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Summary

A cusp catastrophe model is developed for slip-buckling slope by catastrophe theory, and
the formulations of the necessary and su½cient conditions for instability of the slope are
presented. It is found that di¨erent regions (II, III and IV in Fig. 4) in the control space
divided by the bifurcation set correspond well to the primary, secondary and tertiary creep
phases. The corresponding discriminate expressions for the slope in each of these three
creep phases are given. The applicability of the cusp catastrophe model is tested by applying
the equations to the Bawang Mountain landslide, located 5 kilometers above the Ertan
hydroelectric power station along Yalong River in China. The method gives reasonable
results.

1. Introduction

Rock masses are often intersected by a set of discontinuities forming a layered or
slabbed structure. When the slope surface is parallel to the discontinuities, under
the self-weight of rock slabs and pore water pressure, the failure involves buckling
of the slab near the toe of the slope, followed by translational slip of the slab
higher up on the slope along a weak interlayer. In the mountainous area of
southwest China, many slip-buckling landslides have occurred, such as Jipazi
landslide, Bawang Mountain landslide and Dashankou landslide. A typical case is
Bawang Mountain landslide (Fig. 1), located 5 kilometers above the Ertan hy-
droelectric power station along the Yalong River. Under the long-term action of
self-weight of rock slabs, the slabs near the toe of this slope buckled gradually, and
correspondingly the slabs above the buckle slid along a weak interlayer of marlite.
This interaction between buckling and driving ®nally caused the occurrence of the
Bawang Mountain landslide.

For buckling failures of a slope, many researchers have made great e¨orts to
explore the unstable mechanisms of the slope. Kutter (1974) brie¯y discussed
buckling in British open pit coal mines. Corbyn (1978) related the instability to the
presence of tensile stress in the outer ®ber of a curved slab. Cavers (1981) pre-



sented simple formulae for three possible cases of buckling: ¯exural buckling of
plane slopes, three hinge-buckling of plane slopes and three-hinge buckling of
curved slopes, and analysed ¯exural buckling failures, using the concept of Euler's
formula. Pant and Adhikary (1999) investigated the mechanism of ¯exural buck-
ling failure of foliated rock slopes, using both explicit and implicit (a large defor-
mation Cosserat continuum model) numerical models. Sun (1988) and Li et al.
(1991) treated the buckling of rock slabs as a beam stability problem, in elastic
theory, and suggested solving this problem by using a method based on the prin-
ciple of energy equilibrium. These approaches can only describe the continuous
variation of deformation of the beam. In case of deformation and failure of a slip-
buckling slope, a long-term process of gradual and continuous deformation is
usually involved, and ®nally an abrupt failure may occur. Thus, the behaviour at
critical points of instability of a slope cannot be described well by the above
methods. Because the above-mentioned methods do not consider the role of pore

Fig. 1a,b. Schematic diagrams showing the failure process of Bawang Mountain landslide. a Prior to
deformation; b During deformation
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water pressure or other loading components perpendicular to slope surface, and
cannot re¯ect well the discontinuous behaviour at an instability point, these
methods are not comprehensive or even hold some bias for understanding the
mechanisms of slip-buckling slopes. For this reason, a new method for evaluating
the stability of this kind of slope should be developed.

Catastrophe theory is a mathematical technique developed principally by
French mathematician Thom (1972) for modeling natural phenomena, which
contain discontinuous and sudden changes in the values of one or more parame-
ters. It has been applied in many ®elds, including geology and rock mechanics
(Cubbit and Shaw, 1976; Henley, 1976; Saunders, 1980; Qin et al., 1993). Obvi-
ously, a landslide is a discontinuous catastrophe phenomenon. Thus, it is appro-
priate to use catastrophe theory to study landslides. In this paper, a cusp catas-
trophe model is presented to study the unstable mechanisms of the slip-buckling
slope.

2. Cusp Catastrophe Model

2.1 Mechanical Model

Under the action of driving force due to the self-weight of rock slabs or pore water
pressure, the slabs near the toe of slope buckle gradually and correspondingly the
slabs above the buckle slide along a weak interlayer (Fig. 2 a). In the condition
of the length and width of the rock slab being far larger than its thickness, the
buckling of rock slabs may be simpli®ed as a beam stability problem. Its me-
chanical model is illustrated as Fig. 2 b. Let the length of the slope subject to
buckling, the length of the driving segment, the total thickness of rock slabs and
the slope angle be l, l0, h and a, respectively. The residual driving force of unit
width along the interlayer is

P � �q sin aÿ �C � q cos a tan f��l0; �1�

where q � gh is the gravitational load intensity; g is the unit weight of the rock
slab; C and f are the inner friction angle and unit cohesive force of the interlayer,
respectively.

