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Abstract: Determination of representative Critical Slip Surface (CSS) for loose rock slope is one of the most important
topics for slope reinforcement design. In this paper, a SLOPE/W software is used to analyze the failure characteristics
of CSS considering the spatial variability effect of strength parameters. Initially, the Morgenstern-Price limiting
equilibrium method was selected within the framework of SLOPE/W software to examine the failure mechanism of
CSS and the corresponding Factor of Safety (FS) for a loose rock slope comprised of two different materials. Also,
the variability effect of shear strength parameters (cohesion, friction angle) on minimum FS, the maximum depth (D),
sliding arc length (L), distribution range of slip surfaces and slip surface entry point distance (D ) were investigated
through software. The results showed that all slip surfaces are mostly parallel and the local failure can happen at the
top of the slope. Statistically, local failure has entry and exit points situated at the crest and near the toe of the slope,
respectively. Shear strength parameters have a remarkable effect on FS, D, L and D, of critical slip surface. The
distribution range of CSS decreased with an increasing the amount of cohesion and friction angle. These findings can
help to locate the actual position of CSS and slip surface entry point distance in case of loose rock slope.

Keywords: Morgenstern-Price Method, Failure Mechanism, Critical Slip Surface, FS, Entry Point Distance, Loose
Rock.

1. INTRODUCTION numerical solutions are normally suggested. The

outcomes of the above studies are usually reported

Engineers mostly simulate rock slope stability
to precisely classify the most distinct critical slip
surface. Engineers also use several analytical
methods to evaluate the stability factor of natural
or artificial slopes [1]. Limit equilibrium techniques
are leading among these methods, in which the
empirically based established site-stability charts
may be applicable for slope stability calculation
in certain conditions. In general, nevertheless,
laboratory tests, field assessments and more precise

as the probability of failure and Factor of Safety
(FS) for the geotechnical structures [2, 3]. The
shape of the sliding surface has been also widely
used previously to determine the stability of various
types of rock slopes. Such as circular arc shape was
used to evaluate the stability of slopes [4]. The
spiral slip surface was estimated for rock slope
stability analysis [5], and the circular slip surface
was determined for heterogeneous rock slope
stability factor computation [6]. Other scholars
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have studied the stability of natural and or open pit
slopes by ellipsoidal, revolution, cylindrical and
critical circular slip surfaces [7-9].

In static analysis, the Critical Slip Surface
(CSS) is the surface that produces the minimum
FS during slope stability and the smallest value
of FS can calculated by studying circular arc with
cohesion (¢) and friction (¢) parameters [10]. When
a circular slip surface is studied, repeated trials
can be done numerically. The greater difficulties
involved in automating the search for non-circular
surfaces. Most available computer programs that
can be used to analyze and locate the most critical
slip surface with repeated trials are more reliable for
CSS determination. In most cases, only a circular
slip surface was analyzed for general slope types
when a computer program was used to perform the
search automatically. In some cases, the most critical
slip surface may not be approximated accurately
by a circular arc [11]. In the cut slope case, the
appropriate assumption is that the slip surface is
repeated circular will result in an unknown. The
method of judgment of the critical slip surface is
directly connected to the method of determining
the minimum Factor of Safety (FS). Some scholars
have used limit equilibrium techniques to evaluate
FS and critical slip surfaces statically [12-16], or
numerically [17, 18]. To determine the minimum
FS for a sliding surface, a general limiting
equilibrium technique may allow a precise and
accurate evaluation method during large-scale
stability investigations. Therefore, commonly used
approaches are limiting equilibrium techniques and
cannot be used to locate CSS with general constrain
under composite conditions. On the other hand,
optimization techniques are considered an effective
tool to estimate FS for single-slip surface [19]. On
the other hand, dynamic programming is used to
allocate the non-circular slip surface [18]. Monte-
Carlo techniques can evaluate the FS of the critical
slip surface of a slope [20]. Other researchers
proposed some conventional solutions for rock
slope stability analyses [21, 22].

