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Abstract. The paper deals with the modelling of the instability mechanism induced by rainfall in an
unsaturated cut-slope. A large-sized landslide occurred in 1995 in Hong Kong (the so-called “Fei Tsui Road
landslide™). It was here analysed because it was characterized by unusual dimensions and very large runout
distance for the study area. The slope failure was attributed to a decrease in soil shear strength due to the
rise of a perched water table above a weak kaolin-rich layer, together with the loss of suction caused by
water infiltration during a heavy rainfall event. The hydro-mechanical coupled analyses made through the
commercial software Plaxis 2D aimed to investigate the relations between the hydrological variables (i.e.,
rainfall infiltration, suction, saturation) and the slope response in terms of changes in soil resistance and soil
plastic deformations. The study demonstrates that the evaluation of the hydro-mechanical coupling effects
on the hydraulic slope response as well as on the stability of the whole slope is a crucial issue to well
capture the mechanical behaviour of the unsaturated cut-slope. Different failure scenarios have been also
considered in order to match the field observations and to back-analyse the initial condition of the slope

before landslide.

1 Introduction

Slope stability analysis of unsaturated steep cut-slopes is
a relevant topic since such slopes remain stable for a
long time and then can fail during heavy precipitation.

Soil unsaturated condition is in fact a key factor in
both pre-failure and failure stages of a landslide. Before
failure, the additional strength related to matric suction is
fundamental for the equilibrium of granular soil slopes
steeper than the effective friction angle. During the
failure stage of rainfall-induced landslides, rain
infiltration gradually reduces the soil suction due and
consequently the shear strength of soil, up to causing
slope failures [1].

Modelling the seepage of rainfall in unsaturated
slopes is always a difficult task because infiltration is
controlled by many factors, among which suction,
permeability and water content of the soil. Moreover, the
intensity of antecedent rainfall (i.e. the rain that falls in
the days/weeks immediately preceding a landslide event)
can affect the stability of the slopes [2].

An interesting case study is presented in this paper,
in order to investigate the effects of suction and water
infiltration in the failure mechanism of a steep cut-slope.
The landslide here analysed is the so-called Fei Tsui
Road Landslide, occurred in Hong Kong on 13 August
1995. It was cut-slope failure, unusual both in terms of
size and large extent of the debris, which occurred
following a period of exceptional prolonged rainfall.

Most of the studies about the Fei Tsui Road landslide
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have focused so far on the propagation stage of the
landslide considering different numerical approaches, all
based on continuum models, such as FEM [3, 4], FDM
[5], SPH [6 — 10] and MPM [11, 12].

More limited amount of contributions is available for
the analysis of the triggering stage. The first slope
stability analysis was conducted by Knill (1996) [13] in
order to facilitate the diagnosis of both the mechanism
and the causes of the landslide. The results of the
analyses were achieved without considering the
unsaturated characteristic of the materials and showed
that the angle of shear strength at failure (¢') for the
altered tuff layer was likely in the range 26.5°+31.5°,
associated to a perched water table from 1 m up to 4 m
above the layer contact.

More recent analyses of the triggering mechanism
were conducted by means of limit equilibrium method
[11], considering a transient analysis in unsaturated
conditions for modelling the rise of the perched water
table during the heavy rainfall some hours before the
landslide triggering. The authors found that the most
probable value of suction was about 51 kPa before
rainfall began.

In the following sections, the case study is presented
first, and later the methods and data used for modelling.

2 Case study

The landslide occurred in the Chai Wan District of Hong
Kong as a consequence of the heavy rain fallen between
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12 and 13 August 1995, when 374 mm were recorded
with a maximum intensity of 60 mm per hour (Fig. 1).
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Fig. 1. Hourly rainfall intensity before and at the moment of
the landslide.

A deep translational failure took place along a weak
and widespread kaolinite-rich layer, due to the formation
of a perched water table. The technical investigation of
the landslide carried out by the Geotechnical
Engineering Office (GEO) of Hong Kong, as stated by
the report No. 188 [13], indicated that the perched water
level was probably in the range of 1 m to 4 m above the
clay layer.

The configuration before landslide was represented
by a densely vegetated cut-slope with a maximum height
of 27 m and an overall inclination of 60° towards the
North (Fig. 2). The lower part of the slope (up to 8 m in
height from the ground) was constituted by exposed
rock, grading from fresh to slightly decomposed volcanic
rock. Above this material, there were the kaolinite-rich
layer (0.6 m in thickness) and the moderately to
completely decomposed tuff (Fig. 2).

RN

\

g Weathered

V  volcanics

5| (completely

v decomposed tuff)

Cut-slope

Sliding surface

Weathered volcanics
(moderately decomposed tuff)

e, S
I} 1
Weathered volcanics

(slightly decomposed tuff)

= Kaolinite-rich
altered tuff

Il Weathering grade 11
[0 Weathering grade Il

[0 Weathering grade 1V
[0 Weathering grade V

Fig. 2. Geological cross-section of the cut-slope and sliding
surface position (modified from Kirk et al. 1997 [14]).