Let U denote the pore water pressure caused by rainfall in®ltrating into the
slope body along discontinuities. For simplicity, we assume that the pressure is
constant or linearly distributed and only the buckling segment is subjected to the
pressure.

According to the experiments of rock columns under uniaxial compression by
Sun (1988), it is reasonable to assume the de¯ection curve is

y � u 1ÿ cos
2px

l

� �
; �2�

where u is the de¯ection value at x � l=4. It is easily veri®ed that Eq. (2) satis®es
the boundary condition.
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2.2 Potential Function of the System

Considering the quasi-static motion process of the slip-buckling slope, we ®rstly
establish the expression of the overall potential energy, and then determine the
mechanical criterion of slope instability.

According to elastic theory (Wang, 1979), the strain energy stored in the beam
is

V1 � 1

2

� l

0

M�x� dj; �3�

where M�x� is the bending moment at the distance x from the slope toe, and dj
can be expressed as

(a)

(b)

Fig. 2a,b. Mechanical model of slip-buckling slope. a Geometric conditions; b Mechanical conditions
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dj � ds

r
�M�x�

EI
ds: �4�

Where E and I are the elastic modulus and the moment of inertia of the beam,
respectively; ds is the arc length corresponding to the radian dj; and r is the radius
of curvature. Using the known expression (Wang, 1979)

M�x� � EIy 00 �5�
and substituting Eqs. (4) and (5) into (3) lead to

V1 � 1

2

� l

0

EI�y 00�2 ds � 1

2

� l

0

EI�y 00�2
�������������������
1� �y 0�2

q
dx; �6�

where ds �
�������������������
1� �y 0�2

q
dx and y 0 and y 00 are the ®rst and second derivatives of y,

respectively. Making Taylor extension for Eq. (6) and assuming

dsA1� 0:5�y 0�2 �7�
one has

V1 � 1

2

� l

0

EI�y 00�2 1� 1

2
�y 0�2

� �
dx � EIl

32

2p

l

� �6

u4 � EIl

4

2p

l

� �4

u2: �8�

The work done by the residual driving force P is

V2 � 1

2
P

� l

0

�y 0�2 dx � Pl

4

2p

l

� �2

u2: �9�

The work done by the self-weight of the beam is

V3 � 1

2

� l

0

q�l ÿ x��y 0�2 sin a dx � ql 2

8

2p

l

� �2

sin au2: �10�

The potential energy increment caused by the self-weight of the beam is

V4 �
� l

0

qy cos a dx � qlu cos a: �11�

The work done by the pore water pressure U is

V5 � Uu: �12�
The overall potential energy of the system is

V � V1 ÿ V2 ÿ V3 � V4 ÿ V5: �13�
The following equation can be obtained after substituting Eqs. (8)±(12) into
Eq. (13)
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V � EIl

32

2p

l

� �6

u4 � 1

4
EIl

2p

l

� �4

ÿPl
2p

l

� �2

ÿ 1

2
ql 2 2p

l

� �2

sin a

" #
u2

� �ql cos aÿU�u: �14�
This is the expression of energy of the system.

2.3 Cusp Catastrophe Model of the System

In order to transform Eq. (14) into a standard form of cusp catastrophe, let

x � EIl

8

2p

l

� �6
" #1=4

u; �15�

a � 1

2
EIl

2p

l

� �4

ÿPl
2p

l

� �2

ÿ ql2

2
sin a

2p

l

� �2
" #264 8

EIl
2p

l

� �6

375
1=2

; �16�

b � �ql cos aÿU�
264 8

EIl
2p

l

� �6

375
1=4

: �17�

Substituting Eqs. (15)±(17) into (14) leads to

V � 1
4 x4 � 1

2 ax2 � bx: �18�
Equation (18) is the standard cusp catastrophe model of the potential function,
with a and b as its control parameters and x as its state variable.

