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Abstract
This paper presents the results of centrifuge tests on rainfall-induced instabilities in variably saturated slopes. The roles of

rainfall intensity and initial conditions, such as slope angle, porosity and degree of saturation of the soil, in the failure

initiation and postfailure kinematics are considered. The failure patterns, infiltration profile and deformation at prefailure

and postfailure stages are characterized. The results indicate that rainfall-induced slope failures usually follow one of the

following two failure modes, i.e. slide-to-flow and flowslide failure modes. The former pattern is characterized by soil mass

flow after initial failure along a continuous shear surface, while the latter is more relevant to the rapid increase in the

saturation at the slope surface, resulting in surface erosion channels followed by the acceleration of the soil mass. The

flowslide failure pattern usually gives rise to several superficial shear surfaces and longer run-out distances. The rainfall

intensity and profiles of the degree of saturation play the key roles in initiating the slope failure at the prefailure stage and

subsequently in mobilizing the soil mass at the postfailure stage. Our test data, together with the data from the literature, are

presented in two threshold curves to define the critical condition of slope failure under rainfall infiltration.
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1 Introduction

Rainfall-induced landslides in partially saturated soil

deposits constitute one of the most recurrent and destruc-

tive natural hazards around the world [18, 24]. Many

authors claim that the quick loss of matric suction due to

rainfall infiltration, and the subsequent development of

positive pore pressures due to the formation of a perched

water table as the most important triggering factors for

such landslides [20, 26, 40]. The increase in pore pressure

may instantly decrease the effective stress in the soil,

thereby reducing the safety factor of a slope and triggering

a landslide with an initial acceleration [18, 19]. The rapid

movement of the sliding masses with rainwater may lead to

the transition of the mechanical response of the soil from

frictional type to a viscous type and thus produce flow-type

landslides [39]. Those landslides typically travel long

distances at high velocities with large mobilized volumes

and thus difficult to prevent under natural conditions [12],

causing a large number of casualties and economical losses

annually.

The failure patterns of rainfall-induced slopes instability

are commonly recognized as ‘‘slide’’ at the prefailure stage

and ‘‘slide-to-flow’’ or ‘‘flowslide’’ at the postfailure stage

[4, 5]. Various mechanisms have been invoked to explain

the failure mechanism of different types: a slide occurs

when limit equilibrium state is gradually reached on a

potential shear surface so that the balance between driving

and resisting forces is broken. This may due to the pro-

gressive loss of matric suction in variably saturated slopes

upon infiltration of rainfall. The transition from a slide to a

flow is mostly caused by the development of totally or

partially undrained conditions during heavy rainfall events.

This may arise cascading effects of local failure and vari-

ation in slope geometry, leading to an abrupt change of the

stress state, and thus resulting in slide turning into flows,

sometimes before full saturation is reached. While the

previous two categories are independent on the soil con-

stitutive behaviour, flowslides are related to static
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liquefaction [41, 43] or soil mechanical instability phe-

nomena [8]. This type of failure is characterized by fast and

furious flows of soil masses. The kinematics of the flow-

slides are largely dictated by the viscous behaviour of the

saturated soil–water mixture.

Open questions may derive from the variability of the

failure mechanisms, often implying the coexistence of

slides of limited mobility and rapid flowslides across the

same site. Such different mechanisms are caused by

specific combinations of rainfall scenarios and slope con-

ditions, such as slope angle, porosity and degree of satu-

ration [33–35], and call for accurate characterization of

their initiation and postfailure processes. However, current

hypotheses as to the physical processes behind how pre-

cipitation initiates slope instabilities and subsequently

dominates postfailure patterns are based mostly on in situ

observations [15, 32, 38] and full-scale tests [17, 27],

which are generally costly and irreproducible. Although

some efforts based on centrifuge model tests provide a

basis to quantify the susceptibility to failure

[16, 22, 46, 49], none of them linked the initial slope

conditions to the failure patterns of slopes under variable

rainfall scenarios. Thus, we still lack well-instrumented

and documented physical models to confirm the mecha-

nisms involved. On the other hand, rainfall infiltration in

unsaturated soil deposits has been the object of several

theoretical and numerical studies [1, 6, 24, 36]. Those

models rely on comprehensive experimental data obtained

from element tests and physical model tests. However,

there is a serious lack of a database of model tests at the

prototype scale for the development and validation of such

numerical models.

In this study, we aimed to characterize the initiation

processes and postfailure patterns of rainfall-induced slope

instabilities. The complex hydro-mechanically coupled

behaviour is modelled with simplified slope geometry and

boundary conditions through centrifuge modelling. This

study highlights the importance of rainfall scenarios, e.g.

moderate, heavy and torrential rainfall events, together

with the roles of unsaturation, porosity and slope geometry,

in the failure initiation and postfailure kinematics of

homogenous soil slopes. These experiments are well con-

trolled and allow us to quantify the critical conditions

leading to failure of partially saturated slopes under the

effect of rainfall infiltration.

2 Centrifuge modelling

The main principle of centrifuge modelling is to simulate

the stress state in a prototype under an induced acceleration

field [23]. As the acceleration increases to n times that of

Earth’s gravity, the dimensions of the model are scaled by

n times [44]. Centrifuge modelling tests allow simulating

hazardous landslides on models of reduced size. The model

slope can be fabricated repeatedly under well-defined

boundary conditions. The repeatability of centrifuge model

tests greatly simplifies the analysis of individual parame-

ters governing the instability process. Thus, this technique

permits the exploration of slope stability problems repre-

sentative of field-scale behaviour.

