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A Generalized Method for Analyzing Stability of Sloped Soils
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Abstract: A basic procedure which utilizes the limit equilibrium method, coupled with the effective stress
approach is developed for the stability analysis of any given embankment such as for dams, highways,
canals and railways. The soil is assumed to be ideal with a definite yield point, and the equations for the
factor of safety are based on the Coulomb-Mohr failure criterion. The proposed method, although limited
to single layered or fairly homogenous slopes, takes into account all the forces acting on a typical soil
slice, the pore water pressure distribution and a wide variety of slide surfaces. Two equations termed the
generalized simplified and the semi-rigorous methods are outlined for determining the factor of safety. The
two equations have been used to analyze a few existing slopes and the results obtained are very close,
with divergence of the order of 3% - 4%. The answers are also found to be in the range given by
Bishop’s semi-rigorous and simplified methods. In order to assess the accuracy and reliability of the
proposed approach, the two equations are applied to the analysis of the Lodalen landslide in Norway. The
predicted results are in agreement with those obtained by the Norwegian Geotechnical Institute.
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INTRODUCTION

The determination of an appropriate slope which a
soil mass has to be inclined in order for the soil shear
strength to be greater than the shear stress developed
at the most critical rupture surface so that no sliding or
movement of the soil mass occurs, is important in
slope stability problems. Consequently civil engineers
are expected to make reasonable calculations to check
the safety of natural slopes, embankments in roads
whether cuttings or fills, and compacted earth dams.
This process involves estimating and comparing the
shear stresses generated at failure along the critical
rupture surfaces to the soils’ shear strengths.

There are always problems associated with respect
to the shape of the rupture surface. The latter has
traditionally been assumed to be a circular arc or a
logarithmic spiral in order to lessen the computation
when estimating the factor of safety. In general the slip
surfaces that may develop during failure in natural or
artificial slopes are non-circular, regardless of whether
failure is caused by static or dynamic forces. Hence
they will be of a general shape rather than strictly
circular. Also experience has shown that for a
multilayered slope soil the critical rupture surface tends
to be closer or parallel to the denser soil layers, that is,
at the interface between the denser and less dense soil
layers, the rupture surface is parallel. Among several
examples of non-circular slips in natural slopes that

have occurred are those cited by Morgenstern and
Price[10] as well as Jennings[6].

The first documented approach that satisfied all
conditions of equilibrium but excluded the effect of the
horizontal interslice forces was that of Bishop[1] for
circular slip surfaces. The method of Morgenstern and
Price[10] for general slip surfaces assumed a relationship
between the horizontal and vertical interslice forces that
sometimes led to the line of action of the horizontal
interslice forces falling outside the soil mass. In
addition this method gave values of the vertical
interslice forces that could exceed the shear resistance
available along the vertical plane and thus lead to
unreasonable results[11]. The Morgenstern and Price
approach[10] involves up to 30 iterations and gives
higher factor of safety values compared to Bishop’s [1].

The first generalized method proposed by Janbu[4,5]

requires huge computation and is extremely lengthy. 
Madej[8] modified Janbu’s method to satisfy limit

equilibrium laws, but his approach needs 20 to 25
iterations to determine the factor of safety. The basic
assumptions utilized for slope stability analysis are as
follows:
(a) The line of thrust (the horizontal interslice force)
is within the slice, preferably at one-third the distance
from the base of the slice, or at mid-height. This will
keep the line of action of the interslice force within the
failure mass.
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(b) The factor of safety is defined in terms of the
Coulomb-Mohr failure criterion.

(c) Failure occurs throughout the soil mass within the
assumed rupture surface boundary.
The present investigators believe that with the

inclusion of the horizontal interslice forces in the
Morgenstern and Price equation, the calculated factors
of safety should be less than those obtained using
Bishop’s semi-rigorous method, or higher than the
values got using Bishop’s simplified method by
between 2% and 10%. This is in line with the
observations of Krey[7], Terzaghi[14] as well as May and
Brahtz[9]. Consequently there is a need to review the
existing methods in order to arrive at a simplified
method of general slip surface stability analysis which
is accurate, logical, requires less computation and
satisfies all the conditions of limit equilibrium.
Additionally the values of the interslice forces must not
exceed the shear resistance available along the vertical
plane, which is a major defect of the Morgenstern-Price
approach[10].