The equilibrium surface, composed of the set of all equilibrium points, can be
derived from Eq. (18) as

dV

dx
� x3 � ax� b � 0: �19�

Equation (19) is the equilibrium condition of forces because dV is equal to the
product of the magnitude of the force and the small elongation dx.

The cusp catastrophe described by the equilibrium surface containing fold or
pleat is illustrated in Fig. 3, where axes of three-dimensional space are the control
parameters a; b (horizontal) and response parameter x (vertical). The action over
the equilibrium surface occurs as a smooth or catastrophic movement along the
equilibrium sheet. For example, Point B undergoes action and smoothly moves to
Point B 0 down the equilibrium sheet, representing a decrease in potential, but
Point A may encounter the edge of the fold, where a slight change in the parame-
ters (trigger) causes a fall or catastrophic jump to the lower equilibrium sheet at
A 0. A control surface is the surface de®ned by the control parameters or projection
of a three-dimensional equilibrium surface to a two-dimensional control space.
The line that marks the edges of the pleat in the equilibrium surface, where the top
and bottom sheets fold over to form the middle sheet, is called the fold curve or
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singularity set. When it is projected back onto the plane of the control surface, the
result is a cusp-shaped curve. The singularity set can be determined from

d 2V

dx2
� 3x2 � a � 0: �20�

The cusp (bifurcation set) de®ned by the projection of the fold in the control
surface determines the area of the catastrophic behaviour, i.e., if the trajectory of
the action passes through the cusp, a catastrophic action will occur. By combining
Eqs. (19) with (20) and eliminating x, the bifurcation set can be determined as

4a3 � 27b2 � 0: �21�
The bifurcation set de®nes the thresholds where sudden changes can take

place. As long as the state of the system remains outside the bifurcation set, the
behaviour varies smoothly and continuously as a function of the control parame-
ters. Even on entering the bifurcation set, no abrupt change is observed. When the
control point �a; b� passes all the way through the bifurcation set, however, a ca-
tastrophe is inevitable.

Substituting Eqs. (16) and (17) into Eq. (21), one has

F � 0; �22�
where

F � ÿP 03 � 27EI

4l2
N 02; �23�

P 0 � P� 1

2
ql sin aÿ 4p2EI

l2
; �24�

N 0 � U ÿ ql cos a; �25�

Fig. 3. Cusp catastrophe model
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where P 0 and N 0 denote the net instability-induced forces parallel and perpendic-
ular to the slope surface, respectively. From the above analysis, it can be seen that
when P 0 and N 0 satisfy the bifurcation set Eq. (22), can only instability occur.
Thus, Eq. (22) provides the necessary and su½cient conditions of instability of the
system. Also, from Eqs. (22) and (23), it can be seen that whether or not the slip-
buckling landslide occurs depends on certain combination of the forces perpen-
dicular and parallel to the slope surface. Thus, the previous models developed by
Cavers (1981), Sun (1988), and Li et al. (1991) only o¨ered a necessary condition
of instability, i.e., a condition of buckling, but not a su½cient one, because their
models do not consider the forces acting in the direction perpendicular to the slope
surface. The models presented by Pant and Adhikary (1991) considered the role of
the gravitational force but ignored the e¨ect of pore water pressure, so their
models are not as comprehensive as ours.

3. Mechanisms of Instability of Slip-buckling Slope

3.1 Necessary Condition Leading to Instability

It is seen from Eqs. (22) and (23) that only when P 0V 0, the condition, F � 0,
may be satis®ed, i.e., a catastrophe probably occurs. Thus, in terms of P 0V 0, the
necessary condition leading to instability can be derived as

PV
4p2EI

l2
ÿ 1

2
ql sin a: �26�

Equation (26) reveals that the necessary condition of instability depends on the
inner nature of the system, such as geometry and material properties. While the
geometry is ®xed, a larger driving force is needed for instability with respect to a
higher elastic modulus value, i.e., a higher elastic modulus value will tend to have
a smaller possibility of instability and vice versa. According to the test data
available on slip-buckling landslides, the elastic modulus of a rock slab is generally
very low, such as E � 104 MPa (sandstone) for Jipazi landslide and E � 5� 104

MPa (limestone) for Bawang Mountain landslide.
Equation (26) was also derived by Sun (1988) using the energy equilibrium

method. This shows that the necessary condition of instability derived from ca-
tastrophe theory is just the critical force of the above-mentioned beam failure in
elastic theory.