2.1 Model set-up and rainfall device

The centrifuge facility at our laboratory has a nominal

radius of 1.31 m and a maximum centrifugal acceleration

200-g. A strongbox shown in Fig. 1a is used to accom-

modate the model slope. The strongbox, with an inner

dimension of 480 � 155 � 450 mm (length � width �
height), is mainly made of aluminium alloy. The top plate

of the strong box has a recess hole for the sensors and water

supply hoses for rainfall simulation. The base plate is

rigidly connected to the swinging platform. A transparent

front wall of acrylic is used as an observation window to

view the side profile of the model slope. A digital camera is

equipped in front of the observation window to track the

soil displacement. In addition, a high-speed video camera

is placed inside the strongbox to record the deformations of

the slope surface.

To construct the model slope, a soil cuboid with a

dimension of 480 � 155 � 250 mm is firstly made by

compacting 10 soil layers, each with equal thickness. The

slope is then cut from the compacted soil cuboid. In doing

so, the front and back walls of the strongbox are tem-

porarily replaced by wooden templates. Two pairs of

wooden templates with slope angles of 35� and 45� are

used to aid the slope construction. Following the geome-

tries of the wooden templates, it is easy to cut a model

slope from the soil block. Finally, the wooden template are

replaced with the walls of the strong box. The model slope

was covered with a plastic sheet and cured overnight before

rainfall tests for gaining a uniform distribution of moisture

in the soil. Details on the dimension of the slopes are

shown in Fig. 1b, c. The friction between the soil and the

rear and the acrylic front wall should be minimized to

maintain undisturbed plane strain conditions. For this

purpose, a thin film of transparent silicon oil is applied on

the inner surface of the front and rear wall before each test.

This lubricant reduces wall friction and minimizes its effect

on the soil deformation.

On the other hand, a new device is developed for sim-

ulating rainfall in the centrifuge facility. The rainfall sys-

tem consists of a water tank for rainwater storage, a water

line connecting the tank to the model box and a distribution

system with perforated hoses located in close vicinity

above the slope surface. Figure 2a shows the main
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components of the rainfall system. The rainfall system

adopts the principle of drip irrigation usually used in

agriculture. An array of perforated hoses are placed close

above the slope surface to discharge the rainwater. As

shown in Fig. 2b, the perforated hoses are aligned parallel

to the slope toe line. The horizontal spacing between the

two adjacent hoses is 35 mm. To follow the geometry of

the slope, two sets of perforated hoses are used: one for the

crest and the other one for the inclined slope section. This

configuration leads to different number of perforated hoses

at the crest and the slope section. For instance, for a 35�

slope, 7 perforated hoses are placed above the slope section

and the rest 3 ones are fixed at the crest, while for a 45�

slope, the same number of perforated hoses are distributed

at the crest and the slope section (see Figs. 1b, c and 2b).

The rainfall intensity depends on the centrifuge accelera-

tion and the flow rate of the water supply, which is con-

trolled by the size and number of the tiny pinholes in the

hose walls. A wide range of rainfall intensities from 2.5 to

30 mm/h can be simulated by this device. With the largest

rainfall intensity, i.e. 30.0 mm/h, the diameter of the

raindrops may reach up to 500 lm with an ultimate

velocity of approximately 0.7 m/s at 30-g level, resulting in

an impact force of approximately 10 pa at the slope sur-

face. This observation suggests that the raindrops delivered

by the larger pinhole may cause a certain erosion at the

slope surface. To minimize this effect, all the centrifuge

tests, except the test CRF-08 (see Table 1), adopt rainfall

intensities that are smaller than 15.0 mm/h. On the other

hand, this device is able to generate a uniform rainfall

overall on the slope surface, while it may give rise to

localized infiltration below the perforated hose due to its

drip delivery nature. Details for the calibration of the

rainfall device can be referred to our companion paper

[47].
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(a) Strongbox with slope model (b) 45◦ slope (c) 35◦ slope

Fig. 1 Dimension and set-up of the centrifuge model: a centrifuge strongbox with a model slope, b side view of 45� and c 35� slopes with the

rainfall system (unit: mm)

Fig. 2 Centrifuge model with the rainfall system: a components of the rainfall device and b distribution of the perforated hoses for 35� and 45�

slopes
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2.2 Slope soil

The soil used to construct the model slope is classified as

well-graded silty sand. Figure 3 shows the grain size dis-

tribution of the soil. The particle sizes range from 0.002

mm to 4.0 mm, with a mean grain diameter d50 of 0.23 mm.

The particle density of the soil is qs ¼ 2:67 g/cm3. The

maximum and minimum void ratios of the soil are emin ¼
0:45 and emax ¼ 1:09, respectively. The sub-angular shape

of the granular particles can be visualized from the

scanning electron microscope (SEM) images. A fraction of

silt and clay is also observed in the soil sample.

The soil–water retention curves (SWRC) are obtained

based on the Fredlund and Xing model [9], in which the

degree of saturation Sr is expressed as:

Sr ¼
Cðw;wrÞh

ln
�
eþ ðw=aÞn

�im ð1Þ

where n and m are empirical parameters and a is related to

the air entry value. The numerator is a correction function

depending on the matric suction w and wr (the suction at

the residual water content wr). e is the Euler’s number,

which should be differentiated from the void ratio. Fig-

ure 4a shows the drying branch of the SWRC of the silty

sand with different densities by using the fitting parameters

a, n and m. The cross marks denote the experimental data

for the triaxial compression tests with w ¼ 10 kPa.

