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Abstract. Due to rainwater infiltration and loss of matric suction above the wetting font, both translational and
rotational slips may occur in an unsaturated soil slope. It is useful to know which failure mode is more critical. The
governing failure mode is likely to be affected by soil properties, slope geometry, depth of wetting front and
contribution of matric suction to shear strength, which were investigated in this study. Specifically, upper bound limit
analysis was adopted to develop stability charts based on rotational failure mechanism, and infinite slope model was
used to develop stability charts based on translational failure mechanism. For a slope, the failure mechanism which
gives the lower factor of safety is the governing failure mode. It was found that the failure mode of an unsaturated soil
slope under rainfall is determined by parameter group c'/γHtanϕ' for a given slope angle, depth of wetting front and
contribution of matric suction to shear strength. With the increase in depth of wetting front and greater contribution of
matric suction to shear strength, a slope is more prone to translational failure. Slopes with angle β = 45º are most
vulnerable to translational failure, while gentler slopes (e.g. β = 15º) and steeper slopes (e.g. β = 75º) are more
susceptible to rotational failure.

1 Introduction
For an unsaturated soil slope under rainwater infiltration,
with the increase in depth of wetting front and the
reduction of matric suction above the wetting front, both
translational failure and rotational failure may occur, as
shown in Figure 1. Most rainfall-induced landslides were
reported to be shallow, with a depth of failure less than
3m above the groundwater table [1-2]. Deep-seated
landslides after rainfall were also reported [3-4].
Therefore, there are generally two approaches to analyse
rainfall-induced landslides. First, the slope is treated as
“infinite” with the neglect of boundary effects and

infinite slope analysis is performed to assess the slope
stability [5-8]. Second, the slope is treated as “finite”
with boundary conditions and extended limit equilibrium
analysis is performed to assess the slope stability [9-11].
Infinite slope analysis can assess the stability based
on translational failure mechanism, but it cannot assess
the stability based on rotational failure mechanism. Limit
equilibrium analysis can obtain the global factor of
safety, but it may fail to search for the potential shallow
slip surface [12]. Hence, if only infinite slope analysis or
limit equilibrium analysis is performed, alternative failure
mechanism may be missed.
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Figure 1. Rotational and translational failures in an unsaturated soil slope
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The finite element analysis with a local factor of
safety concept [12-13] can detect the potential shallow
slip surface if it is more critical than the rotational slip
surface. However, it is cumbersome to run a finite
element analysis to determine whether a translational or
rotational slip is more critical. Hence, the objective of
this research is to investigate the controlling factors on
the governing failure mode of unsaturated soil slopes
under rainfall. The factors investigated include soil
properties, slope geometry, depth of wetting front and
contribution of matric suction to shear strength. The
research will provide guidance in choosing the analysis
method for rainfall-induced landslide analysis.

soils [7] and profile c tends to occur in layered soils with
permeable layer above wetting front and less permeable
layer below wetting front [8]. In this research, profile c is
not considered, as the research focuses on slopes made of
homogeneous soils. The pore-water pressure profile b is
adopted, which is a reasonable assumption for coarsegrained soils and a conservative assumption for finegrained soils.
2.2 Stability chart based on rotational failure
mechanism
Upper bound limit analysis has been widely used to
develop stability charts for simple homogeneous soil
slopes [16-17] and soil slopes under positive pore-water
pressures [18-19]. Recently Huang et al. [20]
incorporated negative pore-water pressure into the upper
bound limit analysis and developed stability charts for
unsaturated soil slopes under no infiltration condition.
The research can be further extended by considering the
depth of wetting front and stability charts for unsaturated
soil slopes under infiltration condition can be developed
subsequently.
According to the upper bound limit analysis, soil mass
would fail if the rate of work done by soil weight and
external forces exceeds the internal rate of energy
dissipation. Hence, equating the external rate of work to
the internal rate of energy dissipation gives an unsafe
upper bound on the collapse or limit load [17].
For a simple homogeneous slope, the energy balance
equation can be written as:

