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Abstract
Understanding the insight of slope collapse is necessary for effective hazard mitigation policy. The conventional method may 
not be able to capture the actual failure mechanics as these methods are based on simplified assumptions of the predetermined 
slip surface. Highlighting this real engineering problem, an attempt is made in this research to simulate different aspects of 
slope collapse numerically. Lagrangian particle-based continuum model, namely, smoothed particle hydrodynamics (SPH) 
has been used to develop a three-dimensional numerical slope model to understand the failure mechanics of unstable slopes. 
Both homogeneous and non-homogeneous slope models have been simulated, and the time history of naturally occurring 
failure planes has been tracked. A distinct slip surface has been seen from displacement contour of particles, which portray 
the innate response of a collapsed slope. The effect of soil properties on the response of slope surface has also been evalu-
ated quantitatively by the different combination of non-homogeneous slope models. Afterwards, two conventional remedial 
measures have been simulated, and significant reduction of run-out length is seen, which can put a spotlight on future miti-
gation strategy in geotechnical hazard.
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Introduction

Landslide is one of the major geotechnical hazards and is 
extremely vulnerable in mountainous countries. Among sev-
eral landslide types, shallow slide often refers as slope fail-
ure, is dangerous not only in the steep mountainous regions, 
but also equally destructive in small hillocks, roads, and 
embankments [1]. Typically, stability is measured in terms 
of factor of safety (FoS) to determine the susceptibility of 
possible collapse. Limit equilibrium method (LEM) has been 

used to evaluate the overall stability of slopes. To date, a 
significant number of LEM approaches has been formulated 
and used in practical applications of slope stability problems 
[2]. These LEM approaches usually assume a circular slip 
plane and factor of safety is calculated based on the assumed 
slip surface and geotechnical properties of soils within the 
slip surface. However, in reality, the collapse may not follow 
the same trend all the time of slope failures [3]. Instead, dif-
ferent factors such as triggering mechanics, soil properties, 
and geological formation play a vital role in determining the 
slip surface; hence, the typical LEM suffers a limitation in 
dealing with actual failure mechanics. Emphasizing on the 
shortcomings of LEM, researchers devoted to experimental 
investigations to know the insight of slope collapses [4–6]. 
The experimental findings put many information to under-
stand the mechanics of slope failures, though, the discrep-
ancy between model and prototype restricts the experiments 
in many cases.

On the other hand, computational facilities have been 
expanded significantly in the last decades and allow 
researchers and professionals to simulate real engineering 
problems [7]. In line with the trend, extensive numerical 
simulations in slope stability have been conducted in recent 
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years. Most of the researches are based on the Eulerian 
approach, while in reality, slope collapse belongs to large 
deformation and is hardly compatible with the Eulerian 
approach [7]. Besides that the Lagrangian approach can 
handle slope simulation as it can capture the large deforma-
tion process more accurately. There are several numerical 
methods developed in Lagrangian approach such as discrete 
element method (DEM), material point method (MPM), 
smoothed particle hydrodynamics (SPH), discontinuous 
deformation analysis (DDA) etc. Among several Lagran-
gian numerical methods, SPH is a particle-based continuum 
approach which has been formulated to capture the large 
deformation [8]. In SPH, there is no connectivity among the 
particles, and the ability to model complex geometry makes 
this numerical tool a robust one. Also, appropriate constitu-
tive relations can be added to the governing equations of 
SPH, and therefore, the consideration of material behaviour 
is possible in this numerical model [9].

Furthermore, SPH has been successfully applied in 
large deformation geotechnical problems [10–13]. Con-
sidering all the affirmative nature of SPH, an attempt was 
taken in this research to develop a numerical model in SPH 
environment for slope failure analysis. A series of three-
dimensional scaled numerical model was run to capture the 
realistic behaviour of slopes under both homogeneous and 
non-homogeneous properties. The post flow behaviour and 
possible estimation of maximum run-out, which are the ulti-
mate goal for an effective prevention plan were extracted 
from numerical simulations. The naturally occurring slip 
plane was tracked, and the effect of different properties on 
the formation of slip surface was investigated. In addition, 
two conventional mitigation measures were numerically 
simulated to check their effectiveness in preventing possi-
ble disaster. The subsequent sections describe in detail the 
development and outcome of the numerical model.