The hydraulic conductivity curves are obtained based on

the Mualem–van Genuchten formulation [29]:

k ¼ ksat
ffiffiffiffiffi
Se

p h
1 � ð1 � S1=m

e Þm
i2

ð2Þ

where ksat is the saturated hydraulic conductivity and Se ¼
½ðw� wrÞ=ðwsat � wrÞ� is the effective saturated saturation.

Figure 4b shows the hydraulic conductivity curves for

Fig. 3 Grain size distribution curve of the silty sand with SEM image

of the granular particles (Si—silt, fSa—fine sand, mSa—medium

sand, cSa—course sand and Gr—gravel)

Table 1 Experimental programme and results of the centrifuge tests

Test ID Initial slope conditions Rainfall Failure

g-level b0 e0 w0 IP DM RM tf;M tf;P Type

[g] [deg] [-] [%] [mm/h] [s] [ml] [s] [h:min] A/B

CRF-01 30 45 0.91 6.0 14.8 106 728 19 04:47 A

CRF-02 30 45 0.91 6.0 15.9 180 1059 13 03:17 A

CRF-03 30 45 0.91 11.5 11.8 96 523 40 10:04 A

CRF-04 30 45 0.91 11.6 10.5 103 498 14 03:32 A

CRF-05 30 45 0.76 11.3 10.1 150 702 60 15:06 A

CRF-06 30 45 0.75 11.3 10.0 210 967 154 38:47 A

CRF-07 30 45 0.73 14.7 11.6 130 699 26 06:32 B

CRF-08 30 45 0.72 11.3 27.0 60 749 4 01:00 B

CRF-09 30 45 0.73 15.0 5.8 320 859 94 23:48 A

CRF-10 30 45 0.74 11.5 4.9 410 924 – – –

CRF-11 30 35 0.91 6.3 13.2 140 852 36 09:04 B

CRF-12 30 35 0.90 11.5 12.0 220 1224 – – –

CRF-13 30 35 0.74 11.5 12.6 325 1897 256 64:09 A

CRF-14 30 35 0.75 15.1 12.9 110 655 40 10:19 B

CRF-15 30 35 0.78 11.5 13.5 230 1433 51 12:50 B

CRF-16 30 45 0.91 11.5 13.6 100 628 12 03:01 A

CRF-17 30 45 0.74 11.6 12.4 210 1214 49 12:28 A

CRF-18 30 45 0.74 11.5 12.4 180 1034 22 05:33 A

b0: slope angle, e0: initial void ratio, w0 initial water content, I: rainfall intensity, D: rainfall duration, and R: accumulated rainfall, tf initial failure

time. The subscripts M and P denote model and prototype scale, respectively. - denotes no failure; Type A and B denote ‘slide-to-flow’ and

‘flowslide’, respectively.
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drying and wetting together with ksat at different water

contents for dense and medium dense soils. It can be seen

that the hydraulic conductivity decreases with the matric

suction. At the same matric suction, the derived hydraulic

conductivity in the drying path is larger than that in the

wetting path.

Generally, unsaturation can influence the mechanical

behaviours of the soil. In this paper, the shear strength of

the unsaturated soil is determined by the extended Mohr–

Coulomb criterion with:

s ¼ c0 þ ðr� uaÞtan/0 þ ðua � uwÞtan/b ð3Þ

where r, ua and uw are the total stress, pore air pressure and

pore water pressure, respectively, and ðua � uwÞtan/b can

be regarded as the apparent cohesion of the unsaturated soil

with ðua � uwÞ denoting the matric suction.

The mechanical behaviours of the soil at saturated and

partially saturated states are determined by a double-cell

triaxial apparatus in our laboratory. Four sets of triaxial

compression tests on the soil with medium dense e0 ¼ 0:74

and very dense e0 ¼ 0:51 compaction state under both

saturated and unsaturated conditions are carried out. The

matric suction in the unsaturated state is w ¼ 10 kPa. This

value corresponds to the intersection of the transition and

residual zone of the soil–water retention curve. Each set of

test involves three different effective confining pressures,

namely r03 ¼ 50; 100; 200 kPa. The triaxial compression is

conducted by applying an axial strain rate of 0.01 %/min.

This strain rate guarantees a drained condition during the

test. Figure 5 shows the stress–strain and volumetric

behaviours of the soil at different states. It can be seen that

the soil shows strain hardening and volumetric contraction

behaviours at medium dense state, while a pronounced

strain softening and dilatancy is observed at a very dense

state. In accordance with Eq. (3), the peak shear strength of

the soil under saturated condition is /0
p ¼ 31:8� and c0p ¼

0:0 kPa for the medium dense state and /0
p ¼ 38:1� and

c0p ¼ 15:0 kPa for the very dense state. The matric suction

gives no influence on the peak friction angle, but leads to

an increase in the cohesion by approximately 6 kPa and 20

kPa for the medium dense and very dense states, respec-

tively. This result shows that the silty sand is a non-cohe-

sive soil in regard to the medium dense state, but exhibits

considerable apparent cohesion in very dense and partially

saturated states.