2 Methodology
In order to investigate the governing failure mode of
unsaturated soil slopes under rainfall, the stability charts
for unsaturated soil slopes under rainwater infiltration
based on both translational failure mechanism and
rotational failure mechanism were developed. For a slope
with specific soil properties, the failure mechanism which
gives the lower factor of safety is the governing failure
mode of the slope. The stability of an unsaturated soil
slope is directly related to the pore-water pressure profile
before and after the rainwater infiltration, which will be
introduced first. Afterwards, the methodology to develop
stability charts based on both rotational failure
mechanism and translational failure mechanism will be
explained.
2.1 Pore-water pressure profiles

W  D c 

Pore-water pressure profile of an unsaturated soil slope is
directly related to the location of the groundwater table
and the surface flux condition [14]. Under no infiltration
condition, for simplification the matric suction above
groundwater table can be treated as hydrostatic relative to
the groundwater table. Under rainwater infiltration, as
shown in Figure 2, the matric suction can be partially lost
(profile a), completely lost (profile b), or positive porewater pressure may even build up above the wetting front
(profile c) [15].

where W is the rate of work done by soil weight, D c  is
the rate of internal energy dissipation.
If pore-water pressure is incorporated into the upper
bound limit analysis and treated as external force, the
energy balance equation can be expressed as (e.g., [21]):

W  Wu  D c

b c
+

(2)

where Wu is the rate of work done by pore-water
pressure uw.
In the upper bound limit analysis, plastic shearing is
assumed to follow associated flow rule, which requires
that the velocity jump vector at slip surface is inclined to
the slip surface at the effective angle of internal friction
ϕ'. Hence, for a rotational failure, the slip surface must be
a log-spiral curve [17, 21], as described by Equation (3)
and shown in Figure 3, in which ro is initial radius of the
log-spiral curve, θo and θh are initial and final angles, r(θ)
is the radius which is a function of θ. In Figure 3, H is the
height of the slope, L is the length of the slope at the
crest, α is the slope angle at the crest,  is the slope angle
at the toe. If the slip surface passes below the toe (base
failure), the inclination angle from the crest point (B) of
the slope to the end point of the slip surface (C') is ', and
β' = β if the slip surface passes through the toe (toe
failure).
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Figure 2. Pore-water pressure profiles before and after
infiltration (modified from [15])

Research shows that profile a tends to occur in finegrained soils, profile b tends to occur in coarse-grained
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Figure 4. Geometry of an unsaturated soil slope under
rainwater infiltration

The rate of work done by pore-water pressure uw after
infiltration can be calculated by:

Figure 3. Log-spiral rotational failure

For rotational failure, W can be calculated by a
direct integration of the dot product of the unit weight
vector γ and the velocity vector v over the region A C' - C - B:
W 

 γ  vdV  r  f
3
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V
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(4)
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u w   tan  br 2  d

(8)

m2

(9)

zw/H, ϕb and ϕ', and variables θo, θh and β'. The detailed
derivation of f u w can be found in Huang et al. [20].
Consequently, Equation (2) can be written as:

H

(6)

c

The rate of work done by negative pore-water pressure
can be calculated by [20]:

Wu  uw tan  br 2  d (uw < 0)

w 2



u w   tan  r 2  d

m1

where f u w depends on given values of α, β, i, γw/γ, Hwt/H,

For a rigid rotation, the rate of work done by positive
pore-water pressure can be calculated by [21]:



w1

m 2



Wu  ro3 f uw

c ro2
exp2 h  o  tan    1 (5)
2 tan  

Wu  uw tan  r 2  d (uw ≥ 0)

u w   tan  br 2  d 

where θw1 and θw2 are the angles correspond to the
intersection points between wetting front and slip surface,
θm1 and θm2 are the angles correspond to the intersection
points between groundwater table and slip surface, as
shown in Figure 4.
If ϕb is assumed to be a constant, Wu can finally be
expressed as:

where  is the rate of rotation of the failed mass around
the centre O, as shown in Figure 3. Coefficients f1 to f4
depend on the given values of α, β and ϕ', and variables
θo, θh and ', and have been given by Chen [17].
D c  can be calculated by the integration of the
product of effective cohesion c' and tangential component
of velocity vt over the slip surface S:
D c 

 m1





H
exp2h  o  tan    1
ro 2 tan   f1  f 2  f 3  f 4  f uw





(10)

