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In this study, an attempt has been made to analyse the
impact of different parameters (such as bulk density,
cohesive force, internal angle of friction, angle of slip
surface and pore water pressure) on the safety factor
of a given slope. The analysis was done using the Swed-
ish Arc method. Meanwhile, the sensitivity ratios be-
tween different parameters were determined by taking
the partial derivatives of non-dimensional parameters.
A typical case study with a uniform slope was consid-
ered to verify the efficiency of the provided method. The
results showed that the change in failure path had a sig-
nificant impact on the sensitivity ratio of parameters. In
the meantime, unstable slopes will have higher value of
sensitivity ratio in the shear strength parameters (tan ¢
and c). The sensitivity analysis method introduced in
this article eliminated the crude assumptions made on
the conventional approach. The advantage of this ana-
lytical method is that both the safety factor and the sen-
sitivity ratio can be computed simultaneously, for slopes
with any given slip surface. It is believed that the results
will have an indispensible role in understanding and
capturing the nature of geotechnical problems.

Keywords: Non-dimensional, partial derivative, sensi-
tivity ratio, sensitivity analysis.

SENSITIVITY analysis has wide applications in many dis-
ciplines. In the past, several researchers illustrated the
significance of this method. Recently, many practical
problems have been solved using sensitivity analysis'™".

Sensitivity analysis is a versatile tool. Bonstrom and
Corotis® used this method for the first-order reliability
analysis. Then Ma et al.* extended the application of this
method using advanced integral equation model. Further, a
parameterized sensitivity-based finite element model was
developed by Park er al’. Similarly, sensitivity analysis
was employed by using a built-in MATLAB toolbox and
ANOVA decomposition conditional Gaussian processes
respectively'™''. This method was then applied for the
advanced energy and multiple response-surface methods
respectively™'2.

Slope stability evaluation using factors’ sensitivity
analysis plays a vital role in many geotechnical problems,

*For correspondence. (e-mail: 364528061 @qq.com)
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including the most complex hydro powers and cutting
slopes. Initially, there were two types of sensitivity analysis
used in slope stability evaluation: the first method was
single factor sensitivity analysis'’; and the second was
multi-factor orthogonal sensitivity analysis'®. Later, some
modifications were made, and the probability of statistics
was introduced into slope reliability analysis to cope up
with discreteness, variability and correlations between
different factors. No matter which method is used, one
should determine the safety factor of a given slope based
on certain assumptions. Single-factor sensitivity analysis
uses the change in ratio of the safety factor calculated
under the following circumstances: a single parameter
is varied in a certain range by keeping other parameters
constant, and the sensitivity of the parameters is studied.
While orthogonal sensitivity analysis uses a change in
ratio of the safety factor calculated under the presence of
various factors in many groups at different levels, conse-
quently a sensitivity factor is established in a proper
order. Though the analysis considers correlations between
parameters, it has some drawbacks in the initial design. A
reliability sensitivity analysis assumes the incidence factor
to meet a certain form of probability distribution, and it
considers some variations and correlations among the
parameters. However, reliability sensitivity analysis cannot
be performed easily for a certain response surface using a
multi-factor analysis. In the case of conventional sensitivity
analysis, the sensitivity analysis is executed only for shear
strength parameters. Meanwhile, it has some limitations in
scrutinizing the real engineering problems.

In this study, an attempt has been made to analyse the
impact of different parameters (such as bulk density,
cohesive force, internal angle of friction, angle of slip
surface and pore water pressure) on the safety factor of a
given slope. The efficiency of the method was verified
using a case study, and a new method of sensitivity anal-
ysis for the evaluation of slopes was developed. The new
approach proposed in this article can be effectively
applied to soil slopes and soil-rock slopes.