2.3 Test programme and results

In total, 18 centrifuge tests with different initial conditions

and rainfall intensities are conducted. The initial slope

conditions include slope angle b0, void ratio e0 and water

content w0. Most of the slopes are inclined at 45�, with

only five 35� slopes for comparison. The slopes are com-

pacted at two densities, namely, a loose compaction state

with e0 ¼ 0:91 and a medium dense state with e0 ¼ 0:74.

For each compaction state, two different initial water

contents are adopted, i.e. w0 ¼ 6:0% (Sr ¼ 0:20) and

11.5% (Sr ¼ 0:40) for loose state, and w0 ¼ 11:5%
(Sr ¼ 0:35) and 15.1% (Sr ¼ 0:55) for medium dense state.

Thus, four initial soil conditions are included in the test

programme. All the model tests are performed at

30-g level, at which the slope remains initially stable under

the enhanced gravity loads. This g-level implies that a

model slope of 250 mm height represents a prototype slope

of 7.5 m height.

These slopes are exposed to three types of rainfall

intensities, i.e. IP ¼ 5, 12 and 27 mm/h, representing

moderate, heavy and torrential rainfall events, respectively,

at the prototype scale. The rainfall is initiated after the

geostatic equilibrium is achieved at the prescribed gravity.

The rainfall is persisted for a while after the initial failure.

This allows us to observe the subsequent propagation

stages of progressive failure. The rainfall duration and

accumulated rainfall as well as the slope failure time are

(a) (b)

Fig. 4 Hydraulic properties of the of the silty sand: a drying branch of soil–water retention curves based on the Fredlund and Xing model [9] and

b hydraulic conductivity curves based on the Mualem–van Genuchten formulation [29]

Acta Geotechnica (2021) 16:2899–2916 2903

123



acquired in each test. In addition, the failure pattern of each

slope is determined whether slope failure occurred. This

regard will be interpreted in detail in the next section. De-

tails on the experimental programme and the results are

presented in Table 1. It can be seen that the initial soil

conditions and rainfall intensities for all tests violate

slightly from the prescribed values. This result, attributed

to the error during slope construction, is very common in

physical modelling.

3 Experimental observations

During the tests, the failure processes of all slopes are

observed through the side camera and the front high-speed

video camera. Generally, the progressive failure process is

consisted of a prefailure stage after initial settlement and a

postfailure stage with large deformation. In the following,

the experimental observations, such as slope failure pat-

terns, infiltration profile and deformations at prefailure and

postfailure stages, are characterized.

3.1 Failure patterns

It is observed that, except the slopes CRF-10 and CRF-12,

all the slopes exhibit flow-type failure under the effect of

rainfall infiltration. According to the failure mechanisms

outlined by Cascini et al. [4, 5], the postfailure patterns can

be categorized into slide-to-flow and flowslide. Two slopes,

namely CRF-16 and CRF-07, are selected to show the basic

feature of the failure patterns. Both slopes are inclined at

45� and exposed to heavy rainfall of approximately 12 mm/

h, while they possess different initial soil conditions.

The slide-to-flow failure pattern is represented by the

CRF-16 slope shown in Fig. 6a. The onset of failure is

characterized by the appearance of tension cracks at the

surface (t ¼ 18 s), resulting in a local slip at the toe of the

slope (t ¼ 23 s). The local slip extends from the toe to the

crest of the slope and leads evidentially to a global slide of

the slope (t ¼ 25 s). After the deposition of the primary

sliding mass (t ¼ 27 s), fast flows of soil mass with various

volume run off continuously from the top of the slope,

eroding the slope surface and the deposited soil mass

(t ¼ 28 � 53 s).

On the other hand, the flowslide failure pattern is rep-

resented by the CRF-07 slope. As shown in Fig. 6b, the

failure is initiated by local surface erosion (t ¼ 5 s). Local

erosion channels are created by the stepwise enlarging

through small discrete failures until a larger soil mass from

upslope is destabilized, which commonly fails as rapid

flows (t ¼ 24 s). It is believed that local undrained condi-

tion could occur during this process. The highly saturated

soil mass mobilizes downslope and causes several erosion

channels, which forms a direct connection between the

upper and the downslope. Finally, the progressive erosion

of the channels triggers very rapid flows from the top

(a) (b)

Fig. 5 Stress–strain and volumetric behaviours of medium and very dense samples at saturated and partially saturated (matric suction w ¼ 10

kPa) states in drained triaxial compression tests (solid line for saturated condition and line with symbol for unsaturated condition)
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region. After a short period without failure deformations,

the second phase of flowslide failures occurs. This failure

mechanism is very similar to the backward erosion piping

due to the sudden application of critical and supercritical

hydraulic loads [45].

Figure 7 presents the failure process of all slopes in

terms of failure initiation, slide regime and flow regime.

The time that differentiates the failure regimes is obtained

by analysing the images taken by the high-speed camera.

The initial failure is determined at the appearance of ten-

sion cracks, soil erosion by surface run-off and creep

deformation. It is found that, for 35� slopes, 3 out of 4

slopes failed as flowslide, only the slope CRF-13 with

medium dense compaction and low antecedent rainfall is

classified as slide-to-flow failure. For 45� slopes, only two

slopes, namely CRF-07 with high antecedent rainfall and

(b)

(a)

Fig. 6 Time series views of the slope failure under the effect of rainfall infiltration
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CRF-08 exposed to torrential rainfall, fail as flowslide type.

Generally, tests with similar slope conditions and rainfall

intensities may fail following the same failure pattern but

slightly different critical rainfall durations. Moreover, the

45� slopes usually yield a shorter failure initiation than

those of the 35� slopes.