3.2 Connection Between the Stable or Unstable Regions in Control Space and the
Regions of Behaviour in Creep

It is well known (see Salmon, 1985) that, for Eq. (19), if F < 0 there are three
distinct real roots, if F > 0 there is one real root and a conjugate pair of complex
roots, and if F � 0 there are in a sense three real roots, but some of them coincide:
in fact if F � 0 but P 00 0 or N 00 0 two of the real roots are equal; if F � 0 and
P 0 � N 0 � 0 then all three roots are equal. Geometrically, this means that the
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nature of the roots, and hence of the equilibria of the catastrophe system, depends
on the position �P 0;N 0� in the control space.

The control space �P 0;N 0� can be divided into ®ve regions, as illustrated in
Fig. 4. The stable state of the system lying in each region when the control point
�P 0;N 0� moves along di¨erent paths in the control space will be discussed as the
following.

1. When the control point �P 0;N 0� moves along the path B-B 0 in Fig. 3 and
is in the region I as shown in Fig. 4, where P 0 < 0 and F > 0, the equilibrium
Eq. (19) has only one real root and, correspondingly, the potential function V has
a sole minimum value. Due to the fact that the system tends always to assume a
position of minimum energy, the slope here is far from the critical state (bifurca-
tion set), i.e., it is very stable. Here, the necessary condition for instability can not
be met, so the slab cannot buckle and consequently the deformation rate of the
beam is close to zero.

2. When the control point �P 0;N 0� is at the point O where P 0 � 0 and N 0 � 0,
Eq. (22) can be rewritten as

P � 4p2EI

l2
ÿ 1

2
ql sin a

U � ql cos a

9>=>;: �27�

This is the minimum force leading to instability of slip-buckling slope and is a
special point of instability.

Now we will discuss the evolutionary state of the system along the path
Q! Q 0 shown in Fig. 4 as the pore water pressure U increases. For simplicity, the
following assumptions will be made: (1) the force P 0 �P 0 > 0� holds unchanged,
and (2) the value of P 0=h is far lower than the strength of the rock slab, which can
guarantee that the creep rate along the slope surface is close to zero, according to
many creep tests of rocks (Goodman, 1989; Jaeger et al., 1979). The second as-
sumption is quite reasonable because the analytical results on Jipazi and Bawang

Fig. 4. Demarcation of regions in the control space by bifurcation set
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Mountain landslides made by Qin et al (1993) show that the value of P 0=h at
critical points is less than 1 MPa.

3. When the control point �P 0;N 0� moves to the region II (Fig. 5 a) where
F > 0, P 0 > 0 and N 0 < 0, Eq. (19) has only one real root, corresponding to a
minimum value of the potential energy, i.e., a stable state of the system. Here, the
deformation rate of the beam decreases with time, because the upward accelera-
tion normal to slope surface, d2y=dt2 � �U ÿ ql cos a�=m, is less than zero (m is
the mass of the rock layer). Thus, we can deduce that the deformation phase here
corresponds to the primary creep (Fig. 6).

4. When the control point �P 0;N 0� passes through the left branch OC of the
bifurcation set (Fig. 5 b) into the region III (Fig. 5 c), where F < 0, P 0 > 0 and
N 0 ! 0, Eq. (19) has three di¨erent real roots, corresponding to two minimum
and one maximum values of the potential energy. We note here that behaviour
of the system has an essential change from F > 0, through F � 0 and to F < 0.
The system, located at the smaller value of these two local minimums (Fig. 5 c),
cannot shift to another local minimum, because it is separated from it by a local
maximum and the smaller local minimum is far smaller than the local maximum.
Thus, the underground level or pore water pressure ¯uctuations cannot cause
instability of slope, even if the factor of safety reaches some critical value. In this
phase, the deformation rate of the beam is approximately a constant as the pore
water pressure increases, due to d2y=dt2 � �U ÿ ql cos a�=m! 0 for U < ql cos a
and U ! ql cos a. In other words, the deformation phase here corresponds to the
secondary creep (Fig. 6).