Methodology: Any general method of slope stability
analysis must satisfy the following requirements:
(a) It must satisfy limit equilibrium laws.
(b) Unlike Bishop’s method[1], it must take into

account all the forces acting on the slice.
(c) It should accommodate a wide variety of slip

surfaces and any failure mass composed of soils
with different shear strengths. 

(d) It must take into consideration the pore pressure
distribution, and hence treat stability problems in
terms of effective stresses, for long-term stability
analysis.
The method to be presented subsequently satisfies

all the above criteria. With reference to Figure 1, the
symbols and signs used are defined as follows:

B and b – width of the slice
bn+1 and bn – width of slice with respect to (n+1)th and
nth slice
c` cohesion with respect to effective stresses
En+1 and En – the lateral thrust on a slice
ΔE summation of lateral thrusts on a slice
Fs factor of safety
Hc centre or distance of action of lateral thrust on

slice
ΔL elemental slant length of slice mass
M moment
P normal reaction at the base of the slice
P` effective normal reaction at the base of the slice
Pw resultant water pressure acting on the base of slice
Q resultant of interslice reactions
ru pore water pressure coefficient
S total shear force acting along the base of slice
u pore water pressure

W weight of slice
Xn and Xn+1 – shear forces on the faces of slice
ΔX resultant shear force
Zn and Zn+1 – elevations on either side of slice
φ` angle of shearing resistance with respect to

effective stress
α angle of inclination of slice to the horizontal
3  summation
γ unit weight of soil
γw unit weight of water
αn and αn + 1 angles at the base of nth and (n+1)th slice

Consider the forces acting on a typical slice in an
embankment as shown in Figure 1. For pure sliding
and no rotation of the slice elements, summation of
moments of all forces about the mid-point of the base
of the slice must equal to zero. This yields

(En   En+1) Hc = 0.5 (Xn    Xn+1)                    (1) 

In addition, summation of moments of all forces on the
slice about the centre of mass of the slice must equal
zero. This gives

         (2)sin cosP  

Let       = (En   En+1) and          (Xn  -  Xn+1)  andE  X 

resolving forces acting on the slice along force P –
direction yields

         (3)( ) sin sinP W X E     

Also resolving forces in S – direction yields

         (4)( )sin cosS W X E     

It is obvious that the factor of safety with respect
to movement cannot be utilized in non-circular analyses
where the shape of the rupture surface is arbitrary, that
is, the non-circular slice moment cannot be estimated
with respect to any centre of rotation outside the soil
mass as in Bishop’s factor of safety. Therefore an
alternative definition of factor of safety using the
Coulomb-Mohr failure criterion in terms of effective
stress is adopted, as stated in the following:

         (5)
1 ' '1

( tan
s

S c L P
F

  

This equation is defined as the value by which the
shear strength must be reduced in order to bring the
potential sliding mass to a state of limit equilibrium.

On  substituting                     P=P ' ,and secuu L u L r W a   
and  into equation (3), we have 
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                                                        (6)'P ( ) cos sin secuW X E r W      

Also, substituting                                                               and  into equation (5) leads tosec sec, and L=buP P u L u L r W       

                    
                                                      (7)

' '1
{ sec [ (cos sec ) cos sin ] tan }

u

s

S c b W r X E
F

          

From equations (4) and (7), and considering all the slices within the failure mass, we get

' '{ sec [ (cos sec ) cos sin ] tan }

( sin sin cos )
u

s

c b W r X E
F

W X E

     
  

     


           (8)

With reference to equation (1) and rearranging, we get

              (9)
1

1

tan
0.5

n n c
i

n n

X X H

E E b





 



The horizontal interslice forces are the lateral thrust on the slice acting at one-third of slice elevation on both 

sides, and also Hc is positive above the mid-point base of the slice. Therefore,                               , where 
1

0.5 tan
3cH b Z 

Z can be either Zn or Zn+1.
Considering Figure 1(b), the relationship between the vertical and horizontal forces is 

                                  (10)tan iX E 

Comparing equations (9) and (10) and substituting for the value of Hc for the nth slice yields

     (11)

0.5
1

0.5 tan
3

n
n n n n

n n n

b
E X X

b Z



 



     
             

     (12)1 1 1

0.5
1

0.5 tan
3

n
n n n n

n n n

b
E X X

b Z



   



On comparing equations (11) and (12) to the Morgenstern-Price assumed relationship between the two interslice
forces, that is, X=λE , it is evident that the latter relation is expressed as a constant while the authors’ own is
based on a moment equation. Therefore it is possible for the assumed relationship of Morgenstern and Price[10] to
give a value of E that falls outside the failure surface thereby producing unreasonable results. Furthermore it
follows that mere varying the value of λ to get a “closer” factor of safety does not imply accuracy. The
relationship between the two interslice forces by the present investigators can ensure that the value of E does not
fall beyond the assumed rupture surface.