Basic formulation of numerical model

Background of SPH

The first development of SPH was intended for solving 
astrophysical problems [14]. After the successful applica-
tion of simulation of moving stars, this method extended 
to solve hydrodynamics problems, free surface simula-
tions, wave overtopping and able to capture the behav-
iour of large deformation [11, 15–30]. Recently, research-
ers widen the application of SPH to solve geotechnical 
problems after the pioneering works of Bui and his co-
researchers [31]. Debris flows and lahars were simulated 
in SPH, considering dilute characteristics of materials 
for many practical events, and successfully replicate the 
real instances [32–40]. Even this method has been used 

to know the insight of debris flow mechanics and velocity 
estimations for effective hazard mitigation [10, 41]. Over-
all, SPH is a robust and user-friendly numerical approach 
for solving complex geometries and large deformation 
analysis. The following section describes the formulation 
of SPH with necessary equations.

Fundamental of SPH

The basic formulation of SPH consists of the integral 
representation of field functions (kernel approximation) 
and the particle approximation. A set of finite discretized 
particles was used to represent the entire computational 
domain, which possesses volume and mass of the material, 
and also physical properties such as velocity, accelera-
tion, density, stress, etc. The properties of every particle 
are updated in each computational step by averaging the 
properties of particles within a particular zone, called an 
influence zone. A smoothing kernel function was used to 
estimate the particle properties. Next, the particle approxi-
mation of the function was conducted by converting the 
continuous integral representations into discretized forms 
of summation over the nearest neighbouring particles. The 
basic formation of SPH is shown in the Fig. 1.

In the SPH method, the integral representation of a 
function can be expressed as follows:

where f (x) . represents a function of the three-dimensional 
position vector x , Ω is the volume of the integral which holds 

(1)f (x) = ∫
Ω

f
(
x�
)
�
(
x − x�

)
dx�

Fig. 1   Particle approximations using particles within the support 
domain of the smoothing function W for particle i
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x . and �
(
x − x�

)
 is the Dirac Delta function. This Dirac Delta 

function is given by,

The continuous SPH integral representation for f (x) . can 
be expressed as the following discretized particle approxi-
mation form.

Similarly, the particle approximation for the spatial deriv-
ative of the function is

Where, the smoothing function W and its gradient ∇W are 
taken with respect the particle j.

Finally, for a given particle i , the particle approximation 
for a function and its spatial derivative at particle i can be 
expressed as:

Where rij indicates the distance between particle i and j.
Different types of smoothing functions are available for 

implementation in the SPH literature. Each kernel function 
has its special feature to use in particular problems. A set 
of trial simulations was carried out and it was found that 
the most widely used cubic spline function, proposed by 
Monaghan and Lattanzio [42] provide better approximation 
of slope stability problems. The mathematical formulation 
of the kernel function is given in the following equation:
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where �d =
3

2�h3
 , q =

rij

h
=

xi−xj

h
 = the normalized/relative dis-

tance between particles i and j . The kernel function drops 
to zero for |||rij

||| ≥ 2h , implying that the influence domain in 
Eq. (9) has a radius of 2h.

Derivative of cubic spline kernel function is written as,

Navier–Stokes equations are the governing equations in 
the SPH model, and these equations were solved by Leap-
Frog numerical integration scheme to update the current par-
ticle position. This procedure continued until the sufficient 
convergence or target achieved for a particular purpose. The 
SPH version of governing equations in terms of continuity 
and momentum equations for a particle is:

where ��� . is the total stress tensor, which can be described 
by appropriate constitutive relations, vi is the velocity, gi is 
the gravitational acceleration.

