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Abstract
A distinctive slope stabilisation method that integrates two well-developed methods for slope stabilisation is analysed in

this paper. The slope stabilisation method utilises embedded piles and geogrid-reinforced retaining walls with gabion

basket wall facing. To study the effect of this integrated slope stabilisation method on the stability of the slope under the

negative impacts of rainfall, a three-dimensional finite element model with fluid–solid coupling is adopted to indicate the

rainfall infiltration process and investigate the corresponding slope responses. The shear strength reduction method is

applied after fluid–solid coupling analysis to investigate the impact of various rainfall intensities and rainfall patterns on the

stability of slopes with different configurations. The results from the comparison of slope responses among various

configurations indicate that under the highest rainfall intensity, the integrated method improves the stability of the slope up

to 41:2% and restrains the displacement increment of the road edge to a maximum of 12:5 mm. The most critical rainfall

pattern for the stability of the slope has also been recognised in terms of the factor of safety and the variation in the

negative pore-water pressure of the slope. The numerical results indicate that the back-loaded rainfall pattern always yields

the lowest factor of safety and induces the highest loss of matric suction, which can be 23 kPa at the toe of the slope.

Moreover, a comparison between two construction scenarios under various rainfall intensities was also conducted, which

demonstrates that the reinforced filled slope configuration is preferable when the site conditions permit.

Keywords Finite element method � Pile retaining wall � Geogrid-reinforced retaining wall with gabion facing �
Rainfall � Seepage � Slope stabilisation

1 Introduction

Slope failure imposes severe damage on civil structures,

causing major economic losses and the losses of lives [1].

Slope instability may be induced by a wide variety of

factors, including weather conditions, loss of vegetation,

changing topography, unfavourable geological features, or

a combination of these factors [2]. The influence of rainfall

under unsaturated conditions is of particular importance for

the evaluation of slope stability [3, 4]. A wide variety of

analytical methods, therefore, have been established to

relate the occurrence of slope failures to various rainfall

characteristics. Based on historical analysis, landslide-

triggering rainfall thresholds have been studied statistically

[5–7]. Where there are only limited rainfall data or records

of slope failure, the threshold of slope instability is iden-

tified by deterministic methods [8–10]. Where adequate

data are available, the relation between rainfall and slope

failure can be identified by probabilistic-based methods

[11, 12]. The analytical methods mentioned above, how-

ever, may have their own limitations, including ignoring

the ground conditions, various rainfall intensities, or most

importantly, the permeability of the soil that is not constant

but depends on the saturation degree of the soil [13]. These

limitations may lead to misleading predictions of the slope

behaviour, particularly for unsaturated soil. To overcome

these limitations, finite element methods (FEMs) have been
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developed that can compute pore-water pressure and can

also consider the coupled effect between the deformation

and infiltration of unsaturated porous media [14]. Then, the

strength reduction finite element technique can be utilised

to evaluate and locate the factor of safety (FoS) of slopes

and the corresponding critical slip surface [15].

The negative impact of rainfall on the stability of

unsaturated soil slopes has been investigated in detail by

FEMs due to its advantages. A previous study [16] inves-

tigated the relationship between climatic variables, soil

hydraulic properties, and the initial conditions within the

slope that may cause instability. A parametric study was

conducted [17] to investigate the effect of rainfall intensity,

soil properties, and the position of the groundwater table on

slope stability. Another study [18] investigated the

threshold of the instability of a clay soil slope located in the

Mediterranean area induced by climatic variables, includ-

ing rainfall, average temperature, and evapotranspiration.

Moreover, researchers [19] have studied the effect of

extreme storms on typical railway embankment stability by

numerical simulations and investigated the effect of soil

hydraulic characteristics under rainfall conditions.

Based on the studies mentioned above, rainfall signifi-

cantly influences the unsaturated soil slope stability and

can be described in terms of rainfall duration, intensity, and

pattern. Regarding the influence of rainfall duration and

intensity on unsaturated soil slope stability, a series of

parametric studies have been conducted to investigate their

effects on pore-water pressure and slope stability [15]. The

pore-water pressure was computed by transient seepage

analysis, and the stability of the slope was then evaluated

by the reduced shear strength method. They concluded that

slopes with large permeabilities are more prone to failure

under rainfall events that have greater intensities and short

durations, while slopes with low soil saturated permeability

fail only when the rainfall has a long duration. In addition,

researchers [20] also conducted parametric studies to

investigate the relative importance of controlling parame-

ters, including the rainfall intensity, in evaluating slope

stability under various rainfall conditions. For each para-

metric study, the seepage analysis of the slope was first

performed using the finite element method. Then, the slope

stability analysis was conducted by Bishop’s simplified

method considering the pore-water pressure obtained from

the first step. They found that for a given rainfall duration,

there is a threshold rainfall intensity that yields the lowest

value of the factor of safety (FoS) of the slope; this value

also increases with the increase in the soil saturated per-

meability. For the studies mentioned above, the research

objective mainly focuses on the natural slope, whereas for

the current study, the response of the natural slope, the

slope with modified geometry for transportation purposes,

and the slope with additional stabilisation reinforcement

under various rainfall conditions have been investigated.

The influence of changing the geometry of the slope and

the effect of the slope stabilisation method utilised in the

study area have also been investigated. Moreover, the

effect of the rainfall pattern on the unsaturated soil slope

stability has been studied through FEMs. A three-dimen-

sional parametric study on the groundwater pressure

responses of unsaturated cut slopes under typical Hong

Kong rainfall patterns with various rainfall intensities,

durations, and return periods has been conducted [21]. This

study found that for a given rainfall amount and duration,

patterns with a high initial intensity yielded the lowest FoS

among the three rainfall patterns with the highest intensity

at the beginning, middle and end of a rainfall event. Based

on the response of groundwater pressure, they also con-

cluded that prolonged rainfall with a relatively higher

rainfall amount may induce slope failures at great depths.

Another study [22] investigated the impact of antecedent

rainfall patterns on the stability of slopes composed of soil

with low and high permeabilities. Rainfall data from Sin-

gapore were analysed to identify the characteristics of the

repeatable rainfall patterns. That study found that the

rainfall pattern with the highest intensity at the end of the

event resulted in the lowest FoS of the slope composed of

high-permeability soil, whereas for the slope composed of

low-permeability soil, the rainfall pattern with high initial

intensity yielded the lowest FoS. They also concluded that,

in general, the antecedent rainfall pattern influences the

stability of the slope composed of low-permeability soil

more significantly. Regarding the current study, the typical

rainfall patterns in the study area have also been identified

and then applied to various slope configurations based on

the site conditions; therefore, the effect of the local rainfall

patterns on the stability of the slopes within the study area

can be clearly demonstrated.