In order for the magnitude of the interslice forces not to exceed the shear resistance available along the vertical
planes (a major defect of Morgenstern and Price’s work), two procedures are evaluated.

The 1st Approach: 
The full or maximum shear force developed at the interslice is determined, i.e.

         (13) 'n nX c Z
     (14)1 1'n nX c Z 
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Therefore,

     (15)1'( )n nX c Z Z   

On substituting equations (13) and (14) into equations (11) and (12) and rearranging, we get

     (16)1 1'( )n n nE c Z Z     

Referring to equation (8) and substituting for  X and  E from equations (15) and (16) will produce the following: 

      (17)
 

 
1 1 1

1 1 1

{ ' sec (cos sec ) '( ) cos '( )sin tan '}

sin '( )sin '( ) cos
u n n n n n n

s
n n n n n n

c b W r c Z Z c Z Z
F

W c Z Z c Z Z

       
    

  

  

      
    

The 2nd Approach:
This entails placing restriction on the maximum shear forces developed at the interslice. This yields the following:

     (18)1

'
( )n n

s

c
X Z Z

F   

 

    (19)1 1

'
( )n n n n

s

c
E Z Z

F
     

On substituting the values of equations (18) and (19) into equation (8) we get

     (20)

1 1 1

1 1 1

' '
{ ' sec (cos sec ) ( ) cos ( )sin tan '}

' '
sin ( )sin ( ) cos

u n n n n n n
s s

s

n n n n n n
s s

c c
c b W r Z Z Z Z

F F
F

c c
W Z Z Z Z

F F

       

    

  

  

 
       

 
 

    
 

Equations (17) and (20) are termed the simplified
and semi-rigorous equations respectively for estimating
the factor of safety of any given sloped soil.

However it should be noted that the expressions
for λn and λn+1 in both equations are for a single
layered soil. Hence when dealing with multilayered
soils, equations (17) and (20) would need to be
reviewed.
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Fig. 1: (a) Natural slope (b) Forces on nth slice (c) Force polygon

RESULTS AND DISCUSSION

Application of the Generalized Method: 
Example 1: Figure 2 illustrates an assumed critical slip
surface composed of a single soil type having an
average pore water pressure ratio, ru = 0.4. The cross-
section of the dam and the soil properties are taken
from Bishop[1]. A drainage blanket is provided at the
bottom of the dam embankment through the toe.
Solution: The assumed critical rupture surface is
divided into seven slices and the readings shown in

Table 1 (columns 1 to 6) are obtained. Using the
simplified equation (17) the factor of safety Fs can be
calculated from Table 1 (columns 7 to 18).

(17) 18,1717.152
1.43

(18) 12,597.765sF


  


Using the semi-rigorous equation (20), the factor of
safety is calculated as follows:
When Fs = 1.0 on the right hand side of equation (20),
this leads to the simplified equation (17) and the factor
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of safety is Fs = 1.44. When Fs = 1.44 on the right
hand side of equation (20), the factor of safety can be
calculated from Table 1 (columns 19 to 24).

(23) 18,046.180
1.43

(24) 12,654.049sF


  


Putting Fs = 1.43 on the right hand side of equation
(20) and repeating the procedure above, Fs = 1.43.
Hence the values of the factor of safety are as follows:
Fs = 1.44, using the simplified equation.
Fs = 1.43, using the semi-rigorous equation.

Example 2: Figure 3 shows a cross-section through an
embankment immediately after construction. The
following are the properties of the soil determined in
the laboratory: 

γ = 21 KN/m3, c`  = 15.75 KN/m2, ru = 0.25 and
n  = 40o. It is required to estimate the factor of safety.
Solution: The assumed critical rupture surface is
divided into seven slices and the readings shown in
Table 2 (columns 1 to 6) are obtained. Using the
simplified equation (17) the factor of safety Fs can be
calculated from Table 2 (columns 7 to 18). 