Theoretical basis

Many slope stability evaluation tools were developed
based on the limit equilibrium approach. This theory
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assumes that shear failure along a slip surface will occur
when the slope reaches a limit equilibrium state. There-
fore, every point on a sliding surface attains a limit
equilibrium state, and is defined according to the Mohr-
Coulomb failure criterion. In this study, the modified
Sweden arc method by Fellenius has been used to study
the effects of different parameters on the given slope.
Initially, Sweden arc method, developed by Swedish
Peterson in 1916, simplifies any slope instability prob-
lems into a plane strain condition, and considers an arc
shape failure surface. Factor of safety can be determined
using the force polygon of the vertical slices as shown in
eqgs (1)—(3). Both the slide force, S and the skid resistance
force, T are expressed as follows

S= Z(Wi sing; ),

T =Y [ seca, + (W, cosa; —ub; seca; ) tan /], (1)
S; =W, sing;,

T, =c/b; seca; + (W, cosa; —u;b; seca;) tan @], (2)

where i is the slice number, W the weight of the slice, u
the pore water pressure acting at the base of the slice, b
the width of the slice, a the slope angle along the slip
surface, and ¢’ and tan @' are effective shear strength
parameters. For a homogeneous slope, the following
assumptions can be made: ¢’ = ¢ and tan ¢’ = tan ¢.

Therefore, the safety factor for a particular slip surface
is determined by the following equation.

Z [¢/b; seca,; + (W, cosa; —u;b,; seca; ) tan @]
- > (W;sina,) '

3)

It is understood that skid resistance force is mainly
affected by shear strength parameters, weight of soil, pore
water pressure, and slip surface slope angle. Besides, the
slide force is mainly due to the weight of the soil and
slope angles on slip surface.

Theoretical derivation

Slope sensitivity analysis studies the correlation between
different parameters and the corresponding safety factors.
In the conventional method, it is a ratio of change in the
safety factor to the change in different parameters. The
present study employed the conventional Sweden arc
method to investigate the effects of different parameters
on the safety factor of a given slope.
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Equation (3) can be rewritten in the form of partial
derivatives as follows

oT oS
L s-2r
@z ox ox (4)

ox S? ’

where x stands for different parameters including: the
weight of the slice, W; the pore water pressure acting at
the base of the slice, u; the angle of a slip surface, a; and
the effective shear strength parameters (¢’ and tan ¢').

As seen from eq. (4), the safety factor will increase
when the partial derivative of 7 increases and S decreases.
There are many factors which can manipulate the values
of both 7 and S. Those governing factors are clearly
shown in eqs (5) and (6).

oS .
— =) sina;, 5
e D sing, (5)

LY o cosa), (©)

The slide force, S increases by an amount of Xsing;
when the weight of slice, W, increases and the angle of
slope remains constant (eq. (5)). Similarly, the slide
force, S increases by an amount >, cos¢; when the angle
of the slope, a; increases and the weight of the slice
remains constant.

The sensitivity of each parameter on the slide force can
be computed by the following equations

DS = aSW

S—Zs Q; Z— @)

5 j—i%—ZWcosa Z— (8)

where D,f, represents the sensitivity of # on S, and D,f
represents the sensitivity of @ on S.

After dividing eq. (7) by eq. (8), the following sensitiv-
ity ratio was determined

- . ©)

Furthermore, eq. (9) can be rewritten in a more simplified
form as shown below

B

_ sin g =tanal-. (10)

cosa; - a a;

CURRENT SCIENCE, VOL. 113, NO. 11, 10 DECEMBER 2017



RESEARCH ARTICLES

The sensitivity ratio of the slide force in a given slope
remains constant for a certain ranges of a;, soil density
and angle of a slip surface. For o; = 7/4 the slide force
becomes more sensitive to density than the angle of a slip
surface. The skid resistance force has more governing
parameters than the slide force. For the purpose of
computations, one can use the form of partial derivatives
as shown in the following equations

aa_T_Z(cosa -tan @), ()
9 Z[c’b secq; tanaq;

—(W; sina; +u;b; seca; tana;) tan ¢/ ], (12)
o __ Z(Wz cosa; —u;b; seca;), (13)
Jtan @
a_T=Zbl.secal-, (14)
oc
a _ =-Y (b seca; tan ). (15)

The skid resistance force has many governing parameters
(eq. (11)). When the internal angle of friction is high the
resulting angle of slip surface is small. The skid resis-
tance force is primarily enhanced by the weight of the
slice. Equation (12) indicates that the effect of the angle
of a slip surface over the skid resistance force is a func-
tion of many parameters. The higher values in shear
strength parameters and the lower values in weight of the
slice and the pore water pressure result in an effective
means of the skid resistance force.