5. After the control point �P 0;N 0� enters into the region IV (Fig. 5 e) through
OG (Fig. 5 d), where F < 0, P 0 > 0, and N 0 > 0, the system, located at the larger
value of these two local minimums (Fig. 5 e), can cross the local maximum to
shift to another local minimum while the ¯uctuations are large enough, because

Fig. 5a±g. Variation of the state of potential energy for a slip-buckling slope. The curve and small
ball denote the potential energy and system of slope, respectively. a A region II. b A the left branch OC
of bifurcation set. c A region III. d A OG. e A region IV. f A the right branch OD of bifurcation set.

g A region V in Fig. 4
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the larger local minimum closes to the local maximum. In other words, the slope
is in an unstable state and the perturbations can cause instability of slope to
certain degree. This deformation phase corresponds to the tertiary creep due to
d2y=dt2 > 0 (Fig. 6).

6. When the control point �P 0;N 0� reaches the right branch OD of the bifur-
cation set, Eq. (19) has a real root and a pair of duplicate real roots, corresponding
to a minimum of energy and an in¯ection point of the energy curve (Fig. 5 f ),
respectively. The equilibrium beaks down and the system moves suddenly to the
new minimum under the in¯uence of minuscule ¯uctuations, because the local
maximum is eliminated at the in¯ection point. After entering the region V (Fig.
5 g), the slope is again in a new stable state after landsliding.

In the above analysis, we only discuss a few simple cases. The actual evolu-
tionary paths of a slope are complicated due to variations of the combinations of
forces perpendicular and parallel to the slope surface under the in¯uence of envi-
ronmental factors, such as rainfall or earthquake. Thus, we cannot simply apply
the above formulations to evaluate the stability of a slope unless we fully under-
stand the in¯uences of various factors (geological and environmental) on the
stability of the slope.

3.3 Mechanical Criteria Corresponding to Three Creep Phases

According to the above analysis, we can determine the mechanical criteria cor-
responding to three creep phases for judging the evolutionary state of slope.
The mechanical conditions of the system being in the primary, secondary and
tertiary creep phases, corresponding to the regions II, III and IV in Fig. 4, are,

Fig. 6. Regions of behaviour in creep. Primary, secondary and tertiary creeps correspond to decreasing
rate, steady rate and increasing rate with time, respectively
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respectively:

P 0 > 0

F � ÿP 03 � 27EI

4l2
N 02 > 0

N 0 < 0

9>>>>=>>>>; �28�

P 0 > 0

F � ÿP 03 � 27EI

4l 2
N 02 U 0

ÿ2l

�����������
P 03

27EI

r
UN 0U 0

9>>>>>>=>>>>>>;
�29�

P 0 > 0

F � ÿP 03 � 27EI

4l 2
N 02 U 0

0 < N 0U 2l

�����������
P 03

27EI

r

9>>>>>>=>>>>>>;
�30�

3.4 Relation Between the Critical Ratio l0=�l � l0� and the Slope Angle a

Substituting Eq. (1) into Eqs. (22)±(25), we have

�q sin aÿ C ÿ q cos a tan f�l0 � 1

2
ql sin aÿ 4p2EI

l 2

� �3

� 27EI

4l 2
�U ÿ ql cos a�2; �31�

where l � l0 � H=sin a; and H is the slope height. From Eq. (31), we can investi-
gate the relation between the critical driving ratio of the slope length of the driving
segment �l0� to the total length �l � l0� and the slope angle a. While N 0V 0, i.e.,
the pore water pressure U is equal or greater than the normal force caused by self-
weight of the beam, the slope can evolve into the tertiary creep phase and is in an
unstable state. This is the case discussed in the following analysis. Figure 7 gives
the variation of the critical ratio l0=�l � l0� versus a, while the normal forces are
not considered. It is seen from Fig. 7 that the driving ratio decreases with an in-
crease of a for N 0 � 0, which is consistent with the conclusions drawn by Cavers
(1981), Sun (1988), Li et al. (1991), and Pant et al. (1999). This indicates that the
driving ratio decreases with the increase in the slope angle if the normal forces are
not considered. Considering that the pore water pressure is directly proportional
to l sin a (Hoek et al., 1981), we assume that U z ql sin a for studying the in¯uence
of pore water pressure on the driving ratio. It is clear, as illustrated in Fig. 8, that
the critical driving ratio decreases as the pore water pressure increases, and that it
also decreases with an increase of a for each series. This implies that a higher water
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pressure value can reduce the driving force required for instability and it can make
a slope with a smaller slope angle unstable.