(17) 23,566.30
2.94

(18) 8,014.38sF


  


Using the semi-rigorous equation (20) the factor of
safety is calculated as follows:
When Fs = 1.00 on the right hand side of equation
(20), the latter expression reduces to the simplified
equation (17) and the factor of safety is Fs = 2.94.
When Fs = 2.94 on the right hand side of equation
(20), the factor of safety can be calculated from Table
2 (columns 19 to 24).

(23) 23,238.25
2.854

(24) 8,014.24sF


  


Putting Fs = 2.854 on the right hand side of equation
(20) and repeating the procedure above, Fs = 2.85.
Hence the values of the factor of safety are as follows:
Fs = 2.94, using the simplified equation.
Fs = 2.85, using the semi-rigorous equation.

Example 3: Figure 4 shows the critical rupture surface
of the landslide which occurred at the Lodalen
marshalling yard as produced by the Norwegian
Geotechnical Institute, and later described by
Sevaldson[12]. The results of tests carried out gave the
following average values of soil properties: γ = 18.74

KN/m3, c = 9.81 KN/m2 and n  = 27.10o. It is required
to estimate the factor of safety.
Solution: The critical rupture surface is divided into
seven slices and the readings shown in Table 3
(columns 1 to 7) are obtained. Based on the simplified
equation (17) the factor of safety Fs can be calculated
from Table 3 (columns 8 to 19).

(18) 1,700.888
1.027

(19) 1,655.976sF


  


Using the semi-rigorous equation (20) the factor of
safety is calculated as follows:
When Fs = 1.00 on the right hand side of equation
(20), the expression reduces to the simplified equation
(17) and the factor of safety is Fs = 1.027. When Fs =
1.027 on the right hand side of equation (20), the
factor of safety can be calculated from Table 3
(columns 20 to 25).

(24) 1,699.581
1.026

(25) 1,655.921sF


  


Putting Fs = 1.026 on the right hand side of equation
(20) and repeating the procedure above, the result is Fs

= 1.026. Consequently the values of Fs may be
summarized as follows:
Fs = 1.027 and Fs = 1.026, using the simplified and
semi-rigorous equations respectively.

Comparison Between the Authors’ Method and
Other Existing Methods: Examples 1, 2 and 3 have
been solved by other investigators. The values obtained
and that of the present researchers are shown in Tables
4 and 5. From Tables 4 the following can be deduced
(a)The authors’ simplified method gives a higher factor
of safety value than their semi-rigorous method, of the
order 3% – 4%. 
(b)Bishop’s semi-rigorous method gives higher stability
values of the order 6% – 7% when compared to the
authors’ semi-rigorous method. The authors’ simplified
method gives higher stability value than Bishop’s
simplified method, of the order 3% – 5%. It is obvious
that for the examples considered, the authors’ methods
yield results are in closer agreement with each other,
when compared to Bishop’s two methods.
(c)The authors’ simplified method gives a higher factor
of safety value when compared to the methods of
Cousin[3] or Spencer[13] of the order 1% – 3% and a
lower value than Morgenstern and Price’s method of
the order 11% – 12%.
(d)The authors’ semi-rigorous method gives stability
values which are in very reasonable agreement with
either Cousin or Spencer’s methods. 
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From Table 5 it can be seen that the answers
obtained by the authors are within the range of values
specified by the Norwegian Geotechnical Institute as
quoted by Sevaldson[12]. The values 1.026 and 1.027,
being so close to unity, appear to lend credence to the
usefulness of the authors’ approach in handling real life

slope stability problems. Furthermore, in view of the
close agreement between the authors’ simplified and
semi-rigorous methods for all the cases examined, it
should be quite feasible to adopt the simplified
equation in drawing stability tables for general slope
stability analysis.

Fig. 2: Assumed critical rupture surface of a dam embankment (profile, after Bishop[1])

Fig. 3: A cross-section of an embankment of a dam

Fig. 4: Cross-section of lanslide at Lodalen masrshalling yard (Profile, after Sevaldson[12])

Table 1: Data for critical rupture surface of dam embankment
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 
Slice α (o) Zn+1(m) H(m) Zn(m) B(m) λn+1 λn W=BHγ Wsinα W (cosα-rusecα) c bsecα ΔXcosα ΔXsinα ΔEcosα