This study considers the South Gippsland area of Vic-

toria state, located in southeastern Australia. The annual

mean precipitation and temperature in South Asia,

including Australia, in the twenty-first century have been

predicted by utilising the latest Coupled Model Intercom-

parison Project Phase 6 (CMIP6) dataset [23]. Based on the

simulation results from the CMIP6 model, this study

indicates that the predicted annual mean rainfall amount in

South Asia will increase 10–20% in the near future. In

addition, the predicted annual mean rainfall amount of the

mid- and far-future periods will increase further to

approximately 10–30%. Currently, in the study area, most

road embankment and slope instabilities can be attributed

to heavy rainfall [24, 25]. This phenomenon may be more

severe based on the findings from the CMIP6 model [23].

Therefore, a distinctive slope stabilisation system com-

prising piles at the toe of gabion-faced geogrid-reinforced

retaining walls (GF-GR-RWs) has been widely utilised to
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reinforce the slope and the road embankment to minimise

the negative effect of rainfall [25]. Previous researchers

[26] conducted a numerical study of this distinctive inte-

grated slope stabilisation method by the FEM. The effec-

tiveness of this integrated method was demonstrated by

comparing various slope configurations, and an optimisa-

tion process for the critical design parameters of the inte-

grated method was conducted by a series of parametric

studies. This study found that the integrated method can

improve the stability of the slope by approximately 70:2%,

and almost 1/3 of the material can be saved after the

optimisation process. However, this study considers only

the behaviour of the stabilised slope of the integrated

method under the effect of gravity without the considera-

tion of the rainfall effect, which is unfavourable for slope

stability in the study area. Moreover, while the negative

impact of rainfall on the natural slope stability has been

investigated in detail by previous studies, the role of the

road embankment infrastructure and slope stabilisation

work under the impact of rainfall infiltration has received

less attention in the literature. In addition, the response of

the slopes within the study area that are subject to typical

Australian rainfall patterns can be useful for understanding

the slope instability situation in the study area, which has

not been studied deeply.

In this study, the impact of rainfall on the road

embankment infrastructure and the slope stabilisation work

used in the Gippsland area to stabilise rainfall-induced

slope failures are investigated. The rainfall intensities over

a wide range are adopted first to investigate the effect of

the distinctive integrated slope stabilisation method on

FoS, the critical slip surface, the negative pore-water

pressure, the maximum road edge displacement of the

slope and the road embankment during the weakening of

the soil under rainfall conditions. Three rainfall pattern

designs derived from typical Australian patterns are then

applied to each slope configuration, and the most critical

rainfall pattern for the stability of the slope is recognised by

considering the change in pore-water pressure during the

saturation process and FoS of the slope. The results indi-

cate that rainfall precipitation affects the stability of the

slope configuration reinforced by the integrated method to

a lesser extent, and the effect of the integrated system can

be clearly demonstrated. Moreover, different responses of

various slope configurations to the wide variety of rainfall

conditions obtained from the numerical study can also be

used as a reference for engineers to appropriately assess the

rainfall-induced slope instability issue according to specific

site conditions.

2 Study Site

2.1 Site Background

South Gippsland, located in Victoria state in Australia, is a

region susceptible to rainfall-induced landslides (Fig. 1). In

this area, the landscape mainly consists of maturely dis-

sected, hilly, cleared terrain with some valleys that are

relatively youthful, and the land surface is commonly

stepped and hummocky. The sharp topographic expression

of the fresh landslide becomes significantly subdued within

a few decades through weathering or intentional ploughing,

although the scars in the earth on the main scarps still

remain the dominant features in this region over a longer

period. Structurally, this area is composed of the dissected,

elevated block of Lower Cretaceous rocks (Narracan

Block), and the Lower Cretaceous rocks are also overlain

by the Childers Formation sediment, which in turn is

usually capped by the Tertiary older volcanic strata [24]. In

addition, more than 90% of the Gippsland area was once

covered by woodlands, but much of this has been cleared

for the purpose of agriculture, which has imposed a long-

term negative influence on slope instability in this area

[27]. According to data from the Australian Bureau of

Meteorology, Australia’s wettest 24-month period was

between April 2010 and March 2012. During this period,

142 slope failures occurred in the study area, according to

records from the local government authority. In 2011, the

occurrence of slope failure was concentrated on the 22nd of

March and 21st of July, and the dates of the slope failures

in 2012 were the 25th of May and the 4th and 22nd of June.

According to the distribution of the large number of slope

failures, 30% of the slope failures occurred around Mount

Best (Upper Toora); therefore, the daily rainfall precipita-

tion and the annually accumulated rainfall amounts from

Mount Best in 2011 and 2012 are shown in Fig. 2.

According to Fig. 2, the dates with high rainfall correspond

with the dates of the occurrence of slope failures; therefore,

the major reason for the large number of slope failures

during 2011 and 2012 can be attributed to excessive rain-

fall. A review of the slope stability conditions in the study

area was also conducted [24, 26], and the slope instability

in the region can be explained through the following

aspects: (1) steep slopes developed by fault escarpment and

stream erosion; (2) the existence of residual soil with lower

strength; (3) the existence of expansive clay soil; (4) fis-

sures developed in clay soil that permit water to penetrate

deeply into the soil; and (5) the infiltration of rainfall that

increases the groundwater level and soil moisture content.

Moreover, according to the results of laboratory soil tests

and inspections of the soil exposed by the pile borehole at

the site, the consistency grade of soils in the South
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Gippsland region ranges from very soft to stiff, and the

consistency generally increases with depth. The soils with

high plasticity are more likely to be involved in landslide

activity than the other types of soil; however, slope failure

was found to occur in the full range of soil types in the

study area. The soils also generally have high plasticity and

high clay content, and the shear strength of the soil is

sensitive to the moisture content and the cohesion com-

ponent of the soil is affected significantly by the clay

content; therefore, the slope instability conditions become

relatively worse under the rainfall conditions. In addition,

the content of clay also increases with increasing depth,

which indicates that slope failures are more likely to occur

with the infiltration process of rainwater [24]. These fea-

tures make the influence of rainfall on slope stability more

significant. Therefore, a distinctive integrated slope

stabilisation method that comprises conventional GF-GR-

RWs with laterally loaded piles has been used widely in

this area.