In the current research, a simple geometrical
method and GeoStudio software code are used to
calculate the CSS and corresponding minimum
FS. The failure mechanics for CSS are analyzed
by varying the values of cohesion and friction. In
this research, the CSS allocation provides concrete
guidelines for choosing a typical sliding surface in

risk assessments and system reliability analyses of
heterogeneous rock slopes beside the road.

2. METHODOLOGY

In geotechnical engineering investigating the
stability of slopes is also one of the oldest kinds
of numerical study. In the mid of 20th century,
[12-16] presented the knowledge of dividing the
probable sliding mass into several number of slices.
In the 1960 the dawn of computer technology
made it conceivable to voluntarily switch the
iterative measures essential in the scheme which
controlled statistically more laborious equations
for example those established previously [12-
16]. In this research, SLOPE/W was selected
which is a product of GeoStudio. One of the more
commanding topographies of this joined method is
that it provides access to sorts of investigations of a
much more complex and broader field of difficulties,
together with the use of stresses and calculated pore-
water pressures in a stability study. It is possible in
limit equilibrium (LE) computer programs such as
SLOPE/W to deal with extremely irregular pore-
water pressure conditions, complex stratigraphy,
a variety of nonlinear and linear shear strength
models, material heterogeneity, concentrated loads,
structural reinforcement and practically any type of
sliding surface shape.

2.1. General Limit Equilibrium Formulation

Figure 1 shows a representative sliding surface
(4B), with arc length L, slices discretization scheme
and the possible forces on a slice of a slope. Normal
forces (E) and shear forces (X) are acting on the
slice base and the slice sides respectively (Figure
1). Limit equilibrium (LE) calculation consists
of two FS equations which permit the boundary
of inter-slice normal-shear force conditions. One
equation gives the FS regarding horizontal force
equilibrium (¥ f) while the other equation gives the

A T

Shices of
sliding

Fig. 1. Slice discretization and slice forces in a sliding
mass.
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FS about moment equilibrium (F ). Morgenstern
and Price [13] proposed an equation to handle inter-
slice shear forces as:

X=Eifix) (1

Where, X = shear force, £ = normal force, 1 =
dimensionless function and f{x) = a function. In
the current analysis a distinctive half-sine function
was chosen and the F'S equation relating to moment
equilibrium is:

_ ZUER+ N — nf) Reand’)

Fin = Twx— TNF =5 0d (2

The FS equation regarding horizontal force
equilibrium is:

_ Y{éfcosa + (N — nff) tan@coza)
Ff B T Nsino — ¥ Do (3)
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In above equations ¢” = effective internal angle of

friction, ¢ = effective cohesion, N = base normal

force, u = water pressure, /W = slice weight, a =

slice base inclination, D = point load and £, R, x, f,
d, ® are geometric parameters.

Equation (4) is acquired with the summation
of vertical forces. /"= Fm when base normal force
N is substituted in Equation (2) and F = F/ when
N is substituted in Equation (3). The slice base
normal force (N) is reliant on the inter-slice shear
forces X, and X, on both sides of a slice. Limit
equilibrium formulation calculates F’ k and F as a
choice of dimensionless function (1) values. A plot
is shown in Figure 2, computed with these values,
which illustrates how F, and F vary with lambda
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Fig. 2. Relationship between FS and A.

(4). In the end, for the whole slope, there is only
one FS. Ff and F were similar when both force and
moment equilibrium were satisfied and also F'S was
the same in each slice.

3. NUMERICAL SIMULATION
3.1. Hlustrative Example

A loose rock slope is located beside National
Highway N70 in Pakistan considered as a case
study. The slope material is composed of boulders
as shown in Figure 3. It consists of 20-1000 mm
diameter rounded rock pieces. This formation is
valley floor sediment and is supposed to consist
of two sandy layers. The total station was used
to measure the boundaries and coordinates of
the slope. Water pressure was measured with a
piezometer. The coordinates of the water line are
presented in Table 1.