In upper bound limit analysis, the soil is assumed to
obey the Mohr-Coulomb failure criterion, and factor of
safety F is defined as:

(7)

F

where ϕb is the rate of increase of shear strength due to
matric suction.
Figure 4 shows the geometry of an unsaturated soil
slope. The groundwater table is defined as a straight line
[10, 11, 20], with a vertical distance Hwt between the toe
of slope and groundwater table and an inclination angle i.
The pore-water pressure uw is assumed to be hydrostatic
relative to the groundwater table before infiltration. After
infiltration, the wetting front is assumed to be parallel to
the ground surface with a vertical depth zw, and uw = 0
(profile b) for the soils above the wetting front.

c tan  

cd tan d

(11)

in which cd and ϕd are the effective cohesion and effective
internal friction angle, respectively, that are necessary to
maintain energy balance in an admissible failure
mechanism.
In order to present the stability charts as
dimensionless forms, among the given conditions, i is
normalized with β as i/β, and ϕb is normalized with ϕ' as
ϕb/ϕ'. Furthermore, it is fixed that α = 0° and γw/γ = 0.5
for all the stability charts developed in this study. For a
given slope angle β and ratios of Hwt/H, i/β, zw/H, and
ϕb/ϕ', the minimum value of γH/c' in Equation (10) can be
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found for a given value of ϕ' with θo, θh and β' being the
variables. The obtained minimum γH/c' and
corresponding ϕ' are denoted as γH/cd and ϕd,
respectively. Stability charts can be presented as cd/γH
being a function of ϕd (e.g. [22-24]). However, since F
must be applied to both c' and tanϕ' [see Equation (11)],
tedious iterations are required to obtain F from such
charts [18, 24].
With the obtained γH/cd and ϕd, Equation (10) can be
rewritten as:
1

tan d

3 Results and discussions
Figure 5 shows an example of the developed stability
charts. The solid curve is developed based on
translational failure mechanism with the condition that β
= 45º and zw/H = 0.1, the dash curve is developed based
on rotational failure mechanism with the condition that β
= 45º, zw/H = 0.1, Hwt/H = 0.2, i = 0° and ϕb/ϕ' = 1/3. It is
shown that there is an intersection point between the
stability curves. The corresponding c'/γHtanϕ' at the
intersection point is defined as critical c'/γHtanϕ'. Below
this critical value the translational failure mechanism
would give a lower factor of safety and govern the failure
mode. Above this critical value the rotational failure
mechanism would give a lower factor of safety and
govern the failure mode. For a slope, the higher the
critical c'/γHtanϕ', the more vulnerable the slope is to
translational failure.

2 h  o 
12


H tan d ro
ln1  2
f1  f 2  f 3  f 4  f u w 
cd
H





Parameter group c'/γHtanϕ'
independent of F [25]:



is

dimensionless

and

cd
c / F
c


H tan d H tan   / F H tan  

5

(13)

4

F

tan  

F/tanϕ'

According to Equations (11) and (13), Equation (12) can
be rearranged to be:
2 h  o 
14
H tan   ro


ln1  2
f1  f 2  f 3  f 4  f u w 
c
H
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Figure 5. Stability charts for rotational failure and translational
failure

A parametric study has been carried out to investigate
the influence of slope angle (β), depth of wetting front
(zw/H), and contribution of matric suction (ϕb/ϕ', Hwt/H
and i/β) on the critical c'/γHtanϕ'. The adopted parameters
are shown in Table 1.