The analysis on eq. (13) implies that the skid resistance
force that is developed by the internal angle of friction is
a function of the weight of the slice, the pore water pres-
sure, and the angle of the slip surface. From eq. (14) it is
realized that a significant amount of skid resistance force
is developed by cohesion when there is a high angle of
slip surface. However, the pore water pressure has an
adverse effect on the stability of the slope. The slope has
more susceptibility to instability when the angle of the
slip surface increases (eq. (15)). In practice, the genera-
tion of excess pore water pressure is controlled by means
of adequate drainage facilities. Correspondingly, the
sensitivity equations are

or w
Dl =—"." = cosq; - tan —+ 16
¥ = T D %)Z (16)
ol «
= .= = b, seca, tan g
oo T Z[
—(W, sina; +u;b, seca; tan ;) tan gol-']-z%, (17)

i
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. or

_ tan @
tang

6tango' T

tan gol

—Z(W cosq; —ub; seca;)- Z (18)

D! =6—T £—Z:(b secq;)- Z— (19)
oT u u;

DI =22 2N t AT P 20

W =T Z(lsecal ang;) ZTI- (20)

Usually, major emphasis is given for the sensitivity of
shear strength parameters. Hence, the sensitivity of shear
strength parameters over skid resistance force is given by

eq. (21)

t
pr Z(W cosa; —u;b; seca; ) Z ang;

tang i

= . 1)

DCT Zbisecai-z%
i

The sensitivity of the shear strength parameters upon the
skid resistance force at any given slice is determined as
follows

tan g,
1
Dl (W, cosa; —u;b; seca; ) ——+—
tang, i
=
D, b; seca;

Nlo.

2 ’ ’
_Wicos”a; tang; _u; tan ¢

(22)

’ !
b ¢

Further analysis is made by using eq. (22): when

W, cos” a, ;
—_t—u; >
b, tan o

1

>0,
satisfying the condition

bu;
L 23
v (23)

1

WCOSOZ >bu secq; or cosq; >

Equation (23) specifies that the skid resistance force
developed by the weight of the slice is much greater than
the slide force boosted by the pore water pressure or the
angle of the slipping surface. The sensitivity of the internal
angle of friction over the skid resistance force, 7" is much
greater than the sensitivity of cohesion.

The sensitivity of different parameters on the safety
factor of a given slope is determined by using eq. (4).
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DFs _@.i_(aT/ax)-S—(ﬁS/ax)-T.i

* ox Fs 52 Fs
_ (0T/ax)- S~ (@S/ox) T xS
s? T
=6_T.£_6_S.ﬁ=DT_DS. (24)

ox T ox S * *

After merging eqs (7), (8), (16)—(20) and (24), the sensi-
tivity of different parameters over the safety factor of a
given slope was determined. For instance, the sensitivity
of the shear strength parameters is given below

Fs T S
Dtango _ Dtango _Dtango
Fs T S

Dc Dc _Dc

tan ¢;

T

Z(Wl- cosa; —u;b; seca;) Z
= —. (25)

Zbl- secq; Zc—’,
T

Further comparisons between the two parameters were
done to study the order of importance of each parameter
over the safety factor. Mathematically

D _Dj-D}

pE pl-ps

B Zcosai -tan @; -Z(VVI-/Y})—ZSinai -Z(Wi/Sl-)

. (20)
[¢/b; seca; tana; —
Z (W, sina; +u,b; seca; tana; ) tan ¢/ ]
'Z(ai/ﬂ)_zmcosai'Z(ai/si)
D _ DI -DS
Fs T s
Dta:uo Dtango _Dtango
Z[cl-'bl- seca, tana; —
(W sina; +u,b, seca; tan ;) tan ¢/ ]
-Z%—chosai~z%
— @)
an @;
Z(Wl-cosal-—ul-bisecai)-ZT%
i
Fs T S Zbisecai-zc—’{
Dc _Dc _Dc _ 7; (28)