The landslide took place in two stages: the first
failure occurred at about 00:55 on 13 August 1995 at the
eastern part of the slope, involving some tens of cubic

meters. The second stage followed about 20 minutes
later and included the large failure, when about 14,000
m3 of weathered volcanic rock began to move. Debris
travelled up to 70 m, covering the whole Fei Tsui Road,
which is beneath the cut-slope, entered a playground and
even accumulated against a corner of the Baptist Church
to a height of about 6 meters. The maximum width and
the average depth of the debris deposit were 90 m and 15
m, respectively (Fig. 3).

Fig. 3. Landslide debris on 13 August 1995.

The sliding surface of the landslide followed the
kaolinitic layer only in the lower part, whereas in the
upper part the layer developed above this surface,
reaching the highest part of the slope, as shown in Fig. 2.
From the field evidence, the lowest zone of the cut-slope
(composed by moderately to slightly decomposed tuff)
did not form part of the landslide.

About the geotechnical properties of the materials
involved into the landslide, several laboratory tests were
conducted on soil samples, such as particle size
distribution, Atterberg limits, oedometer, triaxial
compression and direct shear tests.

The geotechnical features of the soils were taken
from the GEO report n°188 [13] and they are all
specified in Table 1.

Table 1. Geotechnical properties of landslide materials.

Altered tuff
Type of soil ngfé?f;f)‘ik with kaolinite
veins
Unit weight (}) 19 kN/m? 19 kN/m*
Average fines
(clay and silt) 1% 92%
Plasticity index .
(PT) - 9+18
Liquid limit (wy) - 29 +50
Cohesion (c') 0+ 10 kPa 0 kPa
Internal frlftlon 350 290 =290
angle (¢')
Consolidation i 28 =172
coefficient (c,) m2/year
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3 Materials and methods

2D finite element analysis was carried out using the
commercial code Plaxis 2D, assuming plane strain
conditions. The mesh showed in Fig. 4 was made by 15-
node triangular elements with a maximum and minimum
size of 1.864 m and 0.155 m, respectively. The updated
mesh algorithm implemented in the PLAXIS code was
used, which is based on the Updated Lagrangian
formulation of McMeeking & Rice (1975) [15].

The materials included in the analysis are the
wheatear volcanic rock (Material 1) and the kaolinitic
layer (Material 2), both characterized by the same
characteristic curves (Fig. 5). The latter were derived
from previous analyses made with limit equilibrium
methods [11], in which the Van Genuchten model (1980)
[16] was wused referring to the soil geotechnical
parameters of completely decomposed tuff (CDT)
proposed in Ng et al. (2011) [17]. The materials were
supposed linear-elastic perfectly-plastic and a non-
associative Mohr Coulomb constitutive model was
adopted. For stress states within the yield surface, the
behavior is elastic and obeys Hooke's law for isotropic
linear elasticity. Hence, both plasticity (i.e. ¢’, ¢’ and y)
and elastic parameters (Young’s modulus E and
Poisson's ratio v) are required as input (see Tablel).

The constitutive equation is written in incremental

form, in which the effective stress increment O " is
related to the strain increment & through the stiffness
matrix M:

¢’ = Mé 1)

The governing equations of consolidation used in
Plaxis code follow Biot’s theory [18]. Darcy’s law for
fluid flow and elastic behavior of the soil skeleton are
also assumed. According to Terzaghi’s principle, stresses
are divided into effective stresses and pore pressures:

0= OJ + !(pactive) 2

The vector I contains unity terms for normal stress
components and zero terms for the shear stress

components. The active pore pressure Pgctive 1S given
by the expression:

Pactive = aBiotSeffpw (3)

where Qpgjo+ is Biot’s pore pressure coefficient and

Se ff 1s the effective degree of saturation
— S—Sres . . .
Sefr = S S with Sye¢ representing the residual

saturation and S, is the saturation degree for saturated
condition, so it is equal to 1. Considering incompressible
grains, Biot’s coefficient is equal to unity.

The pore water pressure P, can be divided into two
components:

Pw = Psteady T Pexcess “4)

Steady-state pore pressures Psteqqy is an input data,
since it is generated from the initial piezometric line.
Excess pore pressures Pexcess are evaluated during
plastic calculations or during a consolidation analysis.

The incremental form of the Hooke’s law can be
inverted in order to obtain the elastic deformations:

Exx 1 - —v 0 0 0 Oxx — Pw

&y - 1 = 0 0 0 Tyy ~ Pw

&z _a1|-v - 1 0 0 0 07z — Dw (5)
Yay| " E| O 0 0 2(1+v) 0 0 Oy

Yyz 0 0 0 0 2(1+) 0 Oz

Vox), 0 0 0 0 0 2a+ll g,

The increment of pore water pressure coincides with
the increment of excess pore pressure:

. . — aBiOtéV (6)
pW pexCeSS nCW+(aBiot_n)C5

. . . 1.
where n is the soil porosity, C, = . 1 the
w

compressibility of the water and Ky is the bulk modulus

1
of the water, Cg = P is the compressibility of the solid
S

material and Ky is the bulk modulus of the solid material.
The water bulk modulus changes in partially
saturated condition:

Kunsat — Kw
Y TR () ™
Sw\ Opw

in which aSW/ op is the slope of the water retention
w

curve shown in Fig. 5. Pore water pressure is not an
internal variable of the constitutive model, and the
strength parameters are not modified by any change in
pore water pressure. The latter anyway changes the soil
stress in the landslide.
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Fig. 4. Input geometry and computational mesh.
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Fig. 5. Soils characteristics curves employed in the analysis.