3.2. Model Parameters

The width and height of the slope are 70 m and 35 m
respectively as shown in Figure 4(a). A slope angle
of 45° was recorded. The slope is composed of
two different layers. The shear strength properties
of slope material were estimated via direct shear
test apparatus. The shear strength parameters were

Fig. 3. Topography of loose rock slope and total station.

Table 1. Coordinates of piezo-metric line.

Coordinates X(m) Y(m)
1 0 22
2 30 17
3 52 13
4 70 13
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Fig. 4. (a) Slope model and (b) CSS in SLOPE/W
analysis.

assigned to the corresponding region. The half-sin
function and Mohr-Coulomb failure criterion are
selected in a computer program (SLOPE/W) for
further analysis. The trial slip surface entry and exit
point were located according to Figure 4(a). The
stability factor and the location of the CSS were
then simulated by SLOPE/W software. Another
effective way of graphically viewing a summary
of the CSS is a safety map. The valid trial critical
failure surface is shown with the factor of safety.
This type of presentation clearly shows the location
and distribution of the trial failure surface. Figure
4b shows that the critical failure surface initiates
from the crest and cuts the slope near the toe.

3.3. Failure Characteristics of CSS

In this sub-section, the failure mechanism and the
location of the critical slip surface are analyzed
at various values of cohesion and friction angle.
Failure mechanism of a critical failure surface
can be acquired from a deterministic analysis
and generating the different values of cohesion,

and internal friction angle within the network of
SLOPE/W software. Slope material is very loose
and composed of two layers (upper layer and
lower layer) of different materials. Three different
cases are considered based on strength properties,
namely, upper layer ¢ = 16 (kN/m?), ¢ =21°and y =
17 (kN/m®); ¢ =21 (kN/m?), ¢ = 25°and y = 18 (kN/
m®) and ¢ = 25 (kN/m?), ¢ = 30° and y = 19 (kN/m?)
and lower layer ¢ = 10 (kN/m?), ¢ = 25° and y = 20
(KN/m?); ¢ = 15 (kN/m?), ¢ = 30° and y = 21 (kN/
m?) and ¢ =20 (kKN/m?), ¢ = 35° and y = 21 (kN/m?).
Failure surface location and its failure mechanism
for the three sets of input parameters (c, ¢, y) are
plotted in Figure 5. The typical understandings
have various aspects of CSS location by varying
strength parameters. All CSSs are located between
the crest and the toe of the slope and the failure of
the slope is a local failure at an average value of
strength parameters. CSS is plotted with the entry
and exit method. The representative insights have
different appearances of CSS failure and location
and are categorized into three parts follows;

a. In the first case, the CSS was shallow and cut
the toe of the slope as shown in Figure 5(a).
The weak zone is comparatively small and
is situated around the surface of the slope.
The location of the CSS, in this case, is well
dependable on the position of the weak zone
and the overall failure style is a local failure.
Because the factor of safety (FS) for the CSS
passing through the weak zone is lesser than
that for other slip surfaces representing an
overall slope failure. When the failure of a
slope surface happens in such a manner that the
sliding surface cuts the slope surface or passes
from the slope toe, it is called slope failure as
shown in Figure 5(a, b). In this case, the slip
surface entry and exit points are located near
the top and on the toe of the slope respectively.

b. When the strength parameters were kept
relatively large the CSS was deep. In the second
case, the weak zones are relatively large and
situated at the uppermost portion of the slope.
The associated failure mechanism for a typical
CSS is a narrow failure as shown in Figure
5(b). The judgment is that the FS is smaller for
large sliding surfaces and running through the
weak zone representing an overall failure.