3.2 Infiltration profile

The wide range of the critical rainfall durations which

trigger slope failure allows us to plot the infiltration profile

over time for slopes with similar initial conditions. The

infiltration profile is represented by the water content of the

soil below the slope crest after the tests. To account for the

slight variations in rainfall intensities, the normalized

rainfall duration t� is adopted, i.e. t� ¼ RM=IM with IM ¼
5:75 mm/s being the average rainfall intensity for heavy

rainfall event at model scale.

As presented in Fig. 8, each line represents the post-

failure hydraulic state of a different centrifuge test,

including most of the slopes exposed to heavy rainfall

events. The infiltration pattern is similar for all four initial

soil conditions. The wetting front infiltrates under a certain

gradient into deeper regions of the slope. The rainwater

infiltrates faster for the slopes with loose densities and/or

higher initial degree of saturation. It is observed that the

water content of the soil increases to a threshold of about

16%; then, the subsequent rainwater flows primarily

downwards owing to the high hydraulic conductivity of the

slope (e.g. CRF-01, CRF-03 and CRF-04, also see Fig. 4b).

This threshold value of the wetting front seems indepen-

dent on the initial saturation nor the soil porosity. With

increasing the rainfall duration, the rainwater may infiltrate

until the impermeable base, saturating the soil at the bot-

tom of the slope. Then the degree of saturation begins to

increase from the bottom to the slope surface, resulting in

reversed gradients of the infiltration profile (e.g. CRF-12,

CRF-13 and CRF-17).

Fig. 7 Failure initiation and failure regimes over rainfall duration

(a) (b) (c) (d)

Fig. 8 Rainfall infiltration profiles over the normalized time t�, based on the postfailure water content measurements in the crest region of slopes
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3.3 Prefailure deformation

Prefailure movements include all the movements that occur

before the failure initiation [18, 19]. They are resulted from

creep, compaction due to wetting and self-weight and

displacements associated with progressive failure. The

prefailure process can be observed from the observation

window of the strongbox with the help of the particle

image velocimetry (PIV) image analysis code GeoPIV

[48]. Images of the slope profile were taken through the

transparent side wall of the strongbox using the side digital

camera.

Figure 1b shows the domain of deformation, from where

the kinematics of the slope at prefailure stage can be

analysed. Figure 9a presents the accumulated deformation

of a representative slope, e.g. CRF-03 slope. Both hori-

zontal and vertical deformations initiate first and propagate

from the upper half of the slope. With continuing rainfall,

the magnitudes of the downward displacement increase,

whereas the highest deformation is located at the crest

region of the slope. The evolution of the shear zone is

visualized in Fig. 9b. After 20 s rainfall, a discontinuous

shear zone appears at the mid-height of the slope. The

shear zone becomes evident and extends to both the crest

and lower parts. With continuous rainfall, a complete shear

surface is eventually generated.

It is observed that the application of rainfall brings the

slope to failure in 40 s, with the shear surface developed

mainly in the superficial part of the slope. This may be

attributed to the wetting compaction within the infiltration

zone of the top soil, because the matric suction decreases as

the wetting front descends. In addition, the cohesive and

frictional components of the soil strength increase with

depth, and thus, it is impossible to develop a deep-seated

shear surface in the slope. Moreover, the prefailure process

of the slope indicates a translational failure model, whereas

the slope failure caused by increasing g-level without

rainfall renders normally a pull-type failure with the

maximum prefailure deformation occurred at the toe of the

slope [14].

3.4 Postfailure displacement

The postfailure stage starts from the failure initiation until

the mass of soil involved essentially stops moving [18].

The postfailure movements can be illustrated by the time–

space graphs, taken from the high-speed video placed in

front of the slope. The space–time plots allow studying the

deformation of the slope throughout a longer period of

(a)

(b)

Fig. 9 Progressive failure in the prefailure stage of slope CRF-03 under the effect of rainfall infiltration
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time. The soil deformation is represented by a reference

line of the width of 1 pixel, which is extracted from the

video image and plotted over time. In our test, a horizontal

profile close to the toe of the slope is selected as the ref-

erence line, as outlined by section A–A0 in Fig. 1b. More

details refer to time–space plot can be found in the litera-

ture [2].

Figure 10 shows the space–time graphs of both failure

types for selected slopes. The x-axis denotes the rainfall

duration, while the y-axis presents the image of the slope

surface along with A–A’ section. As shown in Fig. 10a, the

slopes following slide-to-flow failure pattern show rela-

tively uniform deformations along the width of the slope.

The initial failure is usually followed by a postfailure

regime in the form of sliding and flowing. Figure 10b

shows some typical time–space graphs of flowslide failure

type. Clearly, the slope failure is initiated by local soil

erosion, resulting in flow channels on the slope surface.

With a clear front and convergent tail, the mass flows move

rapidly along the channels to the toe of the slope. It is

observed that the flow channels may develop separately or

merge into a bigger one. Let us take the CRF-08 slope with

the torrential rainfall event for example. It is observed that

several surface channels merge to two main flow channels,

which located on both sides of the slope. Although the

space–time plots show different failure in morphology,

some general features in their kinematics can be concluded.