Table 2. Input parameters used in the analysis.

Type of soil Material 1 Material 2
Unit weight (y) 19 kN/m? 19 kN/m?
Saturated hydraulic 5 7
conductivity (Kg,) 3107 m/s 107 m/s
Cohesion (c') 5 kPa 0 kPa
Internal fl’l?tlon 350 290
angle (¢")
Dilatancy angle (y) 0° 0°
Young modulus (E') 10000 kPa 10000 kPa
Poisson ratio (v) 0.35 0.35

The materials parameters used as input in the
analysis are shown in Table 2.

After an initial equilibrium phase of geostatic stress,
a fully-coupled flow-deformation analysis was carried
out in order to simulate the decrease in soil suction and
the rise of the perched water table during the heavy
rainfall before the landslide triggering. Three different
cases with different initial suction values (40, 50 and 60
kPa) were taken into account here in order to show the
influence of suction in the triggering of the landslide.

The initial suction priori to rainfall was set as a
uniform vertical distribution within the whole
computational domain for the sake of simplicity.

4 Numerical results

A selection of the obtained results is shown in this
section. In particular, the distributions of the plastic
points and the displacements trends over time were taken
into account for the different initial suction cases. The
comparison of the results represented in Figs. 6, 7 and 8
highlights that for the lowest suction value (40 kPa) the
yielded zones are more widespread than for the other
cases (50 and 60 kPa). In the latter cases, the plastic
points mostly appear just before the failure time. From
that comparison it is evident that increasing the initial
suction corresponds to an overall decreasing of the
yielded areas.

Another interesting outcome is linked to the failure
mechanism. In fact, all the three cases show that the
plastic zones first appear within the kaolinitic layer.
Then, the plastic zones extend upward along this layer

and in the proximity of the foot of the slope. This
mechanism suggests that the slope was probably affected
by a retrogressive failure.

The results in Fig. 9 show the temporal trend of
displacements in the three cases. A first observation can
be made with reference to the time of failure, reached
when the displacements show a sudden increase.

In fact, for the lowest initial suction the failure time
is about half of that observed, while an initial suction of
50 kPa leads to a failure time very close to that reported
by the eyewitnesses. This value is similar to that
estimated by Cuomo et al. (2019) [11] through limit
equilibrium analyses as the most probable value of
suction at the start of the rainstorm reported in Fig.1.

In accordance to the plastic zones, the time trend of
displacements in all the cases shows that the failure
begins from the lowest part of the slope (point B). In
fact, moving away from point B, the displacements are
smaller or negligible (points D and E).

The results even show that the initial suction has
effect on the displacement rate reached inside the slope
at failure. In fact, for the case of 40 kPa the displacement
rate remains quite constant over time, in contrast to the
other cases, when the slope reached the failure fairly
fast. For the highest value of suction (60 kPa) the
displacement rate is about zero for the most part of the
pre-failure stage and abruptly increases during the failure
stage. For the most probable value of suction (50 kPa),
the displacements trend seems to be a combination of the
above two cases, since in most of the analysis the
increment is quite constant and only at failure suddenly
increases.

1
-t
3 40

Fig. 6. Distribution of plastic points for initial suction
of 40 kPa (t;40= 12.8 hours).
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Fig. 7. Distribution of plastic points for initial suction of 50
kPa (ts50=24.7 hours).
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Fig. 9. Trend of displacements over time for the three cases.
5 Conclusions
The study provided a new contribution in understanding
the triggering mechanism of the Fei Tsui Road landslide.
The coupled-hydromechanical modelling of the landslide
Fig. 8. Distribution of plastic points for initial suction of 60 through finite element method enabled to analyse the
KkPa (t;go= 27.2 hours). simultaneous development of deformations and water

pore-pressure even in unsaturated conditions.

In particular, soils characteristic curves of
unsaturated soil, transient boundary conditions and
initial suction related to the antecedent rainfall were used
to capture the role of suction and partially saturated
conditions in the failure of a steep cut-slope.

The results demonstrated that the initial suction (i.e.
when rainfall begins) leads to different failure scenarios,
so it must be carefully considered in the stability analysis
of steep slopes. Moreover, the spatial distribution and
development patterns of plastic zones with the time trend
of displacements gives additional information about the
type and evolution of failure, which seems to be
retrogressive in the case of Fei Tsui Road landslide.

The most reliable value of initial suction and the
unsaturated characteristics of the soils here outlined for
the slope could be useful to conduct further analyses in
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order to simulate pre-failure, failure and post-failure
stages of the landslide.
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