Constitutive modelling

The ideal representation of material behaviour is the most 
challenging task in the numerical application. Soil, which 
is a mixture of a wide range of solid particles, water and air 
are close to impossible to formulate in numerical scheme 
realistically. For large debris flow and earth flows, the slurry 
behaviour of debris mass often characterized by different 
viscous model. However, in shallow slope stability analysis, 
the application of viscous model may not be suited as the 
detached behaviour do not portray actual dilute characteris-
tics. Besides, the mixture model considers the behaviour of 
solid and water phase, and the interaction between the com-
ponents of soils are considered. However, numerical compu-
tation is complicated, and the stability of the simulation is a 
significant concern in such a case. In addition, the rationality 
for real slope simulation is not appropriately guaranteed. 
On the other hand, a simplified solid model somewhat rep-
licates the behaviour of geo-materials rationally. From that 
viewpoint, solid elastic modelling can be incorporated, and 
formulation is straightforward in numerical computation. 
However, the element test on soil samples pointed out the 
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elastoplastic behaviour of geo-materials. Therefore, elasto-
plastic Drucker-Prager model, which has been used exten-
sively in the geotechnical applications, was considered in the 
current study to characterize the soil behaviour.

For an elastic–perfectly plastic material, strain rate tensor 
( 𝜀̇𝛼𝛽 .) is decomposed into an elastic strain rate tensor 𝜀̇𝛼𝛽

e
 and 

plastic strain rate tensor 𝜀̇𝛼𝛽
p

:

The elastic strain rate tensor 𝜀̇𝛼𝛽
e

 is calculated by the gen-
eralized Hooke’s law:

where ṡ𝛼𝛽 is the deviatoric shear stress rate tensor; �. = Pois-
son’s ratio; E. = Young’s modulus; G. = the shear modulus 
and 𝜎̇𝛾𝛾 = sum of the three normal stress rate components, 
i.e. 𝜎̇𝛾𝛾 = 𝜎̇xx + 𝜎̇yy + 𝜎̇zz

By using the plastic flow rule, the plastic strain rate tensor 
𝜀̇𝛼𝛽
p

 . is given by,

where 𝜆̇ . is the rate of change of plastic multiplier and g . is 
the plastic potential function.

After some trivial calculations, the following is the final 
stress–strain relation considering positive stress rate

where ��� = s�� +
1

3
������ is the total stress tensor, 
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1

3
𝜀̇𝛾𝛾𝛿𝛼𝛽 is the deviatoric shear strain rate tensor, 

𝜎̇𝛾𝛾 = 𝜎̇xx + 𝜎̇yy + 𝜎̇zz is the sum of the three normal stress 
rate on, 𝜀̇𝛾𝛾 = 𝜀̇xx + 𝜀̇yy + 𝜀̇zz is the sum of the three normal 
strain rate components, K =

E

3(1−2�)
 is the elastic bulk modu-

lus, G =
E

2(1+�)
 is the shear modulus

Drucker‑Prager yield criteria

The yield condition 
(
I1, J2

)
 of Drucker-Prager model is 

expressed as follows:
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where I1 is the first invariant of stress tensor, and J2 is the 
second invariant of the deviatoric stress tensor and calcu-
lated by:

For 3D condition, the Drucker-Prager constants are com-
puted by,

Finally, the SPH formulation of constitutive equation 
considering non-associated flow rule at a given particle i is:

The final SPH formulations of the strain and spin rate 
tensors of a particle i are:

Validation

Prior to applying slope simulations, a benchmark test was 
conducted to validate the proposed numerical model. There 
are various experimentally obtained run-out data available 
in other SPH works till to date which could be used here 
to validate our current research work. The experiments of 

(19)I1 = �xx + �yy + �zz

(20)J2 =
1

2
s��s��

(21)�� =
2 sin�√

3(3 − sin�)
; kc =

6c cos�√
3(3 − sin�)

(22)