Figure 11 shows the displacement paths and velocities at

the slope surface during the whole failure process of slopes

CRF-16 and CRF-07. The initial positions of the marker

points are illustrated in the embedded picture. The top part

of the figures presents displacement paths of marker point,

while the bottom part shows the derived velocity of those

tracked marker points. The initial positions of the marker

points are illustrated in the embedded picture. For the slide-

to-flow failure mode, the displacement paths of the tracked

points increase in an exponential manner prior to the pri-

mary sliding failure. The soil closer to the crest of the slope

yields the largest deformation during the primary slide. The

peak velocities of the primary slide are recorded in the

range of 0.07–0.08 m/s.

By contrast, the flowslide failure does not show such a

uniform deformation prior to the failure initiation. Instead,

the local erosion gives rise to a stepwise movement pattern

before the dominant flows arise from the crest of the slope.

This movement pattern renders much larger peak velocities

in the range of 0.2–0.5 (1.0) m/s prior at the initial failure

state. According to the classification proposed by Cruden

and Varnes [7], the velocities of most slopes following

flowslide failure are classified as very rapid or to velocity

class 6. This implies that it is difficult to operate evacuation

if such rapid landslides occur [13].

(a) (b)

Fig. 10 Surface space–time plots of rainfall-induced instability with different failure patterns: a slide-to-flow characterized by global slides and

b flowslide characterized by local flow channels
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4 Result analyses

The application of rainfall has successfully caused 16 out

of the 18 slopes to failure with different types. In the fol-

lowing, the influences of rainfall intensities and initial

slope conditions, e.g. slope angle, porosity and degree of

saturation, on the failure initiations and failure types of the

slopes are analysed.

4.1 Influence of rainfall intensity

The results of the rainfall applied to all the slopes and the

initial failure time are depicted in Fig. 12. It can be seen

that the slopes exposed in the moderate rainfall events with

intensity about 5 mm/h are able to withstand much longer

rainfall duration among all the slopes. The slope CRF-09,

with medium dense compaction and 45� gradient, fails

after 94 s or approximately 24 h at the prototype scale. The

other slope CRF-10, only with a lower initial degree of

saturation, does not experience any failure after a rainfall

duration of 410 s or more than 4 days at the prototype

scale.

The heavy rainfall of 12 mm/h is applied to 10 slopes

inclined at 45� and 5 slopes inclined at 35�. Depending on

the initial void ratio and initial degree of saturation, the

rainfall durations causing initial failure range from 12 to

154 s (3 h to 1.5 days for the prototype) for 45� slopes and

from 36 to 254 s (9 h to 2.7 days for the prototype) for 35�

slopes. Of all the cases, the torrential rainfall of 27 mm/h

on slope CRF-08 triggers the fastest failure. The rainfall

duration is only approximately 4 s or approximately 1 h at

the prototype scale. A comparison of all tests suggests that

the rainstorm is more likely to trigger a flowslide, while a

moderate rainfall event with long durations may give rise

to slide-to-flow failure.

Figure 13 illustrates the failure surface and deposition of

some slopes with similar initial conditions (b0 ¼ 45�, e0 �
0:74 and w0 � 11:5%) but varying rainfall intensities from

4.9 to 27.0 mm/h. Clearly, the rainfall intensity has sig-

nificant impacts on the slope failure, failure surface and

final deposition. As shown in Fig. 13a, the moderate rain-

fall hardly causes the slope to failure, and only self-weight

compaction is observed in the slope. With increasing the

rainfall intensity to about 12.0 mm/h, the slopes first slide

along a shear surface and then flow rapidly with continuous

rainfall. As shown in Fig. 13b, c, subjected to heavy

rainfall events, the slopes CRF-06 and CRF-18 exhibit a

slide-to-flow failure pattern. It is observed that the slope

CRF-08 (see Fig. 13d) fails immediately after a few sec-

onds of torrential rainfall. A fast flowslide is initiated from

the top of the slope with a high degree of saturation under

such heavy rainfall. The short duration of torrential rainfall

(a) (b)

Fig. 11 Displacement paths and velocities of selected the soil at the surface of a slope CRF-16 following slide-to-flow failure and b slope CRF-

07 following flowslide failure
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also causes the increase in the water level at the toe, where

the soil is fully saturated with positive pore pressure.

A close inspection of the failure depositions suggests

that the depth of a shear surface is related to the applied

rainfall intensity. For slides turning into flows, a heavier

rainfall event could lead to a deeper failure surface,

mobilizing more sliding masses. Moreover, the torrential

rainfall event is more likely to cause flowslides. However,

it is believed that whether rainfall causes slope failure or

not and the corresponding failure patterns are dependent

not only on rainfall intensities but also on initial slope

conditions.

4.2 Influence of initial slope condition

The initial conditions of slopes, represented by the slope

angle, the void ratio of the slope soil and the profiles of the

degree of saturation, are usually dependent on antecedent

hydrologic and stress conditions. These conditions control

the hydraulic conductivity, the quantity of water required

to reach full saturation and the hydraulic gradient of the

slopes. They play an important role in the saturation pro-

cess and the development of positive pore pressures in the

slopes [18]. Figure 14 shows the initial slope conditions on

the failure initiations and failure types of the 16 failed

slopes.

