. The rainfall patterns in
1972 (Fig. 3e) are generally more scattered. As we can see from the
bar chart at the bottom, several high-intensity rainfalls are scattered
during the early duration of the rainfall. It is followed by 2 h of
extreme rainfall intensity of 62 and 99 mm/h at t=48 hand t=49h,

1.249
1.249
1.249

B
e}
=
B
=
=
=
<
15}
3
=
3}
(=¥
=
o0
o
e}
—
s
=1
E
=1
]
«
=
(2]
=
=]
v
>
7]
=
(=7
-=
=]
.§

= E 3 respectively. It resembles a delayed high-intensity rainfall pattern.

‘§. é" é The 1976 rainfall (Fig. 3f) can be described as more compact. As

B i shown from the bar chart at the bottom, the grey colors, represent-
ing rainfall intensity higher than 10 mm/h, are closer to each other.
It resembles uniform distribution with slightly increasing intensity
towards the end of the rainfall duration.

§_ E § Slope stability

=138 = The slope SMP72 has a higher initial safety factor than the SMP6 for

3 f \2 all MA, HP, and WP cases. This is probably attributed to the shape

2 ‘E E of the slope. As the SMP6 has a thicker loose fill layer and higher

slope angle, it tends to be less stable in comparison to SMP72, thus
the lower initial safety factor.

The less permeable layer of MDG/SDG bedrock introduces a
semi-impermeable boundary to both slopes. The semi-impermeable
boundary hinders the water from infiltrating the deeper layers of
the slope. This behavior particularly affects the SMP72 slope as it
has shallower fill layers. When the minimum FOS is reached, as
shown in Fig. 6a, there is a significant amount of perched ground-
water near the toe of SMP72. On the contrary, a lesser amount is

Main analysis (MA)

1.249
1.249
1.249

The calculation time at which the minimum safety factor is reached is shown in the brackets; the physical failure case is denoted in bold

Table 2 Summary of slope stability analysis results

1966
1972
1976
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(a) SMP72-1972-WP

FOSuin = 1.004 (t=50 hr)

\’-
SDG/MDG >

e

(b) SMP6-1976-WP

FOS = 1.004 (t=34 hr)

SDG/MDG

===~ Critical slip surface at the initial time — after previous rainfalls
B Critical slip surface when FOS,, is reached

==== Groundwater surface when FOS,, is reached

Fig.6 Summary of slip surface at the time of minimum factor of safety (FOS) for a SMP72 and b SMP6 with considerations of previous rainfalls (WP)

observed on SMP6 (Fig. 6b). It is also interesting to note that the
slopes with more permeable fill layers do not directly translate to
lower stability. In the MA and HP cases, the initial seepage and sta-
bility conditions are identical for slopes with the same geological
and hydrological settings. The HP cases of SMP72 have safety fac-
tors slightly lower than the MA cases. On the contrary, for SMP6, the
HP cases relatively have a higher safety factor than MA cases. This
is potentially due to the slope geometry, which in the case of SMP72,
facilitates the formation of a perched water table. This highlights
the role of the combined geological and hydrological settings as
facilitating factors for rainfall-induced failure.

When comparing the MA cases, the 1976 rainfall results in the
lowest safety factor for both SMP6 and SMPy2 (Fig. 5¢, f; Table 2).
In fact, even without the influence of “previous rainfall,” the 1976
rainfall alone is able to cause SMP6 to fail; as shown in Table 2,
the minimum safety factor of SMP6-1976-MA was 1.005 at t=34 h.
Despite the contradiction with the common assumption that the
danger is related to high-intensity rainfall, it is generally consistent
with the study of Fan et al. (2020), who concluded that relatively
uniform rainfall leads to more water infiltration into the soil layer
and subsequently introduces more substantial hazards compared to
delayed high-intensity rainfall like the 1966 and 1972 events.

It is interesting to compare the MA and WP cases for the SMP72
under the 1972 rainfall. Despite having high rainfall intensity,
the slope seems able to sustain the “main analysis” rainfall. The
minimum safety factor of the MA case was not reached after the
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high-intensity rain at t=50 h, but at t=30 h. However, when the
“previous rainfall” is considered, as in the WP case, the SMP72
failed at =50 h, which agrees with the actual failure time. The
possible explanation is discussed in the next section.