D𝜎
𝛼𝛽

i

Dt
= 𝜎

𝛼𝛾

i
𝜔̇
𝛽𝛾

i
+ 𝜎

𝛾𝛽

i
𝜔̇
𝛼𝛾

i
+ 2Gė
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granular column collapse conducted by Lube et al. [43] for 
different aspect ratios were simulated numerically in this 
research. Aspect ratio is defined as the ratio of initial height 
to initial length. Smaller aspect ratios are generally found 
in landslides induced slope collapse and related problems. 
However, to check the versatility of the developed model, a 
wide range of granular column collapse was simulated. The 
simulation was conducted in a dam break manner where flow 
started instantaneously once the gates were lifted. Particle 
flowed over the larger base and simulation was continued till 
the termination of velocities of maximum particles. The time 
history of the flow profiles was recorded, and the final run-
out and height were used to compare the results. Figure 2 
shows the maximum run-out of the collapsed column at dif-
ferent aspect ratios. Almost identical responses compare to 

the experiments were evident in the developed numerical 
model. The final flow height was also found compatible with 
the experiments. Hence, the proposed model can effectively 
replicate a benchmark test and justified for further applica-
tion of the developed model.

Numerical modelling of slopes

A three-dimensional slope model was constructed using 
approximately 40,000 discrete particles with a spacing of 
0.010 m between each particle. Aspect ratio is an important 
parameter in landslide induced slope failures, and a smaller 
aspect ratio was found in most of the long travelling flow 
[44]. Slope failure is also a type of landslides, and the aspect 
ratio is important in the modelling of the numerical slope. A 
much smaller aspect ratio is desirable for better accuracy of 
the simulation, though the increased computational cost may 
hinder in using minimal aspect ratio. An aspect ratio of 0.42 
was chosen in the current study considering the real scenario 
and literature studies. Initially, particles were arranged in 
a square pattern for the formation of base. Then, particles 
placed to model a slope with 1.5H: 1 V gradient. The layout 
of the proposed slope model is shown in Fig. 3. Gravity was 
applied to all particles to consider overburden stress, and 
subsequently, particles started flowing following the govern-
ing equations with the elastoplastic constitutive model. The 
simulation was continued till the termination of flow, i.e. 
velocity dropped to zero for almost all particles. The time 
history of slope front was tracked as well as free-surface 
was recorded at a specific interval. Furthermore, time  his-
tory of velocities of particles were recorded and checked 
before deciding the termination of the simulation. For some 
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Fig. 2   Comparison of normalized final run-out between SPH simula-
tions and experiments

Fig. 3   Geometry of slope model
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trial simulations, it was found that velocities dropped sig-
nificantly after 6.0 s of flow. However, to observe the actual 
run-out and slope profile, the simulation was continued to 
8.0 s for all cases.

Periodic boundary condition was applied across the 
smaller side of the slope to account for more realistic three-
dimensional behaviour of slope model. That means a parti-
cle beyond one side of the slope in short direction entered 
into the opposite side. Therefore, the constraint owing to the 
boundary condition was skipped. The bottom and sidewall 
of the slope were kept fixed. However, the front length after 
the termination of the slope is an important dimension on 
the response of slope. In reality, this length is an infinite 
media and considering infinite extent is beyond the scope 
of the numerical or experimental procedure. A sufficient 
larger front length provides a more accurate response, and 
therefore, the sensitivity of this length was conducted prior 
to selecting it as equal to the base length of the slope. The 
subsequent section describes the effect of front length on the 
response slope collapse.