Fs — T s -
D, D, -D, —Zbl-secal- tanw{-z%
i

The sensitivity ratio between different parameters is
determined using eqs (25), (26) and (28). One can get a
certain safety factor and come up with the sensitivity
ratio between two different parameters using the speci-
fied procedures. Since there are four equations and five

2100

variables, the problem becomes statically indeterminate.
However, superimposition of the sensitivity of the five
parameters into one yields a statically determinate equa-
tion. A normalization technique can be used to determine
the sensitivity of each parameter.

The relative sensitivity of the five parameters is given
in eq. (29)

dy |\, |1 | 1d L 2\
=Dy’ |: 1D | 1D : DS D) . (29)
Equation (30) meets
\dy |+ | + 1 1A [ | =1 (30)

Here dfs is the relative sensitivity of a safety factor,
which shows the level of influence of each parameter at a
certain slipping surface.

Case study

In this article, a commercially available two-dimensional
limit equilibrium-based programme, the so-called Roc-
science slide'’ was used for the analysis, using the Swed-
ish arc method.

A typical case study with uniform slope was consid-
ered. The geometry of the slope has a height, H= 30 m,
and a slope angle, f=30°. The level of the groundwater
table is shown in Figure 1.

The prevailing geotechnical parameters'® are listed in
Table 1.

The model was created and analysed using a compre-
hensive slope stability evaluation programme (slide).
Three different slip surfaces were established by using
three different radii. Typical results of the analysis are
shown in Figure 2.

Table 1. Soil parameters
y(kN/m’) ¢ (kPa) ?(°)
Unsaturated unit weight 18.0 20.5 35
Saturated unit weight 20.0
=—20m—

(55.19.8)

40m

Figure 1. The geometry of a given slope.
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FS: 1.25032 @ @

Method: ordinary/fellenius

1.626 @FS: 1.32166
Method: ordinary/fellenius

FS: 1.250320

Center: 65.000, 70.000

Radius: 60.402

Left Slip Surface Endpoint: 12.574, 40.000
Right Slip Surface Endpoint: 71.960, 10.000

FS: 1.62637

FS: 1.626370

Radius: 93.366

Method: ordinary/fellenius
Center: 78.488, 106.753

Left Slip Surface Endpoint: 13.210, 40.000
Right Slip Surface Endpoint: 64.184, 14.490

FS: 1.321660

Center: 60.000, 55.000

Radius: 42.720

Left Slip Surface Endpoint: 20.000, 40.000
Right Slip Surface Endpoint: 67.009, 12.859

Figure 2. Results of different slip surfaces. a, Slipping surface 1; b, Slipping surface 2; ¢, Slipping surface 3.
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Figure 3. Skid resistance force and skid force distribution. a, Slip surface 1; b, Slip surface 2; ¢, Slip surface 3.

Using the theoretical method

Based on the results of the software analysis, the statisti-
cal summaries for each slip surface are listed in Table 2.

After careful examination of Table 2 in the ascending
order of the slices, the following conclusions were
pointed out. The weight of slice and the pore water pres-
sure increased up to a certain number of slices and then
decreased. Angle of slip surface was decreased gradually,
in line with the slip law of common slope. An attempt
was made to study the relationship between the slide
force, S; and the skid resistance force, 7; as shown in Fig-
ure 3.

The slide force rapidly increased till it reached a
certain value and then dramatically decreased (Figure 3).
Unlike the slide force, the skid resistance force slightly
increased till it reached a peak value and then decreased
gradually. Meanwhile, the slide force attained its peak
value earlier than the skid resistance force. Starting from
slice No. 2 to slice No. 7, the slide force was higher than
the skid resistance force (considering slipping surface 1).
Then the slide force became steady and it was exceeded
by the skid resistance force for the rest of slices. There-
fore, improving the skid resistance force for slice No. 2 to
slice No. 7 is an important task.