(a) CRF-10 (b) CRF-06 (c) CRF-18 (d) CRF-08

Fig. 13 Influence of rainfall intensity on the deposition and failure surface of the slopes with low initial void ratio and low water content
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Firstly, it can be anticipated that a slope with a steeper

inclination is more prone to failure when exposed to rain-

fall. As shown in Fig. 14a, with the same initial conditions

and rainfall intensities, the 35� slopes CRF-13 and CRF-14

are able to withstand longer rainfall duration compared to

their counterparts CRF-17 and CRF-07, respectively. The

critical rainfall duration for 35� slopes is about 2–4 times

longer than those for the 45� slopes. After failure, the

inclination angles of the deposited soil mass decrease to the

range of 25�–35� (see Fig. 14b). The deposited soil masses

of 45� slopes usually have longer distal reaches than those

of the 35� slopes, indicating the high mobility of the slope

failures.

Secondly, it is known that an increase in the soil density

leads to a significant decrease in the permeability but an

increase in the shear strength of the soil (see Fig. 5).

Therefore, a slope with denser initial compaction is able to

sustain longer rainfall duration. As shown in Fig. 14c, the

slopes compacted to a denser state, i.e. e0 � 0:74, generally

withstand up to 2 times longer rainfall durations. The soil

density at failure condition can be obtained through back

analysis considering the compaction during the test.
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Figure 14d compares the void ratios at initial and failure

states. It can be seen that the void ratios of slopes with

medium dense compaction remain almost unchanged,

while the slopes with loose density experience significant

self-weight compaction prior to rainfall and wetting col-

lapse within the wetting zone during rainfall. It is noticed

that some of the initially loose soils even reach a medium

dense state, especially slopes of that withstand longer

rainfall durations.

Thirdly, the critical rainfall duration decreases with the

initial degree of saturation or the antecedent rainfall. As

shown by the lines I and II in Fig. 14e, the tf decreases with

S0;r for slopes with similar initial densities and rainfall

intensities. It seems that the reduction gradient is relevant

to the initial density of the slopes. Figure 14f plots the

degree of saturation at both the initial and the failure states.

It is observed that Sr;f for all failed slopes increases sig-

nificantly after rainfall. The degree of saturation at failure

lies in the range of 0.6–0.8. It can be speculated that when

the degree of saturation in the soil increases to this extent,

the capillary forces become insufficient to maintain the

slope stable, and thus, catastrophic failure of the slope may

occur.

On the other hand, the failure surface and final deposi-

tion of the slopes are also related to the initial slope con-

ditions. Figure 15 presents the origin and final deposition of

some selected slopes with varying initial conditions but

similar rainfall intensities. As shown in Fig. 15a, the slope

CRF-13 is the only slope failed due to the local collapse at

the toe under continuous rainfall infiltration. The rainfall

duration causing the initial failure, DP � 60 hours, is the

longest among all tests. With a higher initial degree of

saturation, however, the slope CRF-14 gives rise to flow-

slides (see Fig. 15b) with a much larger sliding mass. On

the other hand, it seems that the initial void ratio has less

impact on the failure pattern and final deposition on the

slopes. Figure 15c, d shows that, with a denser compaction

state, the slope CRF-17 gives rise to a slightly deeper shear

surface than that of the slope CRF-17. However, both

slopes exhibit the slide-to-flow failure pattern under the

heavy rainfall event. Furthermore, a comparison between

the failure patterns and final depositions of 35� and 45�

slopes implies that a gentler slope is more prone to flow-

slides, while a steeper slope usually generates more sliding

masses with deeper shear surfaces when failures occur.

According to Cascini et al [5], the main difference

between slides turning into flows and flowslides lies on the

difference in generation of pore water pressure at failure.

Flowslides usually occur with either fully or partially

undrained failure of soil mass in diffuse types, character-

ized by the generation of excess pore water pressure, along

with strong hydromechanical coupling between fluid and

solid phases. Thus, the eventual sudden acceleration of the

failure mass is a consequence rather than a cause of the

slope instability process [4, 5]. By contrast, drained failure

of localized type may take place at the critical state when

slides turning into flows. Previous studies [25, 30, 31]

suggest that landslides in loose unsaturated soils with low

hydraulic conductivity are prone to flowslide failure upon

rainfall infiltration. Our experiments indicate that flowslide

failure can occur in both dense and loose state. This phe-

nomenon is also observed in other centrifuge tests on

rainfall-induced slope failure [42]. The evidence we gain

from the experiments suggests that the key factors,

(a) CRF-13 (b) CRF-14 (c) CRF-16 (d) CRF-17

Fig. 15 Influence of soil initial condition on the failure surface and final deposition of selected slopes with different initial slope conditions
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increasing the probability of flowslide failure, are fast

saturation of soil at the vicinity of the slope due to high

rainfall intensities, high antecedent rainfall events and low

slope inclinations. All these factors facilitate the generation

of excess pore water pressure upon rainfall infiltration.

However, to quantify the roles of those factors in the

development of flowslides or slides turning into flows, a

quantitative measurement of the pore water pressure during

precipitation is required.

5 Threshold curve

The relationship between rainfall events and the transient

reduction of slope stability is significant for the prediction

of landslide failure. The rainfall conditions that could

trigger failure can be determined by empirical approaches.

One of the most popular tools is the threshold curve, which

determines the critical conditions of slope failure initiation.

In the following, two threshold curves are introduced based

on the experiments.

5.1 ID threshold curves

Firstly, the equation relating rainfall intensity (I) and

duration (D), i.e. the ID threshold, defines the minimum

rainfall duration for a given rainfall intensity at which

slopes are likely to fail. The ID threshold was firstly pro-

posed by Caine [3] to construct a global threshold for the

occurrence of shallow landslides. Since then, the ID

threshold is widely used at the local, regional and global

scales [10, 11, 28, 37]. The ID threshold curve usually

follows the following power function:

I ¼ aD�b ð4Þ

where a and b are empirical parameters defined by means

of statistical analyses.