2.2 Stabilisation Construction

The borehole is drilled by a tractor-mounted auger to install

the piles prior to constructing the retaining wall. The

augering is continued in the weathered bedrock layer to

form the space for the pile to embed. The I-beam post is

then placed in each hole and supported when the borehole

is backfilled by concrete. The I-beam post protrudes 1

metre above ground level and is then welded to the steel

rail to form a fixed beam, which provides lateral support to

the retaining wall.

Fig. 1 Study area details: a location of South Gippsland, Victoria, Australia, b slope site reinforced by the integrated method that comprises the

pile retaining wall with the GF-GR-RW

Fig. 2 Daily rainfall and accumulated rainfall amount on mount best (Upper Toora), South Gippsland: a 2011, b 2012
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Then, the GF-GR-RW is constructed adjoining the

horizontal rail. Rocks are filled in gabion baskets, each of

which is a 1 m cube. Each gabion basket is then connected

horizontally with double twisted wire mesh to compose

layers of wall facing. Five gabion basket layers are then

stacked in a stepped pattern with a 5V:2H gradient. During

the stacking process, the middle three layers of the gabion

basket are wrapped by the geogrid, and then the tails of the

geogrid are extended into the soil as it is backfilled.

2.3 Slope Configurations

The numerical model of each slope configuration is based

on the site conditions. The natural slope configuration has a

gradient of 3V : 10H, as depicted in Fig. 3a, and then a

cutting is made to create the road on the slope (Fig. 3b). An

alternative way to construct the road on the slope is to

involve filling on the slope (Fig. 3c). Based on these two

construction scenarios, two different slope stabilisation

configurations are used. For the cut slope configuration, the

slope stabilisation system is installed above the road to

stabilise the slope and the road embankment (Fig. 3d). For

the filled slope configuration, the slope stabilisation system

is installed below the road (Fig. 3e). For the reinforced

slope configurations, the ratio of centre-to-centre spacing

(S) to the pile diameter (D) adopted is 3:5, based on the site

conditions (S ¼ 1:4m;D ¼ 0:4m).

3 Theoretical Considerations

3.1 Water Flow in Unsaturated Soils

An empirical function has been used to describe the

dependence of the permeability of the soil to water and air

on the saturation degree [28]:

Kw ¼ awKws

aw þ bw � ua � uwð Þf gcw½ � ; ð1Þ

Ka ¼
aaKas

aw þ ba � ua � uwð Þf g�ca½ � ; ð2Þ

where aw; bw; cw; aa; ba and ca are fitting parameters; Kws

and Kas are the saturated permeability of the soil to water

Fig. 3 Five slope configurations adopted: a Natural slope configuration, b cut slope configuration, c filled slope configuration, d reinforced cut

slope configuration (above the road), e reinforced filled slope configuration (below the road) (dimensions are in meters)
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and air, respectively; uw and ua are the pore-water pressure

and pore-air pressure; and ua � uwð Þ represents the matric

suction.

An empirical state surface equation is then adopted to

represent the soil–water characteristic curve (SWCC) of

unsaturated soil [28]:

Sr ¼ Si þ
Sn � Sið Þas

as þ bs ua � uwð Þf gcs½ � ; ð3Þ

where Si denotes the residual saturation degree, Sn repre-

sents the maximum saturation degree, and as; bs; cs are the

soil parameters.

The relation among the void ratio, the matric suction,

and the net mean stress can be given by [28]:

e ¼ ae þ beln pð Þ þ celn ua � uwð Þ þ deln pð Þln ua � uwð Þ;
ð4Þ

where ae, be, ce, and de are soil parameters, and p denotes

the net mean stress.

The pore air is generally assumed to be connected with

the atmosphere, i.e., ua ¼ 0ð Þ, which means that the matric

suction equals the pore-water pressure. Based on the typi-

cal site conditions, the main soil in the study area is clay; a

previous study [28] summarises five typical sets of

hydraulic parameters of the soil, including clay, to deter-

mine the relationship between the volumetric moisture

content and matric suction and the relationship between the

permeability coefficient and matric suction. The hydraulic

characteristics of the clay soil at the slope site can then be

determined (Table 1) [24, 25]. The derived curve of the

SWCC and the soil permeability function are illustrated in

Fig. 4. For the weathered rock layers, as they are still

stable under hydraulic conditions, their hydraulic

properties are therefore assumed to be the same as those of

clay soil to simplify the iteration process, which also

imposes a minor influence on the simulation results, except

for the saturated coefficient of permeability, which is

assumed to be 1� 10�6 m/s based on the site conditions.

3.2 Shear Strength of Unsaturated Soils

The effective stress of the soil induced by the water flow

can be given by [29]:

r0 ¼ rþ vuw þ 1� vð Þuað Þ; ð5Þ

where r is the total stress of the soil and v represents the

saturation of the soil.

The Mohr–Coulomb failure criterion is used to represent

the shear strength of the soil, which can be given by:

sf ¼ c0 þ r0tanu0; ð6Þ

where u0 denotes the effective friction angle of the soil and

c0 is the effective cohesion.

Substituting Eqs. (5) into (6), the extended Mohr–Cou-

lomb criterion [30] can be obtained as follows:

sf ¼ c0 þ r� uað Þtanu0 þ v uw � uað Þtanu0: ð7Þ

The pore air is assumed to be connected to the atmo-

sphere; Eq. (7) can thus be simplified, and the shear

strength of the unsaturated soil is as follows:

sf ¼ c0 þ rtanu0 þ vuwtanu
0: ð8Þ

3.3 Strength Reduction Finite Element Method
(SR-FEM)

The stability of the slope is evaluated by the SR-FEM after

the seepage analysis. With the increase in the strength

reduction factor, the original shear strength decreases

continuously until slope failure occurs [31]. The occur-

rence of slope failure is determined by the nonconvergence

of the simulation caused by an abrupt increase in the dis-

placement of the characteristic node in the model [32]. cr
and ur after the strength reduction process are as follows:

cr ¼
c0

SRF
; ð9Þ

ur ¼ arctan
tanu0

SRF

� �
; ð10Þ

where SRF is the strength reduction factor. The strength

reduction factor can be regarded as the FoS of the slope

when the slope fails.