CURRENT SCIENCE, VOL. 113, NO. 11, 10 DECEMBER 2017

Regarding slip surface 2, the skid resistance force was
higher than the slide force. Therefore, strengthening of
the skid resistance force was not required in this case.

However, stabilization of the skid resistance force is an
important issue for slice Nos 2 to 7 as shown in Figure
3 c. For this particular case, piles are used to overcome
the instability problem.

The effect of different parameters on the slope stability
was computed and tabulated in Table 3.

Similarly, the sensitivity ratio between different pa-
rameters was determined and summarized in Table 4.

The minus sign shows the negative correlation between
two parameters. As seen from Tables 3 and 4, since slip
surface 1 develops negative slope angle close to cut
export, the slide force and skid resistance force caused by
gravity are conducive to the stability of the slope; so D,f,
is negative, Dy, and D;; are positive; based on the com-
parison made on the three different slip surfaces, the sta-
bility of the slope was predominantly affected by the
angle of the slip surface. The values of dg; » were almost
steady in all cases. Hence, the shear strength parameter
(tan @) played a noticeable role on the stability of the
slope. The angle of a slip surface exhibited more influ-
ence on the cohesion and the weight of the soil than the
internal angle of friction.
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Table 2. Statistical summaries for different slip surfaces
Sliding surface 1 Sliding surface 2 Sliding surface 3
i a(®)  W(kN) u(kPa) Si Ti a(®) W (kN) u (kPa) Si Ti a(®) W (kN) u (kPa) Si Ti
1 56.79 215.49 0 180.29 230.82 42.94 96.7 0 65.87 144.73 64.55 13468 0 121.61 190.02
2 5041 607.24 579 46797 373.13 40.15  281.06 0 181.21 241.57 559 34982 0 289.67 251.92
3 4482 8418 38.65 593.33 381.5 3747 388.14 0 236.12 303.48  48.95 493.16 2237 3719 249.88
4 3973 95396 60.54 609.69 401.08 34.88 421.38 0.36  240.99 32591 4288 5882 43.57 40023 259.04
5 3499 1020.09 76.72 58497 424.63 3238  446.16 10.92 23892 31554 37.36 64546 58.85 391.71 277.57
6 30.52 1048.37 88.21  532.37 442.774 29.94 457.82 1947 22849 304.73 3223 67346 69.56 359.19 2944
7 2624 104421 95.69 461.75 450.54 27.56  456.53 26.14 21123 291.82 27.38 67733 7649 31149 304.47
8 22.12 1011.38 99.61 380.88 445.58 2523 443.15 31.06 188.9 27599  22.73 66042 80.17 25521 305.43
9 18.12 952.56 100.31 296.24 426.73 2295 41839 3435 163.11 256.68 18.24 625.02 80.95 195.64 296.27
10 1421 869.7 98.03 21343 393.73 20.7 382.84 36.07 135.32 23348 13.86 572.7 79.08 137.21 276.76
11 1036 76391 9295 13737 346.74 18.48 337.01 36.32 106.85 206.14 9.57 504.57 74.75 83.85 247.21
12 6.56 63143 7823 72.14  302.64 16.3 281.31 35.13 78.95 174.54 532 4198 65.71 38.94 212.38
13 279 476.1 58.99 23.17  250.52 14.14 21479 31.04 5246 141.53 1.11 317.5  49.69 6.14 177.47
14 -0.97 300.09 37.18 -5.08 188.19 12 1353 19.53 28.12 11638  -3.1  200.68 3141 -10.85 135.63
15 -4.73 103.47 12.82 -8.54 11798 9.87 46.58 6.72 7.99 86.61 -7.32  69.33 10.85 -8.84 88.92
> 4539.97 5176.55 2164.53 3419.13 2943.11 3567.35
Table 3. Effect of different parameters on the slope stability
Number of slip surface  Djy DS Dy}, DY Diw, Dy Df Dy pf* ph, DF Drs
1 —84.55 322.62 270.74  -58.93 186.84 72.28 -130.01 35529 -381.55 186.84 72.28 -130.01
2 266.26  319.00 188.49  -36.29 171.57 9128  —-58.09 —77.77 -35529 171.57 9128 -58.09
3 364.85 318.45 24577  —47.36 166.88 85.15 -124.49 -119.08 -365.81 166.88 85.15 —124.49
Table 4. Sensitivity ratio between different parameters
Number of slip surface ~ Di /D Dy*/DY*  DIIDE,, Dy IDGy, DE/IDF dim drs dfs afsafs
1 2.58 -0.93 -2.04 1.90 2.93 0.19 0.34 0.06 0.30 0.11
2 1.88 0.22 -2.07 —0.45 6.12 0.21 0.47 0.12 0.11 0.09
3 1.96 0.33 -2.19 -0.91 2.94 0.19 0.40 0.09 0.17 0.15