Seepage analysis

The role of rainfall pattern towards slope stability is closely associ-
ated with the amount of water infiltrated in or evaporated from
the slope. A commonly adopted assumption is that the maximum
rainwater that can infiltrate the soil equals the saturated perme-
ability of the soil. Figure 7 shows that it might not always be the
case, especially during the early calculation periods of MA cases or
the periods after a certain duration without rainfall. Figure 8 shows
that for these durations, the degree of saturation is close to one,
but not yet fully saturated. Similar behavior has been observed
by Gasmo et al. (2000), who utilized Darcy’s law—water flux is a
function of permeability and head differences—to explain such
behavior. The infiltration process is controlled by the infiltration
capacity and pressure head differences rather than by the per-
meability itself. As highlighted in Fig. 7, despite having rainfalls
of extreme intensity in 1966 and 1972, there exists a maximum
amount of water infiltrating the soil. The 1966 rainfall, which has
the highest hourly rainfall intensity, leads to the lowest cumulative
infiltration compared to the 1972 and 1976 events. This shows that
the rainfall intensity alone may not be a good predictor of the total
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Fig.7 Cumulative rainfall intensity and cumulative water infiltration under a 1966, b 1972, and ¢ 1976 rainfall
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Fig.8 Changes in degree of saturations at flux point P1, P2, P3, and P4 and reduction of factor of safety with time and applied rainfall

amount of rainwater infiltrating the slope. In reality, however, the
excess rainfall should not be overlooked, as it can become runoff
that might cause erosion. When erosion occurs, it might redistrib-
ute the slope’s stress, which could also lead to slope failure (Cascini
et al. 2010; Yang et al. 2021).

Equation 2 gives the relationship between the degree of satu-
ration and soil strength. Likewise, Fig. 8 shows the relationship
between the degree of saturation at the slip surface (green line)
and the safety factor reduction (black line). The lines generally have
the same trend, although with different magnitudes. This result
suggests that slope stability is controlled by the degree of satura-
tion of the soil mass within the slope, not only those on the surface.
Additionally, by comparing the blue and orange lines with the bar
chart at the bottom of the figures, the degree of saturation of the
slope surface seems to be strongly affected by the rainfall pattern.

As previously mentioned, the MA and WP cases for SMP6 under
the 1976 rainfall give almost an identical safety factor (Fig. 5f). Due
to the 9-day no-rain period prior to the “main rainfall event,” the
degree of saturation at the slope and slip surface only differ by a
slight amount (Fig. 8b, d). The compacted pattern of the 1976 rain-
fall ensures that the slope is sufficiently saturated to facilitate water
infiltrating deeper into the soil mass. A continuous reduction of the
safety factor can be observed after calculation time t=19 h, which
leads to failure at t=34 h for both MA and WP cases.

On the contrary, by comparing Fig. 8a, b, it can be observed that
the influence of the previous rainfall events is substantial for the 1972
case. The degree of saturation at the slope’s surface and slip surface
is almost fully saturated after the “previous rainfall.” In both MA and
WP cases, the FOS reduction can be observed after continuous rainfall
at t=28-32 h. However, the FOS increases in the MA case throughout
the following 7-h no-rainfall period, while the FOS seems to be con-
stant in the WP case (Figs. 5b and 8a,b). As a result, when the extreme
rainfall intensity happened at t=48-49 h, the WP case failed at a simi-
lar time recorded on the forensic report (¢=50 h). It should be noted,
however, as shown in Fig. 5, the high-intensity rainfall is still related
to the significant reduction of safety factors. The dotted grey lines in
Fig. 5 correspond to the highest rainfall intensity, and most of the sub-
stantial reduction of the stability occurs during or not long after that.

\ Landslides

When comparing the 1976 rainfall with the other, it seems that
the variations of the degree of saturation at the slip surface, the
safety factor reduction, and the cumulative infiltration caused by
the 1966 and 1972 rainfalls generally occur in steps (Figs. 5, 7, and
8), which might be credited to the compacted nature of the 1976
rainfall that resembles a “uniform” distribution. Likewise, from the
1966 and 1972 rainfall, it can be concluded that when there is only
rainfall of low intensity or no rainfall, the slope regains its suction
strength and stability, although by slight amounts.

Figure 9 summarizes the pore water pressure profile at cross-
sections S1 and S2 for SMP72 under 1972 rainfall and for SMP6
under 1976 rainfall. The general behavior agrees with previous
studies (Collins and Znidarcic 2004; Lu and Godt 2008; Godt et al.
2012). As the rainfall event commences, the suction will gradually
reduce, and the wetting front will be developed deeper. The contri-
bution of previous rainfall towards initial seepage conditions can
be observed by comparing MA and WP cases in Figs. 8 and 9. The
previous rainfall is shown to infiltrate further to the slope, facilitat-
ing a deeper wetting front (Fig. 9). In the case of SMPy72 (Fig. 9d),
it further facilitates the formation of perched groundwater. From
all test cases, there is no significant change in the initial ground-
water table. This finding agrees with the previous observation that
only 2% of slope failures in Hong Kong were attributed to the rise
of groundwater level (Wong and Ho 1993). There is an interesting
observation between t=32-40 h for the SMP72 (Fig. 9a-d) cases:
as the rainfall intensity occurring at that duration is low, the upper
portion of the suction seems to regain slowly before it diminishes
under the afterward high-intensity rainfall (¢=48-50 h). A similar
observation can also be seen in the pore water pressure after the
previous rainfall events for SMP6 (Fig. 9e, h). Again, this obser-
vation highlights the effect of the temporal pattern of antecedent
rainfalls; in this case, the absence of rainfall between the events
allows the suction strength to regain in the slope.