Table 1 Hydraulic characteristics of the clay soil

Hydraulic properties Parameter Clay soil

Equation (1)

permeability function

Kws (m/s) 10�5

aw 1000

bw 0:01

cw 1:7

Equation (3)

SWCC

Si 0:08

Sn 1:0

as 1:0

bs 5E-5

cs 3:5

Equation (4) ae 1:2

void ratio be �0:04

ce �0:002

de 0:0001
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4 Numerical Modelling

4.1 Constitutive Models and Material Properties

The commercial finite element code Abaqus 2018 is used

for the analysis. In the numerical simulation, the pile is

modelled as an isotropic linear elastic material, and the

nonlinear behaviour of the steel is modelled by the curve of

‘stress–strain’ [33]. The nonlinear feature of a woven

polyester (PET) geogrid (GGW) is modelled by defining

the curve of ‘stress–strain’ with a tensile limitation of

150 kN/m and a maximum strain of 15% [34]. Regarding

the clay soil, gabion basket, and weathered bedrock, the

perfectly elastoplastic model associated with the Mohr–

Coulomb failure criterion is adopted and can be expressed

as:

f I1; J2; hð Þ ¼ 1

2
3 1� sinu0ð Þsinhþ

ffiffiffi
3

p
3þ sinu0ð Þcosh

h i
�

ffiffiffiffiffi
J2

p
� I1sinu

0 � 3c0cosu0

¼ 0;

ð11Þ

where c 0is the cohesion; u0 is the internal angle of friction;
h is the Lode’s angle; I1 is the first invariant of the effective
stress tensor; and J2 is the second invariant of the devia-

toric stress tensor [35]. Based on the material characteris-

tics, Table 2 summarises the properties for each

component. For the strength properties of gabion baskets,

the effective friction angle (u0) and effective cohesion (c0)
are determined as 45� and 560 kPa based on the direct

shear test [36]. The clay soil dilation angle is determined as

0� according to the characteristic of the clay soil, which is

normally consolidated [37].

4.2 Boundary Conditions

4.2.1 Displacement Boundary Conditions

For all the slope configurations involved in this study, the

displacement of the bottom plane is fixed in all degrees of

freedom. The side boundaries perpendicular to the base are

constrained in the normal direction to restrict the horizontal

displacement.

4.2.2 Hydraulic Boundary Conditions

According to the site conditions, the groundwater depth is

8 m for the left edge (designated as Hw
1) and 5:7 m for the

right edge (designated as Hw
2) (Fig. 5). The contour of the

groundwater is basically parallel to the slope surface. The

slope surface is a flux boundary on which the surface pore

fluid, which equals the rainfall intensity (Ir), is applied to

represent the rainfall infiltration. The infiltration capacity,

Fig. 4 Hydraulic characteristics of clay soil: a SWCC, b permeability function

Table 2 Material properties

Material c (kN/

m3)

E (mPa) m u0(�) c0

(mPa)

e t
(mm)

Clay soil 20 200 0:25 10 20 0:42 –

Weathered

rock

23 220 0:3 56 200 0:05 –

Gabion

basket

17 1:47 0:2 45 560 – –

Geogrid 2 1; 573 0:3 – – – 1:18

Concrete

pile

23 30; 000 0:2 – – – –

Steel 79 290; 000 0:3 – – – –

The concrete strength is C30, and the steel strength is S500
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(f p), which is the maximum rate of soil-absorbing water, is

the highest at the beginning of the rainfall event, then

gradually decreases with the infiltration process as the

saturation degree of the soil increases, and finally reaches

its minimum value, which equals the Kws when the soils

are saturated [38]. In addition, there are three following

distinct cases of infiltration [39]: (a) Ir\Kws. For this case,

all rainfall infiltrates, and runoff does not occur. (b)

Kws\Ir\f p. During this stage, all rainfall still infiltrates

into the soil without runoff. (c) Kws\f p\Ir. In this case,

surface ponding can occur, and due to the slope, runoff

forms. To reflect the site conditions as much as possible, a

hydraulic boundary with a zero pore-water pressure is

applied on the surface of the slope for the following iter-

ations when the third case occurs.

4.3 Interaction Properties and Mesh
Configuration

The interface behaviour was modelled by defining the

normal contact and tangential contact. The friction coeffi-

cient of the tangential contact, tand0, is calculated based on

[40]as follows:

tand0 ¼ 0:8tan u0
minð Þ; ð12Þ

where u0
min is the minimum friction angle of neighbouring

materials. The surface contact property is summarised in

Table 3. For the contact between the I-beam post and the

concrete pile, the interaction is defined only as a normal

contact and without the relative slide. In addition, the mesh

arrangements and the connection within the system

between each component are illustrated in Fig. 6. The

8-node brick element (C3D8) is used to discretise the

I-beam post, the horizontal steel rail, the pile, the gabion

basket wall facing, and the slope, while the 4-node mem-

brane element (M3D4) is used to discretise the geogrid.

The mesh arrangements of each component have been

improved and optimised several times through the mesh

refinement process under the rigorous frame of the contact

definition; therefore, the separate mesh scheme for the

component and the overall scheme of the mesh arrange-

ment can indicate the site condition appropriately and

effectively avoid discrepancies in the stress transmission

during the simulation.

4.4 Validation

A typical experiment of saturated–unsaturated transient

seepage in soil is simulated and compared to guarantee the

effectiveness of the fluid–solid coupling conducted by

Abaqus 2018. The simulation example is an experiment

conducted on a soil flume [41]. The height, width, and

length of this soil flume are 0:33 m, 0:23 m, and 3:15 m,

respectively. Fine sand with a porous rate of 0:44 and a

saturated permeability of 3.3E-3 m/s is used. The relation

of the matric suction-saturation degree and the relation of

the hydraulic conductivity-saturation degree is defined in

Table 4. The hydrostatic condition is generated by a hori-

zontal water table with a height of 0:1 m, and then the

height of the left water table increases rapidly to 0:3 m.

The phreatic surface within the soil thus develops over time

Fig. 5 Hydraulic boundary conditions of the slope (dimensions are in meters)

Table 3 Interface properties

Interface Tangential behaviour (friction

coefficient)

Normal

behaviour

Gabion-

geogrid

1:0 Hard contact

Gabion-soil 0:18 Hard contact

Gabion-steel

beam

1:0 Hard contact

Soil-pile 0:18 Hard contact

If the material does not have the definition of the effective friction

angle, u0
min would be the u0 of another material involved in the

interface
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and finally reaches a stable state. Then, a comparison of the

phreatic surface at the different time frames between the

experimental results and simulation results is conducted

(Fig. 7). It is notable that the observed and simulated trends

demonstrate good consistency. Therefore, the validity of

Abaqus 2018 in conducting fluid–solid coupling simula-

tions has been ensured.