4. Case Study

The Bawang Mountain landslide, with a slope height of 940 m and a slope angle
of 40�, occurred in 1983 (Fig. 1). The slabs of this slope are composed of Dengy-
ing limestone strata. The total thickness of the failed slabs is 10 m, and 3 separate
slabs are involved in the failure. The slabs, approximately parallel with the slope
surface, are separated from one another and from an underlying weak interlayer
composed of broken marlite, formed by relative sliding between interfaces. The
stratum below the weak interlayer is massive limestone. Under long-term gravita-
tional force and rainfall, the slabs near the toe of the slope buckled gradually and
the slabs close to the slope top were torn away. According to Sun's test (1988), the
mechanical parameters are as follows: the inner friction angle and cohesive force
of the weak interlayer are C � 0:04 MPa and f � 17�; the elastic modulus and the
unit weight of limestone are E � 5� 104 MPa and g � 27 kN/m3.

4.1 Calculation of Driving Force

The total length of the slope is l � l0 � 940=sin 40� � 1462 m. Substituting the
parameters C � 0:04 MPa, f � 17� and h � 10 m into Eq. (1), we have

Fig. 7. Variation of the critical driving ratio l0=�l � l0� versus the slope angle a for N 0 � 0, where
h � 10 m, g � 27 kN/m3, C � 0 and f � 10�, E � 104 MPa, and H � 800 m

Fig. 8. Variation of the critical driving ratio l0=�l � l0� versus the slope angle a for series 1 : U �
1:1ql sin a, series 2 : U � 1:3ql sin a, and series 3 : U � 1:5ql cos a, where h � 10 m, g � 27 kN/m3,

C � 0, f � 10�, E � 104 MPa, and H � 800 m
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P � 7:03� 10ÿ2l0 MN �32�
This shows that the slabs at the upper segment can slide along the weak interlayer.

4.2 Analysis of Slope Failure Using the Cusp Catastrophe Model

From Eq. (26), the necessary condition leading to the slope failure is

7:03� 10ÿ2l0 V
4p2EI

l2
ÿ 1

2
ql sin a: �33�

Substituting the corresponding parameters into Eq. (33) leads to l0 U 301 m.
According to ®eld geological investigations after the Bawang Mountain landslide,
the estimated length value of the driving segment is about 272 m.This indicates
that it is possible for the Bawang Mountain slope to evolve towards an unstable
state.

Substituting l0 � 272 m, U � 0 and the corresponding parameters into Eqs.
(22)±(25), we obtain

F � ÿP 03 � 27EI

4l 2
N 02 � 1202918 > 0: �34�

This shows that the Bawang Mountain slope is stable if pore water pressure is not
considered. Thus, we can deduce that heavy rainfall or underground water must
have played an important role in the evolutionary history of the Bawang Moun-
tain slope. Otherwise, this landslide could not have occurred. Further, the pore
water pressure needed for its instability can be solved using Eqs. (22)±(25). The
critical value of U is calculated to be 242.62 MN. Using the formula presented by
Hoek et al. (1981), the estimated value of water pressure is

U � 1

4 sin a
gwH 2

w � 2278:5MN; �35�

where gw is the water density and Hw �Hw � H ÿ l0 sin a� is the slope height acted
by water pressure. This shows that this landslide can be caused by pore water
pressure.

5. Conclusions

A cusp catastrophe model is derived for the slip-buckling slope based on catas-
trophe theory and the necessary and su½cient conditions leading to instability of a
slope are given. It is found that for a slope with given geometric and mechanical
conditions, the instability of the slope depends on certain combination of forces
perpendicular and parallel to the slope surface. The method presented in this
paper is advantageous over the previous methods or models by Cavers (1981), Sun
(1988), and Li et al. (1991), since their methods or models provide only a necessary
condition of instability.
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It is revealed analytically that di¨erent combination modes of forces in the
control space correspond to di¨erent creep phases. The demarcation of regions in
the control space, corresponding to the primary, secondary and tertiary creep
phases, is made and the corresponding discriminant formulations for the system
being in each of three di¨erent creep phases are presented.

The stability analysis on Bawang Mountain landslide using the cusp catastro-
phe model shows that the slope could be stable without the pore water pressure.

We emphasize that the evolutionary process or history of a slope should be
carefully investigated prior to evaluating the stability of the slope, because di¨er-
ent evolutionary paths of slope, corresponding to di¨erent combinations of forces
perpendicular and parallel to slope surface, may result in di¨erent even adverse
evaluation conclusions.
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