c.  When the large value of strength parameters is
selected the CSS is located at a small distance
from the toe of the slope and the failure mode
is an overall failure. Because the FS for a CSS
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is bigger as compared two other all valid slip
surfaces in the weak areas of slope. In this
case, the failure of the slope is a deep-seated
failure and the location of CSS is not consistent
with the location of the weak zone. The reason
is that the load of a slope is a component of
the gravity of the slope, which is proportional
to the volume of the slide mass. The shear
resistance of the slope consists of two parts,
cohesion part and friction angle part. As the
size of a sliding mass decreases, the decreasing
rate of the associated CSS is smaller than that
of the sliding volume. In other words, if the
shear strength parameter remains constant and
the size of the sliding mass decreases, the load
of a slope decreases faster than the resistance
of the slope. For a comparatively large repeated
CSS as shown in Figure 5(c), the cohesion in
the weak zone is small enough to generate FS
smaller than the FS for an overall CSS.

It can be seen from the above analysis, that
the failure mode for a heterogeneous slope with a
relatively small value of strength parameters is an

Factor of Safety
W 1.203092

Factor of Safety

1026927
1126927
W 1226927
I8 1326027
I 1426927
1526927
3 1626927
I 1726927
J 1526927
1926927
2026927
1 2.126027

Factor of Safety

Fig. 5. Failure characteristics of critical slip surfaces, (a)
small value of strength parameters, (b) comparatively
large value of strength parameters, and (c) large value of
strength parameters.

overall failure in most cases. Although local failures
may happen in certain cases, the associated CSS
always have entry points (the uppermost points of
slip surfaces) located at the top of the slope and
exit points (the lowermost points of slip surfaces)
located near the toe of the slope.

4. DISCUSSION

In this section, the distribution range of critical
slip surfaces and corresponding FS are discussed
by varying the values of ¢, and ¢. The critical slip
surface with an exit or an entry point on the face of
the slope were assign as horizontal coordinates of
the CSS uppermost part and lowermost part [17].
The distribution of CSS shows similar phenomena,
and the results verified by Zhang et al. [23] study.

The influence of cohesion (c¢) and angle of
internal friction (¢) on FS, depth (D), arc length (L)
and its distribution are discussed in this subsection.
First, the influence of cohesion is analyzed for the
same slope model configuration. For this purpose,
the unit weight (y) and angle of internal friction (¢)
are fixed to 20 kN/m? and 30°, respectively. The
value of cohesion (c¢) ranging from 10 kN/m? to 25
kN/m?is assigned in SLOPE/W. Four different slope
models are tested by varying the values of cohesion
as 10, 15, 20 and 25 (kN/m?), respectively. The
summary of computed safety factors and the depth
(D) of CSS are graphically portrayed in Figure
6, which shows that all valid CSSs fall inside the
range of trial slips.

The results exhibit that the FS value increases
as increasing the value of the internal friction angle.
Cohesion and friction have a significant influence
on the FS of cut slope especially for greater values.
The variability effect of ¢ on FS, maximum depth
(D) of CSS and distribution range of all valid CSSs
were analyzed with different combinations of ¢, for
both layers, which are plotted in Figure 6. For this
purpose, three different cases based on ¢ parameters
are generated in SLOPE/W. The distribution range
of SSs is consistent with the safety map.

As clearly shown in Figure 6(a—c), when the
cohesion increased, there were big differences
among the distributions of valid CSSs. In addition,
the FS and maximum D increases linearly from 8.
55 m to 12.05 m. The reason is that the cohesion is
a strength parameter increasing this value increase
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Fig. 6. Display of multiple trial slip surfaces, (a) small
value of strength parameters, (b) comparatively large
value of strength parameters, and (c) large value of
strength parameters.

in FS and depth of slip surface. In other words, very
large or local CSSs are more likely to occur as the
cohesion is large. Because cohesion is a strength
parameter.