Factor of safety of a slope based on translational failure
mechanism can be obtained by performing infinite slope
analysis with the neglect of boundary effects. For a
translational slip with pore-water pressure profile b
(Figure 2) above wetting front and by using infinite slope
model, F can be calculated as [15]:

Table 1. Parametric study to the critical c'/γHtanϕ'
β=
zw/H =
ϕb/ϕ' =
Hwt/H =
i/β =

(15)

15º, 30º, 45º, 60º, 75º
0.05, 0.10, 0.15, 0.20
0, 1/3, 2/3, 1
0.2
0

A typical plot indicating the influence of zw/H on the
critical c'/γHtanϕ' is shown in Figure 6. It is found that
the critical c'/γHtanϕ' increases with the increase in zw/H,
and the curves are concave upward. The results reveal
that with the increase in depth of wetting front, the slope
becomes more prone to translational failure.
A typical plot representing the influence of ϕb/ϕ' on
critical c'/γHtanϕ' is shown in Figure 7. It is shown that
the critical c'/γHtanϕ' increases with the increase in ϕb/ϕ',
but the curves are concave downward. The results reveal
that due to the greater contribution of matric suction to
shear strength, the slope becomes more susceptible to
translational failure.
A typical plot showing the influence of β on critical
c'/γHtanϕ' is illustrated in Figure 8. It is shown that the

Equation (15) can be rearranged to be:

F
c
H
1
1


tan   H tan   zw sin  cos  tan 

2

0

2.3 Stability chart based on translational failure
mechanism

c
tan  

zw sin  cos  tan 

Rotational

1

Stability charts can be developed by setting F/tanϕ' as a
function of c'/γHtanϕ' (e.g. [18-20]). The advantage of
this format is that factor of safety of a slope can be
obtained without iteration [18].

F

3

(16)

Hence, for given zw/H and β, stability chart based on
translational failure mechanism can also be presented by
setting F/tanϕ' as a function of c'/γHtanϕ'. However, it
should be noted that infinite slope model would
underestimate the factor of safety due to the neglect of
boundary effects, and the accuracy of infinite slope
analysis is directly related to the depth/length ratio of the
translational slip [26-27].
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Critical c'/γHtanϕ'

critical c'/γHtanϕ' obtains its peak value at β = 45º, and it
decreases with both the increase and decrease of β. The
results reveal that slopes with angle β = 45º are most
vulnerable to translational failure, while gentler slopes
(e.g. β = 15º) and steeper slopes (e.g. β = 75º) are more
disposed to rotational failure.
However, it should be reminded that the stability chart
for translational failure mechanism is developed based on
the infinite slope model, which neglects boundary effects
and the obtained factors of safety are underestimated.
Hence, the critical c'/γHtanϕ' shown from Figures 5 to 8
may be slightly overestimated.

affected by soil properties, slope geometry, depth of
wetting front and contribution of matric suction to shear
strength, which were investigated in this study.
Specifically, upper bound limit analysis was adopted to
develop stability charts for unsaturated soil slopes under
rainwater infiltration based on rotational failure
mechanism, and infinite slope model was used to develop
stability charts based on translational failure mechanism.
The failure mechanism which gives the lower factor of
safety is the governing failure mode.
The governing failure mode was found to be
determined by the parameter group c'/γHtanϕ'. In
addition, a critical c'/γHtanϕ' exists below which
translational failure governs and above which rotational
failure governs. The influences of slope angle, depth of
wetting front and contribution of matric suction to shear
strength on the governing failure mode were preliminary
investigated by a parametric study. It was found that with
the increase in depth of wetting front and greater
contribution of matric suction to shear strength, critical
c'/γHtanϕ' increases and slopes are more prone to
translational failure under rainwater infiltration. Slopes
with angle β = 45º have the highest critical c'/γHtanϕ' and
are most vulnerable to the translational failure, while
gentler slopes (e.g. β = 15º) and steeper slopes (e.g. β =
75º) are more susceptible to the rotational failure. For the
situation when translational failure has more possibility,
infinite slope analysis is more preferable to assess the
slope stability; otherwise limit equilibrium analysis is
more desirable to assess the slope stability.
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Figure 6. Influence of zw/H on critical c'/γHtanϕ' (β = 30º)
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