In this work, a new ID threshold curve is proposed on

the basis of the experiments. Figure 16a shows the pro-

posed threshold curve in the log–log scale

(a ¼ 20:5; b ¼ �0:77). The threshold curve clearly shows

that the slope failure is more likely to occur during tor-

rential rainfall events with short duration or moderate

rainfall events with long periods. Additionally, some

threshold curves from the literature [3, 11, 28, 37] are

selected for comparison. The proposed ID threshold curve

fits between two published regional curves (5 and 6). A

good agreement with the global threshold curves (curve

2a for low void ratio and 2b for high initial saturation)

defined by Sidle and Ochiai [37] is also observed. A

comparison between all the presented curves in Fig. 16a

suggests that the global relationships seem to yield much

lower thresholds than the regional one. Similar conclusion

is also reported by Guzzetti et al. [10]. These ID threshold

curves allow a simple definition of the rainfall necessary

to provoke shallow instability on undisturbed slopes.

Therefore, the estimated threshold may be applied to the

quantitative evaluation of natural hazards associated with

shallow landslides and debris flows [3]. But bearing in

mind that, in addition to climate types, the threshold

curves are subjected to the effects of many other factors,

such as slope geometry, soil types and the hydraulic

properties [22].

(a) (b)

Fig. 16 Threshold curves a comparison the proposed ID threshold curve with those from the literature, b evolution of Sr and e during g-up

compaction and rainfall of all tests
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5.2 Sr - e threshold curve

Despite widely used in some early-earning systems, the

ID threshold curves could not reflect the influence of the

initial slope conditions. To remedy this limitation, one

may use the Sr � e threshold curve to reflects the soil’s

reaction to the increase in the soil saturation in terms of

the critical soil state. To this end, we measured the degree

of saturation at the failure state from the failed soil mass

and the changes in void ratio from the recorded digital

images. Figure 16b presents the variation of the soil

states, such as the initial condition, the condition after

self-weight compaction during g-up and the failure con-

dition, during the rainfall experiments. The final condition

is indicated by different symbols to differ the failure

mechanism.

The compaction and wetting paths of the slopes by

means of the degree of saturation of the wetting zone

versus its void ratio are also illustrated, assuming that the

void ratio and degree of saturation vary linearly during the

rainfall. This is reasonable since the degree of saturation

increases with the rainfall during, as showing in Fig. 8. The

dashed lines in Fig. 16b represent the Sr � e threshold

curves, defining the critical degree of satiation as a function

of the void ratio. The Sr � e functions for slopes with

different inclinations as follows:

Sr;f ¼ 1:69 � 1:24e ð5Þ

for 35� slopes and

Sr;f ¼ 1:48 � 1:05e ð6Þ

for 45� slopes.

An inspection of the threshold curves suggests that the

curve for 45� slopes is much steeper, indicating those

slopes are more susceptible to the variation of saturation

degree. This observation is confirmed by some numerical

simulations of rainfall-induced slope instabilities [34].

The slopes with lower initial degree of saturations, e.g.

slopes CRF-1, CRF-12 and CRF-11, tend to fail with

lower final degree of saturation. It is also found that most

of the slopes following the flowslide failure type yield

higher degree of saturation than those of the slide-to-flow

failure type, with the only exception of slope CRF-11, for

which the slope surface has a higher degree of saturation

(or water content) but lower internal friction (denoted by

the blow number in the penetrometer test) than the other

parts, as shown in Fig. 17. This result proves again the

important role of the degree of saturation in the devel-

opment of flowslides.

6 Conclusions

In this paper, we investigate the failure initiation and

postfailure kinematics of rainfall-induced slope instabilities

through centrifuge modelling. A group of small-scale

model slopes with different initial conditions, e.g. slope

geometry, porosity and degree of saturation, are exposed to

rainfall of different intensities. The following conclusions

can be drawn from the experiments:

Most of the slopes exhibit a flow-type failure pattern,

either following the slide-to-flow or the flowslide failure

modes. The slide-to-flow failure is initiated by a primary

shallow slide, extending over the full height of the slope.

With continuous precipitation, flow-type failure emerges

from the unveiled and destabilized crest of the slope. The

deformation analysis indicates a push-type failure mecha-

nism with a shallow shear surface. On the other hand, the

flowslide failure is initiated by the rapid increase in the

pore water pressure at the slope surface, resulting in ero-

sion channels and fast flowslides. The velocities of the

flowslides are found to be in the range of 0.2–0.5 m/s,

which is much larger than those of the slides turning into

flows. The evidence we have suggests that fast saturation of

soil at the vicinity of the slope, high antecedent rainfall

events and low slope inclinations may increase the proba-

bility of flowslide failure.

An intensity–duration (ID) threshold curve is proposed

to determine the critical rainfall duration that triggers slope

failure. The new ID threshold curve fits closely to global

thresholds. In addition, a Sr � e threshold curve is intro-

duced to decipher the relationship between porosity and

Fig. 17 Profiles of water content and penetrometer of slope CRF-11 at

the initial and postfailure states (measured from the crest of the slope)
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degree of saturation during rainfall infiltration. It is found

that the critical saturation degree for flowslides is generally

larger than that of the slides turning into flows, proving

again the importance of the degree of saturation in the

development of flowslides.
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