Limitations and future study

It is a challenge to accurately estimate the actual infiltration rate for
a hillslope as it involves complex interplays of different factors. All
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the rainfall intensities are based on “clock hours” and are unlikely
to represent the maximum hourly rainfall amounts or the true dis-
tributions of the intensities. Binnie and Partners (1976) averaged
the rain gauge measurements from all nearby gauges and presented
the possibility that the actual rainfall occurring on site was less
severe in 1966 and 1972 compared to 1976. Despite this uncertainty,
our study has shown that even with lower maximum rainfall inten-
sity, the more compacted and uniform rainfall temporal pattern in
1976 could lead to more water infiltration and almost no chance
for the soil strength and slope stability to regain in between the
rainfalls, thus leading to the devastating failure of the slopes which
had previously survived the previous extreme rainfalls. Addition-
ally, field measurements have reported the presence of substantial
variabilities within the slopes in Sau Mau Ping. Future studies to
evaluate how these uncertainties and variabilities affect slope stabil-
ity regarding its response to rainfall patterns and antecedent condi-
tions would be worthwhile.

Another possible failure mechanism for loose fill slopes under
rainfall is the instability under the constant shear drained (CSD)
stress path (Anderson and Sitar 1995; Cascini et al. 2010; Dong et al.
2016). Most recent attempts in this regard include that by Chen and
Yang (2023) and Zhang et al (2023), who examined the correspond-
ence between soil responses under the CSD stress path and the
undrained triaxial compression path. While the CSD response can
be reproduced in laboratory element tests and in element simula-
tions for saturated soils, it remains uncertain whether it can occur

in physical model tests (Take et al. 2004) or in field conditions for
which soils are largely unsaturated. As far as numerical modeling
of this failure mechanism in real slopes is concerned, it requires
fully coupled, nonlinear finite element analyses and sophisticated
soil models. Future work in this regard would be worthwhile. Nev-
ertheless, the great uncertainty in determining many parameters
involved in advanced soil models and the numerical difficulty in
coupled nonlinear computation cannot be overlooked.

Summary and conclusions

Rainfall-induced slope failures can pose a massive danger to our
natural and built environment. Despite numerous studies over the
past decades, it remains a big challenge to properly predict and pre-
vent large landslides associated with heavy rainfalls. In this study,
an effort has been made to study the role of rainfall temporal pat-
terns and successfully apply it to address an intriguing question in
relation to the catastrophic landslides at Sau Mau Ping, Hong Kong,
in 1972 and 1976: why did the slopes that withstood the 1972 rainfall
fail in the 1976 rainfall, given that the intensity of the latter was
only half of the former? The case references have been revisited by
integrating the geological, hydrological, and climatological aspects
and by a combination of seepage and stability modeling. The main
results and findings of this study are summarized as follows.

(a) The long duration and relatively uniform rainfall temporal
pattern, like the August 1976 rainfall event, can pose greater
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danger than the delayed high-intensity rainfall. This explains
why the slopes that previously survived the 1972 rainfall failed
in 1976

(b) The 1972 failure event was caused by a devastating combi-
nation of antecedent conditions and extreme rainfall facili-
tated by the geological and hydrological settings of SMP72
slope. The combination of shallow bedrock and rainfall with
a delayed-high-intensity temporal pattern facilitated the
development of a perched water table that could exacerbate
the failure

(c) The analysis of the 1976 failure suggests that focusing only
on cumulative rainfall intensity, duration, and frequency in
developing threshold conditions to predict rainfall-induced
slope failures, without considering the temporal pattern of the
antecedent and main rainfall, may be unconservative

(d) Unlike the commonly used assumption, the rainwater infiltra-
tion rate can be larger than the saturated permeability of the
soil. Therefore, using this assumption in the future analysis
should proceed with caution

(e) The increase in groundwater level due to rainfall is gener-
ally limited. Therefore, its contribution towards slope fail-
ure depends on the geological and hydrological settings of
the slope

(f) The presence of low intensity or no rain period contributes to
the magnitude of the suction in the slope and thus contributes
to slope stability
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