Effect of front length

As discussed in the previous section, the front length of the 
model after the termination of the slope is important from 
the numerical point of view. Therefore, a sensitivity study 
was taken prior to the simulation of the developed model. A 
three front length equal to 50% of the base length (300 mm), 
100% of the base length (600 mm), and 150% of the base 
length (900 mm) was simulated for a typical granular slope. 
The layout of the model for sensitivity analysis is shown in 
Fig. 4. Flow profile, as well as the front part of the collapsed 

slope, was tracked for all cases. Final slope profile of all 
cases is shown in Fig. 5. It was found that the maximum 
run-out of all cases were somewhat similar, hence reveal 
the less significant effect on the run-out length estimation. 
The trend of the final profile was also alike among the three 
cases. To further observe their effect, displacement contour 
of particles was plotted in Fig. 6. The effect of front length 
was visible in Fig. 6, where base particles suffered signifi-
cant displacement for shorter base length (Fig. 6a), while 
much fewer base particles were displaced for larger front 
length (Fig. 6b, c). Comparing all three responses, the front 
length equal to the base of the slope was compatible, and 
the effect of boundary condition reduced in a great deal. 
Therefore, the front length of 600 mm, chosen in the current 
study, was justified.

Results and discussions

Discussion on response of homogeneous slopes

The slope model shown in Fig. 3 was used for homogene-
ous slope simulation. Both granular and cohesive soils were 
simulated through the developed model. Cohesion was zero 
in case of granular soils, while a specific cohesion was used 
for cohesive soils. Frictional angle was constant in both sim-
ulations; therefore, the effect of cohesion can be distinctive 
from the simulations. The properties of homogeneous soil 
slopes are shown in Table 1.

Run-out length is a practical parameter for landslides 
and slope failure disaster evaluation as well as for mitiga-
tion strategy. The response of slopes was plotted in terms 

Fig. 4   Geometry of slope for 
effect of boundary condition
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of its normalized run-out length in the current study. The 
run-out length was normalized to the initial base length fol-
lowing the assumption that the maximum energy released 
instantaneously after the collapse and subsequently, residual 
flow occurs as discussed by Rahman [44]. The time his-
tory of normalized run-out for both granular and cohesive 
soil slopes was plotted in Fig. 7. The run-out distance was 
found to increase rapidly from 0 s to 1 s. The normalized 
run-out value was about 0.4 for granular soils and about 
0.13 for cohesive soils at 1 s of simulation. After 1 s, run-
out followed a straight-line trend for both types of soil and 
reached a somewhat stable condition at 8 s without any sud-
den increase in value. Run-out of cohesive soil slopes was 
much less compared to granular soil, assuming that cohe-
sion act as a resistance to the collapse of the soil mass. The 
consistency of the initial peak of the run-out was further 
evident from the velocity response of particles for both 
granular and cohesive soil slopes, shown in Figs. 8 and 9 
respectively. From the figures, a toe failure type is observed 

in both cases. Failure is initiated from the toe, and it emerges 
upwards, forming a circular failure pattern. For both granu-
lar & cohesive soils, velocity profiles depict an initiation of 
a failure surface from the toe at 0.1 s. There is an increase 
in velocity observed from 0.1 s to 0.2 s. At 0.2 s, this failure 
surface emerges to the top surface from the toe delineating 
a circular failure plane for both granular soils and cohesive 
soils. The red band distinguishably marks the failure planes. 
At 0.5 s, it was found that there was a considerable decrease 
in velocity. The maximum velocity portion (red band) was 
seen to decrease in velocity profile showing a thinner plane 
failure surface than before in case of granular soil. In the 
case of cohesive soil, velocity was quite reduced (green band 
rather than the red band) with a thinner plane failure surface 
at 0.5 s, indicating a stable condition was approaching. The 
velocity significantly reduced after 1 s, showing the profile 
with maximum particle marked by blue band distribution.

The final slope profile plotted in Fig. 10 demonstrated a 
much steeper repose angle for cohesive soils, while smaller 

Fig. 5   Slope profile for different 
front length: a when b = 0.3 m 
(50% of initial base length), b 
when b = 0.6 m (100% of initial 
base length), c when b = 0.9 m 
(150% of initial base length)
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repose angle was seen for granular slope collapse. Further-
more, the height of slopes with granular soils is found to 
decrease than slope with cohesive soils since the more sig-
nificant movement of soil mass took place in the run-out 
direction for granular soils.