(KN/m) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m)
1 -9.50 0.000 3.316 9.945 19.888 0.000 6.146 1,502.269 -247.946 872.403 337.922 1,164.383 -27.508 1010.300
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 0.00 9.945 14.365 18.784 22.098 6.146 1.782 7,230.588 0.000 4,338.353 370.319 148.128 0.000 -463.381
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 11.00 18.784 19.888 22.098 22.098 1.782 1.170 10,010.521 1,910.098 5,747.447 377.250 54.502 10.594 -125.348
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 22.00 22.098 21.546 20.995 22.098 1.170 0.970 10,845.115 4,062.651 5,376.682 399.820 -17.144 -6.927 -85.300
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
5 31.60 20.995 19.888 18.785 11.049 0.970 0.576 5,005.261 2,622.686 1,912.474 217.393 -31.541 -19.404 -136.234
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
6 36.00 18.785 15.469 12.707 15.469 0.576 0.788 5,450.610 3,203.788 1,714.707 320.418 -82.399 -59.866 -10.239
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
7 47.00 12.707 6.078 0.000 12.155 0.788 0.000 1,682.746 1,230.682 160.680 298.683 -145.299 -155.739 -144.440
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Table 1: Continue.
(16) (17) (18) (19) (20) (21) (22) (23) (24)(10) +
ΔEsinαα (12) +[(11) (10) + (14) ΔXcos α ΔXsin α ΔE cos α ΔE sin α (12) +[(11) +(19) (20) + (21)
(KN/m)  +(13) -16]tan φ` + (15) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m) -(22) tan φ`(KN/m) (KN/m)
-169.066 1,263.205 734.846 114.155 -19.103 701.597 -117.024 1,185.024 434.549
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
0.000 3,812.917 -463.381 102.866 0.000 -321.792 0.000 3,778.189 -321.792
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-24.365 4,847.938 1,795.343 37.849 7.357 -87.048 -16.920 4,829.446 1,830.407
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-34.464 4,538.365 3,970.424 -11.905 -4.810 -59.236 -23.933 4,534.304 3,998.605
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-83.812 1,724.990 2,467.047 -21.904 -13.475 -94.607 -58.203 1712.740 2,514.604
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-7.948 1,579.030 3,132.983 -57.221 -41.574 -7.596 -5.519 1596.486 3,154.618
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-122.722 404.707 960.503 -90.503 -108.152 -79.473 -85.224 409.993 1,043.058
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3= 18,171.152 12,597.765 3= 18,046.180 12,654.049

Table 2: Data for cross-section of dam embankment
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 
Slice α (o) Zn+1(m) H(m) Zn(m) B(m) λn+1 λn W=BHγ Wsinα W (cosα-rusecα) c bsecα ΔXcosα ΔXsinα ΔEcosα

(KN/m) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m)
1 -13.5 0.00 5.00 10.00 20.00 0.00 11.12 2,100.00 -490.30 1,502.04 323.95 153.15 -36.77 1,703.74
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 -4.0 10.00 14.00 17.00 20.00 11.12 2.04 5,880.00 -410.22 4,392.08 315.77 109.98 -7.69 -1,203.98
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 6.5 17.00 18.50 20.00 20.00 2.04 1.29 7,770.00 879.70 5,764.97 317.04 46.95 5.35 -137.35
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 15.0 20.00 20.00 20.0020.00 1.29 1.08 8,400.00 2,174.36 5,939.60 326.11 0.00 0.00 -65.26
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
5 25.0 20.00 17.50 15.50 20.00 1.08 1.02 7,350.00 3,106.62 4,633.68 347.57 -64.23 -29.96 -81.38
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
6 34.0 15.50 11.00 7.00 20.00 1.02 1.10 4,620.00 2,583.77 2,436.70 379.98 -110.98- 74.87 -106.04
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
7 42.0 7.00 3.50 0.00 7.50 1.10 0.00 551.25 368.90 224.16 158.97 -81.92 -73.78 -90.46

Table 2: Continue.
(16) (17) (18) (19) (20) (21) (22) (23) (24)(10) +
ΔEsinαα (12) +[(11) (10) + (14) ΔXcos α ΔXsin α ΔE cos α ΔE sin α (12) +[(11) +(19) (20) + (21)
(KN/m)  +(13) -16]tan φ` + (15) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m) -(22) tan φ`(KN/m) (KN/m)
-409.09 2,056.40 1,176.67 53.69 -12.89 597.32 -143.42 1,749.98 94.13
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
84.20 4,023.48 -1,621.89 38.56 2.70 -422.11 29.52 4,009.43 -835.03
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-15.65 5,207.85 747.70 16.46 1.88 -48.16 -5.49 5,173.73 833.42
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-17.49 5,325.63 2,109.10 0.00 0.00 -22.88 -6.13 5,316.10 2,151.48
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-37.95 4,214.35 2,995.28 -22.52 -10.50 -28.53 -13.31 4,228.67 3,067.59
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-71.53 2,391.88 2,402.86 -38.91 -26.25 -37.18- 25.08 2,413.38 2,520.34
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-81.47 346.71 204.66 -28.92 -25.87 -31.72 -28.56 346.96 311.31
3= 23,566.30 8,014.38 3= 23,238.25 8,143.24