This paragraph examines the changeability
influence of the angle of internal friction (¢) on the
FS, maximum D and distribution range of CSSs.
The same procedure for cohesion is adopted to
investigate the effect of friction. By varying the
value of friction angle, for both layers, three cases
are investigated via SLOPE/W software. The
variation of friction angle was set to be 20°, 25°,
30° and 25°, 30° and 35° for the upper and lower
layers. The reason is that the value of ¢ varies from
20° and 35° for this particular case. Unit weight and
cohesion are kept constant and are set to be 20 kN/
m? and 15 kN/m?, respectively. The effect of angle
of internal friction on the distribution of CSS, D and
FSisplotted in Figure 7. As the value of ¢ increased,
the FS and depth and the distribution range of CSS
also changed significantly. Local failures happened
in the first two cases as ¢ = 20° and 25°, and 25°
and 30° for both layers respectively (Figure 7 (a,
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Fig. 7. Display of CSSs. (a) Small value of strength
parameters, (b) comparatively large value of strength
parameters and (c) large value of strength parameters.

b)). When the value of ¢ was 30° and 35° chosen,
no local failure occurs as shown in Figure 7(c). The
reason is that ¢ is a strength parameter increasing
this increase in resistance force, which produced
greater FS [1]. In other words, when the value of ¢
was large, All CSSs were extremely likely to enter
the slope from the crest (entry point) and cut the
slope near the toe. By contrast, when the value of ¢
was comparatively small, local failures have entry
and exit points located on the crest and around the
toe of the slope.

Slip surface entry point distance is an
important parameter to define the reinforcement
area of the slope. This is the distance from the crest
to the failure point of slope as shown in Figure 8.
The results of GeoStudio 2D software were used to
determine slip surface entry point distance (D ) and
the length of failure arc (L) in the case of loose rock
slope. The relationship between D_ and L and FS is
plotted in Figure 9, where this can be established
that L has an important influence on FS and D _. It
can be seen that entry point distance (D) and FS
increased significantly as the L increased.
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Fig. 8. Schematic diagram of the entry point distance
(D,) and length of failure surface.

—e—FS —e—De °

0 5 10 15 20 25
Length of failure arc (m)

Fig. 9. Effect of entry point distance on the length of
failure arc with corresponding FS.

Figure 9 is used to find the relation between entry
point distance (D,) and L, FS, slope height (4), y, c
and ¢. The entry point distance (D,) and L can be
estimated using the following relations.

&
= f]
DE 0.89In (;.'}Jtan':c:i:':]+ 3.2 (5)

c
virtan( @)

L=0381ln(——)+6.19 (6)
Where D, is entry point distance of a CSS, ¢ is
cohesion in kN/m?), y is density of material, % is
slope height (m), ¢ is internal friction angle of slope
material and L is the length of slip surface.

5. CONCLUSIONS

In this study, the location of critical slip surfaces
(CSS) in loose rock slope stability analysis was
determined. The failure characteristics of CSS
and the corresponding FS were also analyzed
with the help of SLOPE/W software. The effect
of cohesion (c), and internal friction (¢) on the

failure mechanism of CSS and its depth (D) is also
simulated. The following conclusions are drawn;
A loose rock slope can only show an overall failure
by ignoring the shear strength properties. When the
values of ¢ and ¢ were small the circular failure did
not occur and the CSS was a local one in case of
loose rock slope. The location of CSS is consistent
with the weak zone. Cohesion (¢) and internal
friction angle (¢) significantly affect the depth
and length of CSS. Decreeing the value of ¢ and
¢ results in a decrease in the length of the sliding
arc (L). The shear strength parameters (c, ¢) have a
significant effect on the location of the critical slip
surface and corresponding FS. Failure surface entry
point distance (D) and the length of the sliding
arc (L) have a logarithmic relationship with shear
strength parameters. In future the effect of water
pressure and earthquake loads must be considered
for better understanding.
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