Generally, a slip plane was approximated in conven-
tional slope stability analysis which may not replicate the 
real instances. Highlighting this issue, this research aimed 
to plot the displacement contour of final slope particles and 
shown in Fig. 11. The highly displaced particle showed a 
dark red band which is almost similar to assumed slip plane 
in the conventional analysis. The displaced soil particles 

Fig. 6   Displacement contour of slopes for different front length: a 
when b = 0.3 m (50% of initial base length), b when b = 0.6 m (100% 
of initial base length), c when b = 0.9 m (150% of initial base length)

Table 1   Properties of homogeneous slopes

Parameter Unit Granular soils Cohesive soils

Particle size (dx) mm 10 10
Number of particles – 28,171 28,171
Density (ρ) kg/m3 1800.0 1800.0
Cohesion (c) kPa 0.0 10.0
Friction angle (φ) Degree 17.5 17.5
Modulus of elasticity (E) kPa 100 100
Poisson ratio (ν) – 0.25 0.25

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8

N
or

m
al

iz
ed

 R
un

-o
ut

Time (sec)

Granular soils (c=0 kPa,φ=20 deg)
Cohesive soils (c=10 kPa, φ=20 deg)

Fig. 7   Normalized run-out of failed slope with homogeneous proper-
ties

Fig. 8   Velocity distribution at different times for granular soils: a at 
t = 0.1 s, b at t = 0.2 s, c at t = 0.5 s, d at t = 1.0 s
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naturally formed such a slip plane and can be considered to 
detect susceptible region in slope stability analysis so that 
proper ground anchoring or any other mitigation policy can 

be effectively taken. An extended failure plane was seen for 
granular soils, hence depict the reason of larger run-out for 
such soil.

Discussion on response of non‑homogeneous slopes

For natural slopes, the soil properties are not homogeneous; 
rather, their properties vary with the depth. The response 
of such non-homogeneous slopes is an important index in 
the slope failure simulation. A series of SPH simulations of 
non-homogeneous soil slopes were conducted in the pre-
sent research. The model was divided into three regions: a 
base layer comprises all base particles including boundary 
particles, a middle layer, and a top layer. A total of five com-
binations were considered for this study. Base soil proper-
ties kept same for all combinations, while the engineering 
properties of soils of both middle and top layer changed in 
each case. The case-1 is a typical non-homogeneous slope 
model, where the top layer is cohesive soil over a loose 
sandy layer. The case-2 and case-3 were granular assemblies 
with alternate soil properties, i.e. comparatively dense sandy 
soils were placed over loose sandy soils in case-2, while the 
opposite combination was used in case-3. In case-4, both 
layers consist of cohesive soil though the upper layer was a 
bit susceptible with low cohesion parameters, and the vice 
versa was seen in case-5. The other properties remained the 
same, and fundamental properties are listed in Table 2. A 
general layout for non-homogeneous slope model is shown 
in Fig. 12.

The normalized run-out and displacement contour of 
different non-homogeneous slope models were depicted 
in Figs. 13 and 14, respectively. The distinctive nature of 
each combination was seen from their time history response. 
For non-homogeneous granular slope models (slope-2), 
the loose middle sandy soils were responsible for signifi-
cant damage as run-out was huge compare to the different 
properties. Usually, the collapse initiated from the toe of 
the slope, which eventually contributes to the damage and 
possible long run-out. Likewise, a loose middle sandy layer 
was responsible for the large run-out of the slope-2, and at 
the same time, the presence of comparatively dense soils at 

Fig. 9   Velocity distribution at different times for cohesive soils: a at 
t = 0.1 s, b at t = 0.2 s, c at t = 0.5 s, d at t = 1.0 s