The relative sensitivity can be used to study the effect
of different parameters on the stability of a given slope.

Conventional single-factor sensitivity analysis

In slope stability analysis, a safety factor is used as the
main indicator to determine the stability of a particular
slope. Therefore, it is regarded as system characteristics.
First, a system has to be set up, and its system character-
istics should be defined as Fs = f(x,x,,...,x,) (where x;
stands for different parameters). When the system charac-
teristic meets Fs*= f(x*), the corresponding design
points will be x* = (x{",x3,...,x¥). A parametric study can
be done to study the level of influential parameters on the
safety factor (Fs). In reality the units of each parameter
are different.

Comparisons are made on it using dimensionless pa-
rameter s. Hence, the sensitivity of DxFi ¥ can be expressed
as

. |AFs/Fs
DFs =227 2 R 31
i Ax,;/x; (D)

2102

where AFs/Fs is the relative change in safety factors Fs,
and |Ax;/x;| is the relative change in parameters, x;. If the
value of D)f ¥ 1is high, the parameter, x; will have consid-
erable effect on Fs.

The sensitivity ratio between different parameters can
be mathematically expressed as

AFs/Fs| |0Fs x;
DxF,.S | Ax/x | |ox; Fs (32)
DXF; AFs/Fs| |OFs *;

Ax /x; ox; Fs

In the conventional method, the sensitivity of other
parameters is considered to be constant. Moreover, the
parameters are varied into a certain range to study the
sensitivity of the parameters over the safety factor. In
practice, many scholars ignore the sensitivity of parame-
ters on the slope failure mode. In the meantime, sensiti-
vity analysis often ignores the impact of new parameters
introduced due to the new failure mode. The sensitivity
analyses employed will be discussed in detail.

CURRENT SCIENCE, VOL. 113, NO. 11, 10 DECEMBER 2017
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Figure 4.

Relationships between the safety factor and the shear strength parameters. a, Cohesion; b, Friction angle.

@ 16 24

»=0.0155x+0.8211

y=0.0268x+1.0311

55 16 »=0.0200x+0.8026
T4 R*=1.0000 : R* =1.0000 R =1.0000
e 14-
P12 P16 i
1.2
10 @ =35° 1.2 @=35° i @ =35°
0.8
085 10 20 20 40 50 0 10 20 30 s 08 20 30 40 50
c/kPa c/kPa c/kPa
Slip surface 1 Slip surface 2 Slip surface 3
@ 16 24 16-
igp ¥=00297x+0.1263 b0, ¥=0.0372x+03081 . 14}  »=00290x+02223
R =0.9930 09930 R’ =0.9930
1.2 / o 1.2F
w v L6 e
1.0 10t
o % c=205kPa 12 ¢ =20.5kPa o 3 ¢ =20.5kPa
0.6 : 08
10 20 s 40 s 0 10 L0 4080 08T a5 8o
9/ 9/ ¢ /°
Slip surface 1 Slip surface 2 Slip surface 3

Figure 5.

Relationships between the safety factor and the shear strength parameters. a, Relationships between the safety factor

and the cohesion (when the value of the internal angle of friction was constant). b, Relationships between the safety factor and the
internal angle of friction (when the value of cohesion was constant).