5 Simulation Design

5.1 Rainfall Intensity

To investigate the influence of rainfall intensities on each

slope configuration behaviour, the 24-h duration rainfalls

with various intensities are determined and used. The

various rainfall intensities are determined as a fraction of

the soil saturated permeability. Therefore, the intensities of

rainfall adopted equal 3 mm/h (0:083Kws), 6 mm/h

(0:16Kws), 9 mm/h (0:25Kws), 12mm=h (0:33Kws),

15mm=h (0:42Kws), 18mm=h (0:5Kws), 21mm=h

(0:58Kws), 24mm=h (0:66Kws), 27mm=h (0:75Kws),

30mm=h (0:83Kws), and 33mm=h (0:92Kws). Note that

compared with the rainfall intensity data from the study

area, some values of the rainfall intensity adopted in the

analysis are relatively high, as the daily rainfall amount

may occur in a short duration. This wide range of rainfall

intensities can provide more possibilities to consider the

extreme rainfall events with short durations. It is also worth

noting that as the adopted rainfall intensities are lower than

the soil saturated permeability, the rainfall amount is

regarded as the net infiltration amount into the soil without

consideration of the surface runoff. The rainfall intensities

and corresponding rainfall amounts are summarised in

Table 5.

5.2 Rainfall Pattern

According to [42], the temporal pattern of rainfall in

Australia can be categorised into the following three

groups based on the percentage of the time taken for 50%

of the rainfall amount to occur: (a) front-loaded–0 to 40%
of the rainfall duration; (b) middle-loaded–40% to 60% of

Fig. 6 Separate and overall mesh arrangement and the interaction between each component

Table 4 Hydraulic characteristics of the soil in the transient seepage

experiment

Saturation degree

(Sr)
Matric suction

(kPa)

Coefficient of permeability

(m/s)

0:18 10 3.3E-5

0:45 1:0 4.29E-4

0:50 0:91 6.6E-4

0:64 0:65 3.1E-3

0:82 0:325 3.2E-3

1 0 3.3E-4

International Journal of Civil Engineering (2023) 21:173–192 181

123



the rainfall duration; and (c) back-loaded–60% to 100% of

the rainfall duration. These three typical Australian rainfall

patterns are adopted for the distribution of 490mm of

rainfall with a 120-h duration. To magnify the feature of

each rainfall pattern, three functional curves are used to

make the 50% of rainfall occur within the corresponding

time frame and to make the highest rainfall intensity, which

is fixed at 12mm=h, occur at the exact beginning, middle,

and end of the rainfall for three patterns (Fig. 8). In South

Gippsland, the occurrences of rainfall events (over a

duration of 6 h) with front-loaded, middle-loaded and

back-loaded rainfall patterns are 22:7%, 53:7% and 23:6%,

respectively [42].

6 Analysis of Results

6.1 Effect of Various Rainfall Intensities

6.1.1 Effect on the FoS

The FoS of each slope configuration under various rainfall

intensities was obtained through SR-FEM. Then, a com-

parison of the FoS was conducted between different slope

configurations within each construction scenario to

demonstrate the different responses of each slope config-

uration (Fig. 9). In addition, the effect of the integrated

method on improving and maintaining the stability of the

slope has been illustrated. Note that the value of the FoS of

each slope configuration under various rainfall intensities is

determined once the nonconvergence of the calculation

occurs, as induced by the rapid displacement increase of

the node at the crest of the slope.

Three slope configurations are involved in the first

construction scenario, and the FoS of the natural slope

configuration decreases from 1:59 to 1:36, with an increase

in the intensity of rainfall from 0 to 33mm=h (Fig. 9a).

Regarding the cut slope configuration, the FoS decreases

gradually from 1:36 to 1:18. The FoS increases signifi-

cantly to 1:76 after stabilisation by the integrated system

under the condition of no rainfall. During the increase in

rainfall intensity, the FoS drops to only 1:66. In addition,

under the condition of maximum rainfall intensity (33 mm/

h), such an increase in FoS is 22:1% between the reinforced

cut slope configuration and natural slope configuration, and

this value is 40:7% between the reinforced cut slope con-

figuration and the cut slope configuration. The effect of this

integrated method on improving and maintaining slope

stability during rainfall infiltration has thus been

demonstrated.

Fig. 7 Comparison of experimental and numerical results of the transient seepage test (dimensions are in centimeters)

Table 5 24-h rainfalls with different intensities

Rainfall no. Duration (h) Intensity (mm/h) Total amount (mm)

1 24 3 ¼ 0:083Kws 72

2 24 6 ¼ 0:16Kws 144

3 24 9 ¼ 0:25Kws 216

4 24 12 ¼ 0:33Kws 288

5 24 15 ¼ 0:42Kws 360

6 24 18 ¼ 0:5Kws 432

7 24 21 ¼ 0:58Kws 504

8 24 24 ¼ 0:66Kws 576

9 24 27 ¼ 0:75Kws 648

10 24 30 ¼ 0:83Kws 720

11 24 33 ¼ 0:92Kws 792

Kws represents the saturated soil permeability, which equals 10�5 m/s
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The second construction scenario involves filling on the

natural slope. Regarding the filled slope configuration,

when the intensity of the rainfall increases from 0 to

33mm=h, the FoS decreases from 1:31 to 1:19 (Fig. 9b).

The FoS of the filled slope configuration increases

significantly to 2:14 after stabilisation by the integrated

method. When the intensity of rainfall increases to 30 mm/

h, the FoS of the reinforced filled slope configuration

decreases gradually to 1:94. When rainfall intensity

increases to 33mm=h, the FoS decreases significantly to

Fig. 8 Three typical patterns for 120-h rainfall: a front-loaded pattern, b middle-loaded pattern, c back-loaded pattern

Fig. 9 Effect of rainfall intensities on the FoS values of five slope configurations: a FoS comparison between the first construction scenario (road

cut), b FoS comparison between the second construction scenario (road filled)
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1:68. This phenomenon indicates that the effect of rainfall

on the stability of the reinforced filled slope configuration

is more significant when the intensity of rainfall exceeds

30mm=h. Compared with the filled slope configuration

under a rainfall intensity of 33mm=h, the FoS increases to

1:68 from 1:19 after being stabilised by the integrated

method, and the increase in the FoS is 41:2%. Therefore,

the effect of the integrated method has been illustrated one

step further.