Fig. 10   Final slope profile for 
different types of soils with 
homogeneous properties
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toe reduces the run-out length in a great deal, approximately 
almost 50%. Besides, a smooth slip plane in terms of dis-
placed mass was observed for slope model-2 in Fig. 14b, 
while the narrowband was seen for slope model − 3 in 
Fig. 14c. It was found that the variation of properties leads 
to change both the shape and extent of failure plane, which 
cannot be captured in conventional LEM, while the currently 
developed model can naturally locate the susceptible zone 
for slope failures. Besides that the different cohesive proper-
ties were not found significant in terms of run-out length. 
Almost identical run-out was observed for both slope-4 and 
slope-5. However, the comparison was difficult as both fric-
tion and cohesion parameters influence the slope collapse 
in cohesive slope failures. The reason for using frictional 
parameters was that in reality, some friction exists even in 
cohesive soil particles. Probably, the cohesive parameters 
dominate the flow patterns, and therefore, no significant 
discrepancy in terms of run-out was observed. Though the 

variation was not distinctive from the run-out perspective, 
a difference in the slip plane was seen in Fig. 14d and e. 
Extended slip plane was seen in slope-4, while the band was 
narrow in slope-5. In general, the proposed model capable of 
handling slope deformation and the affirmative essence is the 
development of inherent slip plane, which could be a key for 
proper anchoring for mitigation of shallow slope collapse.

Remedial measures in slope protection

The preceding sections describe the inherent features of 
both homogeneous and non-homogeneous slope failures. 
This disaster can be prevented, or the destruction can be 

Fig. 11   Displacement contour of different soil types: a Granular soils, 
b Cohesive soils

Table 2   Properties of non-
homogeneous slopes

Layer Parameter Unit Slope-1 Slope-2 Slope-3 Slope-4 Slope-5

Layer-3 (top layer) Cohesion (c) kPa 8.5 0.0 0.0 8.5 18.0
Friction angle (φ) Degree 14.0 20.0 14.0 14.0 18.0
Poisson ratio (ν) – 0.22 0.22 0.22 0.22 0.22

Layer-2 (middle layer) Cohesion (c) kPa 0.0 0.0 0.0 18.0 8.5
Friction angle (φ) Degree 15.0 14.0 20.0 18.0 14.0
Poisson ratio (ν) – 0.22 0.22 0.22 0.22 0.22

Layer-1 (base) Cohesion (c) kPa 20.0 20.0 20.0 20.0 20.0
Friction angle (φ) Degree 20.0 20.0 20.0 20.0 20.0
Poisson ratio (ν) – 0.25 0.25 0.25 0.25 0.25

Fig. 12   Initial slope geometry for non-homogeneous slope simulation
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minimized by adopting plausible countermeasure(s). There 
are several slope stability protection measures reported in 
books and technical writings. Slope stabilized piles and 
removal of unstable portion are two rational approach for 

mitigation of such hazard. Therefore, these two counter-
measures were analyzed numerically in this study to check 
their effectiveness. Subsequent sections demonstrate this 
two countermeasure against slope collapse.

Removal of upper portion

An easy approach to prevent landslide induced collapse is 
the removal of some unstable soil mass from the top and 
applied in some real preventive strategies. A numerical slope 
model eliminating an upper portion was formulated and 
shown in Fig. 15. For simplicity, the homogeneous granu-
lar slope was considered for the countermeasure study. A 
section of 50 mm upper soil was removed with 2H: 1 V 
gradient from an existing slope model, and allowed to flow 
in a dam break manner. Their normalized run-out and dis-
placement contour were plotted to check the justification of 
such remedial steps. Figure 16 shows normalized run-out 
of the stabilized slope by removing the upper portion of the 
existing slope. Run-out followed a decreasing trend from 
the start of the simulation compare to existing slopes. An 
approximately 6–8% run-out was reduced by removing the 
upper soil portion, hence, somewhat depict the usefulness 
of such technique. However, the flow front also depends on 
many factors, such as variable soil properties, the thickness 
of removed soil, topography etc. The study is not intended 
to provide insight into mitigation policy; rather, an emphasis 
was given on the response of naturally collapsed soil mass. 
Meanwhile, this countermeasure simulation may step for-
ward towards the numerical application of several protective 
measures.