Automatic search slip surface: To verify the accuracy
of results, the sensitivity of the shear strength parameters
on the safety factor was done using an automatic search
slip surface technique. During the computation of safety
factors, one parameter was allowed to vary while the
other parameter was kept constant. Figure 4 shows the
trend of safety factors for the corresponding shear
strength parameters.

One can understand that the safety factor exhibited a
relatively strong linear correlation with the cohesion than
the internal angle of friction.

Fixed slip surface: The safety factors (for a fixed slip
surface case) were similarly computed by varying one
parameter while the other was constant. Here again,
Figure 5 shows the trend of safety factors for the corre-
sponding shear strength parameters.

According to the lessons learnt from Figures 4 and 5,
one should not ignore the effect of slide force on the sen-
sitivity analysis.

Comparative study on different methods: In the above
Figures 4 and 5, the sensitivity ratio, (D[ o/ D) was

CURRENT SCIENCE, VOL. 113, NO. 11, 10 DECEMBER 2017

determined using eq. (32). The results are summarized in
Table 5.

After careful study of Table 5, the following conclu-
sions were pointed out.

(1) In the case of fixed slip surface, the results obtained
from the theoretical analysis showed good agreement
with the conventional one. However, the conventional
single-factor sensitivity analysis yielded higher value
of results than the theoretical ones. This phenomenon
occurred due to the assumption made on conventional
single-factor sensitivity analysis. In fact, there is a strong
interaction among different parameters. Hence, the theo-
retical analysis is reasonable.

(2) Coming to the conventional method, the effect of
parameter variations on the failure path is often ignored
during sensitivity analysis. A particular complex slope
mass will have a multiple structural surface with a new
parameter affecting its stability. Therefore, its effect on
the results of sensitivity analysis cannot be eliminated.

(3) For a given failure surface, unstable slope will have
a high value of sensitivity ratio in the shear strength

parameters (Dgf;w/DcF ).
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Table 5.

Results of the comparative study on the different methods

Single-factor sensitivity analysis (D5 /D)

an @

Theoretical derivation method/

Slip surfaces (Dgf,(p/DfS) Automatic search slip surface Fixed slip surface Safety factor/Fs
1 2.58 2.863 2.849 1.250
2 1.88 1.937 1.626
3 1.96 2.039 1.322

(4) The theoretical analysis approach is used to deter-
mine the sensitivity ratio of different parameters at any
slipping surface. Therefore, the role of different parame-
ters on the slope stability can be studied to provide
efficient slope protection measures.

Conclusion

The following conclusions are made from our studies.

(1) The theoretical analysis approach is an accurate
tool. (2) Based on the findings of this paper, the sensiti-
vity analysis method has the following four advantages:
(a) The sensitivity ratio can be conducted between two
parameters in a theoretical manner. Besides, it can also be
used to overcome the drawbacks of the conventional
approach. (b) It can be used to determine the safety factor
and the sensitivity ratio between different parameters.
Moreover, the role of different parameters on the stability
of slopes can be studied by this method and an efficient
and economical slope protection measure can be
provided. (c) The method used has a well-developed
theoretical background, and it does not consider the
correlation between parameters. In the meantime, the dis-
crepancy between the parameters can be eliminated using
effective stress analysis. (d) It can carry out a sensitivity
analysis on the angle of a slip surface, a. The conven-
tional method requires creation and calculation of multi-
ple models. Moreover, it has some computational
difficulties due to the variations in the angle of the slip
surface. Unfortunately, the numerical model cannot ad-
dress this problem. (3) The theoretical derivations can be
applied into different slope stability analysis, such as:
Bishop slice method, Yang cloth slice method, etc. Effec-
tive stress analysis can even be used to determine the
sensitivity analysis of complex structures.

Further studies are recommended to develop a com-
puter program based on theoretical derivations made in
this study. The authors believe that the present findings
will have an indispensible role to understand and capture
the nature of geotechnical problems.
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