6.1.2 Effect on the Critical Slip Surface

The influence of the rainfall intensity on the failure

mechanisms has been analysed in this section. It is

notable that the contour of the plastic strain is used to

indicate the critical slip surface under various rainfall

intensities for each slope configuration, and each critical

slip surface corresponds to the value of FoS determined by

the aforementioned criterion of SR-FEM. The results

indicate that for a given duration, which is 24 h, the

development mechanism of the slip surface of each slope

configuration is different.

The critical slip surface of the natural slope configura-

tion changes under various rainfall intensities (Fig. 10).

When the rainfall intensity is 3 mm/h (Fig. 10a), the left

end of the critical slip surface is at the slope crest, and the

right end has a distance of 1/4 of the slope length to the toe

of the slope. The contour between the two ends is basically

along the interface between the stable and unstable layers.

When the rainfall intensity increases to 33 mm/h

(Fig. 10b), the critical slip surface moves downwards a

follows: the left end has a distance of 1/3 of the slope

length to the crest of the slope, and the right end is at the

toe of the slope. The contour between the two ends is still

along the interface.

Regarding the cut slope configuration, the critical slip

surface is basically the same under all rainfall intensities

(Fig. 11a). According to Fig. 11a, the critical slip surface

abuts the road embankment facing and develops in the

upper part of the slope along a circular path from the toe of

the road embankment. After being stabilised by the inte-

grated method above the road, the critical slip surface is

changed but remains the same under various rainfall

intensities (Fig. 11b). The left end of the critical slip sur-

face extends upwards to the slope crest along the interface

between the two layers. It is notable that the critical slip

surface exists in the upper part of the slope as the soil

arching effect and the pile group effect restrains the

unstable soil movements from the upper part to the lower

part of the slope. In addition, the critical slip surface length

increases significantly, which demonstrates that more soil

shear strength is mobilised by the integrated method and

contributes to the stability of the slope to a certain extent,

and a higher FoS is then obtained.

For the filled slope configuration, the development of

the critical slip surface under various rainfall intensities is

different (Fig. 12). When the rainfall intensity is 3 mm/h

(Fig. 12a), the left end of the critical slip surface is at the

inner edge of the roads, and the right end has a distance of

2/3 of the lower slope length to the toe. The critical slip

surface is circular within the layer of soil, and then the

contour is along the interface between two layers as it

reaches the rock layer. When the rainfall intensity increases

to 33 mm/h (Fig. 12b), the right end of the critical slip

surface extends further and has a distance of 1/4 of the

lower slope length to the toe of the slope. The critical slip

surface length under a rainfall intensity of 33 mm/h is

almost twice the critical slip surface under a rainfall

intensity of 3 mm/h.

After stabilisation by the integrated method, the critical

slip surface changes significantly. When the rainfall

intensity is 3mm=h (Fig. 12c), the slip surface almost

passes through the entire slope. The critical slip surface left

end is at the slope crest, and the right end has a distance of

1/4th of the lower slope length to the toe. Most of the slip

surface is along the interface between rocks and the soil,

except the area behind the embedded pile to the end of the

reinforced soil zone, in which the critical slip surface is

horizontal. This phenomenon can be attributed to the pro-

nounced soil arching effect and pile group effect, which

Fig. 10 Critical slip surface of the natural slope configuration: a under a rainfall intensity of 3 mm/h, b under a rainfall intensity of 33 mm/h

(dimensions are illustrated in Fig. 3)
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effectively restrains unstable soil movement; therefore,

only the soil above this area can move horizontally. When

the rainfall intensity increases to 33mm=h (Fig. 12d), the

left end of the critical slip surface abuts the pile group, and

the right end reaches almost the toe of the slope. The

critical slip surface exists only in the lower part of the

slope, which demonstrates that less soil shear strength is

mobilised, and the rapid decrease in the FoS with the

increase in the intensity of the rainfall from 30 to 33mm=h

can be explained in this way.

6.1.3 Effect on the Negative Pore-Water Pressure

As the toe of the natural slope configuration has similar

trends, the variation in the negative pore-water pressure at

the natural slope configuration crest under different rainfall

intensities is extracted and analysed (Fig. 13). For a rainfall

intensity of 3 mm/h, the pore-water pressure increases to

�96 kPa from the initial pore-water pressure of �106 kpa

after the 24-h rainfall. When the intensity of rainfall

reaches 15 mm/h, the pore-water pressure increases to

�54 kPa. For the maximum rainfall intensity adopted,

33 mm/h, the pore-water pressure increases to �25 kPa.

This phenomenon indicates that the rainfall intensity

imposes a notable impact on the negative pore-water

pressure within the slope, and the decrease in the FoS also

confirms this relationship.

Fig. 11 Critical slip surface of the slope configuration of the first construction scenario under various rainfall intensities: a cut slope

configuration, b reinforced cut slope configuration (dimensions are illustrated in Fig. 3)

Fig. 12 Critical slip surface of the slope configuration of the second construction scenario: a filled slope configuration under a rainfall intensity of
3 mm/h, b filled slope configuration under a rainfall intensity of 33 mmm/h, c reinforced filled slope configuration under a rainfall intensity of

3 mm/h, d reinforced filled slope configuration under a rainfall intensity of 33 mm/h (dimensions are illustrated in Fig. 3)
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6.1.4 Effect on Road Edge Displacement

The maximum displacement of the road edge of the rein-

forced cut slope configuration under various rainfall

intensities has been compared and analysed (Fig. 14). For

the horizontal displacement (Fig. 14a), the value of the

inner edge increases from 70:6 mm/h under the condition

of no rainfall to 80:8mm under a rainfall intensity of

33 mm/h. Regarding the outer edge of the road, the hori-

zontal displacement increases from 26:8 to 39:3 mm. The

increments in horizontal displacements of the inner edge

and outer edge of the road are 10:2 mm and 12:5 mm,

respectively. For the vertical settlement of the road edge

(Fig. 14b), the variation in the rainfall intensity has little

effect on the inner edge of the road. The vertical settlement

of the inner edge increases slightly from 0:7 to 1:7 mm

with increasing rainfall intensity. For the outer edge of the

road, the vertical settlement increases from 32:4 to

43:5 mm. With the increase in the rainfall intensity, the

increments in the vertical settlement of the inner edge and

the outer edge are 1 mm and 11:1 mm, respectively, which

are acceptable compared with the width of the road.