Slope stabilized pile

In some areas, landslide stabilized pile provides a better 
option than other countermeasures. Typically, RCC pre-
cast piles are driven in the unstable slope, which eventually 
increases the stiffness of soils and reduces the possibility of 
massive slope collapse. The application of retaining wall 
may put higher resistance than a pile. However, the con-
struction of the long-retaining wall is not feasible in many 
instances. For that the simulation aimed to check the effec-
tiveness of piles along the slope. Figure 17 shows the typical 
layout of slope stabilized pile. Identical properties of the 
previous case were considered for the comparative study of 
these two methods. Meanwhile, the location of the pile is 
important for better resistance to slope collapse. Therefore, 
three cases were chosen: piles placed at the lower portion 
of the slope, piles placed at the middle portion of the slope, 
and piles placed at the upper portion of the slope. Normal-
ized run-out of all three scenarios were plotted and shown 

Fig. 14   Displacement contour of different non-homogeneous slopes: 
a Slope-1, b Slope-2, c Slope-3, d Slope-4, e Slope-5
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in Fig. 18. It was found that placing piles at the top portion 
of the slope had minimal effect on the response as most of 
the sloped soil masses did not get any resistance. The piles 
located at the lower portion provided some resistance to flow 
as the ultimate normalized run-out reduced to a considerable 
distance. Nevertheless, the maximum resistance was found 
placing pile at the middle portion of the slope model. An 
approximately 20–25% of run-out reduced by applying piles 
at the middle portion of the slope. The displacement contour 
also showed narrow slip plane and useful for prevention of 
such slope disasters.

Fig. 15   Protection of slope fail-
ure by removing upper portion 
of slope
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Fig. 16   Normalized run-out of slope with upper cut
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A comparative discussion of both types of remedial 
measures is shown in Fig. 19. A significant reduction to the 
flow was evident as about 25% of the maximum run-out 
reduced by utilizing piles. The final slope profile also plot-
ted in Fig. 20, and no significant variation of the trend of 
the final profile was observed. In a nutshell, the above two 

countermeasures somewhat useful for prevention of slope 
induced disasters.

Conclusion

A three-dimensional numerical SPH model was developed 
based on elastoplastic constitutive relations to understand 
the natural response of slope failures. Both homogeneous 
and non-homogeneous slope models were simulated using 
the developed numerical tool. The normalized run-out of 
the entire slope was tracked, and compatible responses were 
seen. Besides, displacement contour was plotted which 
portray the naturally occurring slip plane and also found 
compatible with the assumed slip circle in LEM. The slip 
plane varied with a variation of properties of geo-materials. 
Therefore, the inherent characteristics of the slipped surface 
were identified. This capability of capturing inherent slope 
collapse put a rational estimation for mitigation policy, espe-
cially in designing anchor plates or reinforced earth wall, 
where the effectiveness of anchoring methods depends on 
identification of actual slip plane.

Furthermore, two conventional countermeasures, one is 
the removal of a certain upper portion of slopes, and other 
is slope stabilized pile were numerically checked. Reduction 
of normalized run-out was found in both cases, though, the 
slope stabilized pile provided better performance in resist-
ing the flow of displaced mass. The displacement contour 
also showed a coherent response in both cases. To conclude, 
this paper suggested that SPH can be considered an efficient 
solution tool for computing displacement and flow pattern 
of geo-materials that are prone to failure and also capable of 
predicting the final slope configuration despite it has short-
comings of boundary condition. Further improvement of 
constitutive relations and more extensive simulations with 
the inclusion of sensitivity of other parameters may step up 
this method as a practical tool in slope stability analysis.
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Fig. 18   Normalized run-out of slope with pile
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Fig. 19   Comparison between different protection measures

Fig. 20   Slope profile for differ-
ent protection measures
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