6.2 Effect of Different Rainfall Patterns

6.2.1 Effect on the FoS

To investigate the effect of the rainfall pattern, the relation

between the FoS and the horizontal nodal displacement of

each slope configuration is established and compared

(Fig. 15). Note that the certain characteristic node selected

for all five slope configurations is the node of the slope

crest.

For the natural slope configuration under three rainfall

patterns (Fig. 15a), the FoS derived from the front-loaded

pattern is 1:58, the FoS is 1:56 for the middle-loaded pat-

tern, and the FoS is 1:53 for the back-loaded pattern. For

the cut slope configuration (Fig. 15b), the FoS is 1:33 for

the front-loaded pattern, and the FoS decreases to 1:32 for

the middle-loaded pattern. The back-loaded pattern yields

the smallest FoS, which is 1:28. Regarding the reinforced

cut slope configuration (Fig. 15c), the FoS derived from the

front-loaded pattern is 1:74. When the rainfall pattern

changes to the middle-loaded pattern, the FoS decreases to

1:73. The FoS under the back-loaded pattern is still the

smallest, which is 1:70. For the filled slope configuration

(Fig. 15d), the front-loaded pattern still yields the highest

FoS value, which is 1:30. The second largest FoS is 1:29,

which is derived from the middle-loaded pattern. The FoS

Fig. 13 Pore-water pressure variation in the crest of the natural slope

configuration caused by different rainfall intensities (Table 5)

Fig. 14 Effect of rainfall intensities on the displacement of the road edge of the reinforced cut slope configuration: a horizontal displacement,

b vertical settlement
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decreases to 1:26 when the back-loaded pattern is applied

to the slope. For the reinforced filled slope configuration

(Fig. 15e), the FoS is 2:09 under the front-loaded pattern.

The middle-loaded pattern yields an FoS of 2:07. When the

rainfall pattern changes to the back-loaded pattern, the FoS

decreases to 1:99. The front-loaded pattern always yields

Fig. 15 FoS versus horizontal displacement: a natural slope configuration, b cut slope configuration, c reinforced cut slope configuration, d filled

slope configuration, e reinforced filled slope configuration (the FoS value also represents the value of SRF adopted during integration)
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the highest value of the FoS, followed by the middle-loa-

ded pattern and the back-loaded pattern; therefore, the

back-loaded pattern is determined as the most critical

rainfall pattern.

6.2.2 Effect on Negative Pore-Water Pressure

To compare and illustrate the effect of the rainfall pattern,

the negative pore-water pressure at the toe and crest of the

natural slope configuration under different rainfall patterns

are both extracted (Fig. 16). For the toe of the slope

(Fig. 16a), when the front-loaded pattern is applied, the

negative pore-water pressure increases from �40kPa when

rainfall begins to �26 kPa after 49 h, and then the negative

pore-water pressure decreases to �30kPa at the end of the

rainfall. Regarding the middle-loaded pattern, the negative

pore-water pressure increases to �24kPa at t ¼ 69 h. Then,

the negative pore-water pressure decreases to �26kPa at

the end of the rainfall. For the back-loaded pattern, the

negative pore-water pressure increases gradually to

�17kPa at the end of the rainfall. The overall reduction in

the matric suction at the toe of the natural slope is 10kPa

for the front-loaded pattern, 14kPa for the middle-loaded

pattern, and 23kPa for the back-loaded pattern. The

reduction in the matric suction of the three rainfall patterns

confirms the rationality of the FoS obtained from these

three rainfall patterns.

Regarding the crest of the natural slope (Fig. 16b), when

the front-loaded pattern is applied, the negative pore-water

pressure increases rapidly from �108kPa when rainfall

begins to �71kPa at t ¼ 22 h. Then, the negative pore-

water pressure decreases to �94 kPa at the end of the

rainfall. When the rainfall pattern changes to the middle-

loaded pattern, the negative pore-water pressure increases

to �64kPa at t ¼ 62 h. The negative pore-water pressure

then decreases to �89 kPa. For the back-loaded pattern,

the negative pore-water pressure at the slope crest increases

to �57kPa at the end of the rainfall. It is worth noting that

for the front-loaded and middle-loaded patterns, the nega-

tive pore-water pressure decreases again after the peak.

This is because the negative pore-water pressure increases

when the rainwater starts to infiltrate the slope. With the

decrease in the rainfall intensity of the front-loaded and

middle-loaded patterns, the infiltration rate of the rainwater

through the surface is less than the percolation rate of the

rainwater within the slope, and the pore-water pressure

above the groundwater table level thus decreases again.

Then, the matric suction recovers, and the soil shear

strength increases. As a result, a higher FoS results for the

front-loaded and the middle-loaded pattern. In other words,

the rainfall patterns mainly influence the infiltration char-

acteristics of the rainwater through the slope surface and

thus influence the matric suction of slopes. The phe-

nomenon that the front-loaded pattern yields the highest

FoS for the five slope configurations, followed by the

middle-loaded pattern and the back-loaded pattern, can be

explained from this aspect.

7 Discussion

The response of each slope configuration to different

rainfall intensities and different rainfall patterns has been

studied by the SR-FEM with the consideration of fluid–

solid coupling. In this section, the comparison of the FoS

between two construction scenarios, the comparison of the

development mechanism of the critical slip surface

between each slope configuration, and the influence of the

Fig. 16 Pore-water pressure variation in the natural slope configuration caused by different rainfall patterns: a at toe of the slope, b at the crest of

the slope
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infiltrated rainwater amount on the stability of the slope are

discussed.

The comparison of the FoS under different rainfall

intensities between two slope configurations, the cut slope

configuration and the filled slope configuration, is con-

ducted (Fig. 17). The FoS values of the cut slope config-

uration are higher than that of the filled slope configuration

under the conditions without rainfall, and they are 1:36 and

1:31, respectively. With the increase in rainfall intensity,

the FoS of the cut slope configuration decreases to 1:18,

while the FoS of the filled slope configuration decreases to

1:19. The reduction in the FoS of the cut slope configura-

tion is 0:18, which is larger than that of the filled slope

configuration, which is 0:12; therefore, the effect of the

rainfall intensity on the cut slope configuration is more

significant than that on the filled slope configuration.

After reinforcement by the integrated system (Fig. 18),

the FoS of the reinforced cut slope configuration increases

to 1:76 under the conditions without rainfall, and the FoS

of the reinforced filled slope configuration increases to

2:14. The increase in the FoS of the reinforced filled slope

configuration is 0:83, which is much larger than that of the

reinforced cut slope configuration, which is 0:39. When the

intensity of rainfall is less than 30 mm/h, the FoS of the

reinforced filled slope configuration is larger than that of

the reinforced cut slope configuration, and the difference is

approximately 0:30. When the intensity of rainfall reaches

33 mm/h, the FoS of the reinforced filled slope configu-

ration decreases significantly to 1:68, and the FoS values of

the two slope configurations are basically the same, which

indicates that a rainfall intensity larger than 30 mm/h

influences the stability of the reinforced filled slope con-

figuration more significantly. The rapid decrease in the FoS

of the reinforced filled slope configuration when the

rainfall intensity reaches 33 mm/h can be attributed to

different failure mechanisms of the slope under various

rainfall intensities. When the rainfall intensities range from

3 to 30 mm/h, a thorough critical slip surface along the full

length of the slope is formed, which indicates that more

shear strength of the soils has been mobilised and the

integrated method also contributes effectively to the anti-

sliding force. When the rainfall intensity increases to

33 mm/h, the lower part of the slope that abuts the inte-

grated method slides first, and therefore, a rapid decrease in

the FoS occurs. It is also worth noting that the reinforced

cut slope configuration is more stable with the increase in

rainfall intensity, as the overall reduction in the FoS is 0:1

for the reinforced cut slope configuration and 0:46 for the

reinforced filled slope configuration.

The critical slip surface under different rainfall intensi-

ties is different for each slope configuration. For the cut

slope configuration and the reinforced cut slope configu-

ration, the critical slip surface is always kept the same. For

the remaining three slope configurations involved, the

natural slope configuration, the filled slope configuration,

and the reinforced filled slope configuration, the critical

slip surface changes with the variation in the rainfall

intensity. This phenomenon can be attributed to different

factors controlling the slope stability for each configura-

tion. The gradient of the road embankment of the cut slope

configuration and the reinforced cut slope configuration is

relatively steep; therefore, the influence of this factor on

the development mechanism of the critical slip surface is

more significant than the negative pore-water pressure

variation within the slope induced by rainwater infiltration.

Regarding the other three slope configurations, the end and

length of the critical slip surface change with the variationFig. 17 Comparison of FoS values between the cut slope configura-

tion and the filled slope configuration

Fig. 18 Comparison of FoS values between the reinforced cut slope

configuration and the reinforced filled slope configuration

International Journal of Civil Engineering (2023) 21:173–192 189

123



in rainfall intensity, which indicates that the loss of matric

suction induced by the infiltrated rainwater is the factor

controlling the development mechanism of the critical slip

surface for these three slope configurations.

For a given rainfall amount, which is 490 mm dis-

tributed over 120-h, the FoS values of the natural slope

configuration induced by the three rainfall patterns are

1:53, 1:56 and 1:58. Compared with the rainfall amount,

which is 504 mm distributed uniformly over 24-h (21 mm/

h) (No. 7 in Table 5), the FoS of the natural slope con-

figuration is 1:51. The difference between these two rain-

fall amounts is 14 mm, and the corresponding difference in

the FoS of the natural slope configuration between these

two rainfall events ranges from 0:02 to 0:07. This phe-

nomenon indicates that for a given initial groundwater

level, the stability of the slope is mainly controlled by the

infiltrated amount of rainwater under rainfall conditions.

8 Conclusion

To address the issue of the instability of the slope and the

road embankment induced by rainfall precipitation in

South Gippsland, an integrated slope stabilisation method

that comprises a gabion-faced geogrid-reinforced retaining

wall and embedded piles is used. In this study, the char-

acteristics of the rainfall with respect to the rainfall

intensity and the rainfall pattern were applied to various

slope configurations in the study area. Then, the response

of each slope configuration to various rainfall conditions

was revealed, and the effect of the integrated method in

improving and maintaining the stability of the slope under

rainfall conditions was demonstrated. The most critical

rainfall pattern for the slope stability was also recognised

through the comparison of the representative hydraulic and

mechanical indicators. The following conclusions can be

drawn:

1. For a given duration, the rainfall intensity imposes a

significant impact on the representative indicators of

the stability evaluation of each slope configuration.

With the increase in rainfall intensity, the FoS of each

slope configuration decreases continuously, the dis-

placement of the road edge increases, and the loss of

matric suction also increases rapidly. For the reinforced

slope configuration, including the reinforced cut slope

configuration and the reinforced filled slope configu-

ration, the rainfall intensity influences the stability of

the slope to a lesser extent.

2. The failure mechanism of each slope configuration

subjected to various rainfall intensities has different

modes. For the cut slope configuration and the

reinforced cut slope configuration, the critical slip

surface is constant when the rainfall intensity increases.

For the other three slope configurations, the pattern of

the critical slip surface varies with the increase in

rainfall intensity.

3. For a given rainfall amount and duration, three

designed rainfall patterns derived from Australian

typical rainfall patterns, the front-loaded rainfall pat-

tern, the middle-loaded rainfall pattern, and the back-

loaded rainfall pattern, influence the stability of each

slope configuration to various degrees. The front-

loaded rainfall pattern always yields the highest FoS of

the slope, followed by the middle-loaded rainfall

pattern and the back-loaded rainfall pattern; therefore,

the back-loaded rainfall pattern is recognised as the

most critical rainfall pattern for the stability of the

slope.

4. At the crest and toe of the natural slope configuration,

the variation in the negative pore-water pressure

induced by the three typical rainfall patterns exhibits

different tendencies. In general, the loss of the matric

suction of each rainfall pattern at both the toe and crest

can also confirm the most critical rainfall pattern for

slope stability.

The response of each slope configuration subjected to

various rainfall intensities and three typical rainfall patterns

has been revealed, and the effectiveness of the integrated

slope stabilisation method has also been illustrated clearly.

For the site at which it is suitable to install the integrated

slope stabilisation system both above or below the road,

priority should be given to filled slope configurations, as it

yields a relatively higher FoS in most cases within the

range of the rainfall intensities adopted in this analysis. In

addition, by understanding the failure mechanism of each

slope configuration under various rainfall conditions

through this study prior to the stabilisation of the slope, the

scheme of the stabilisation of the slope can be improved

and optimised by considering the specific surrounding

conditions efficiently. As the tendency of extreme rainfall

events with short durations (i.e., 10 and 30 min, and 1 and

3 h) is increasing in the Gippsland area [43], flash floods

are likely to occur, and the stability of the slopes will also

be influenced significantly. Therefore, further develop-

ments in the slope stability analysis for the study area with

the consideration of rainfall precipitation should focus on

the rainfall runoff on the slope surface.
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