Table 3: Data for critical rupture surface of Lodalen landslide
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
Slice  α(o) Zn+1(m) H(m) Zn(m) B(m) λn+1 λn W=BHγ Wsinα W (cosα-rusecα) c bsec α ΔXcosα (KN/m) ΔXsinα ΔEcosα ΔEsinα

(KN/m) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m) (KN/m)
1- 3.0 0.48 00.00 1.91 3.83 6.95 0.000 3.212 248.723 -13.018 128.835 68.278 37.523 -1.962 120.517 -6.316
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 4.0 0.445 3.83 5.22 6.52 6.09 3.212 1.288 595.653 41.555 328.890 59.890 26.320 1.844 -38.207 -2.672
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 13.2 0.410 6.52 7.17 8.04 5.83 1.288 0.873 783.230 178.846 432.699 58.742 14.519 3.404 -31.169 -3.089
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 20.0 0.356 8.04 8.60 9.13 6.09 0.873 0.739 981.333 335.639 550.380 63.579 10.045 3.659 -2.506 -0.912
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
5 31.0 0.314 0.13 8.70 8.26 5.95 0.739 0.659 969.924 499.5454 76.079 68.091 -7.318 -4.395 -10.963 -6.587
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
6 45.7 0.612 8.26 6.95 3.74 6.09 0.659 0.699 793.060 567.587 369.935 85.543 -30.970 -31.735 -19.383 -19.863
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
7 59.0 0.000 3.74 1.84 0.00 2.82 0.699 0.000 97.227 83.336 50.080 53.710 -18.894 -31.451 -13.209 -21.983
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Table 3: Continue.
(18) (19) (20) (21) (22) (23) (24) (25)
(13) +[(12) (11) + (15) + (16) Xcosα (KN/m) Xsin α(KN/m) ΔEcos α(KN/m)  ΔEsinα (13) +[(12) (11) + (21) + 
+(14) - (17)] (KN/m) (KN/m)  +(20) - (23)] (22) (KN/m)
tann` tann` (KN/m)
156.639 105.579 36.536 -1.910 117.348 -6.150 156.050 102.420
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
242.822 5.192 25.628 1.795 -13.202 -2.602 242.432 6.148
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
289.176 169.081 14.137 3.314 -12.823 -3.008 289.134 169.337
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
350.830 336.792 9.781 3.563 -2.440 -0.888 350.680 336.762
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
311.339 484.187 -7.125 -4.279 -10.675 -6.414 311.349 484.591
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
269.164 516.187 -30.156 -30.901 -18.873 -19.341 269.314 519.813
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
80.918 38.676 -18.397 -30.624 -12.862 -21.405 80.622 39.85
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3=1,700.888 1,655.976 3= 1,699.581 1,656.921

Table 4: Comparison of stability values for Examples 1 and 2
Methods                           Factors of Safety

-----------------------------------------------------------------------------------------
Example 1 Example 2

Bishop’s semi-rigorous[1] 1.53 3.02
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Bishop’s simplified[1] 1.38 2.81
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Morgenstern and Price[10] 1.61  ---
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cousin[3] 1.42 2.88
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Spencer[13] 1.43 2.87
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Authors’ simplified 1.44 2.94
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Authors’ semi-rigorous 1.43 2.85

Table 5: Comparison of stability values for Lodalen landslide (Example 3)
Methods Factors of Safety
Janbu[4] 0.98 to 1.02
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Bishop’s semi-rigorous[1] 1.19
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Bishop’s simplified[1] 0.97
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Norwegian Geotechnical Institute, - Sevaldson[12] 0.85 to 1.15
Authors’ simplified 1.026
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Authors’ semi-rigorous 1.027

Conclusions: A generalized method of analyzing
stability of sloped soils has been developed. During the
course of this work, some shortcomings of earlier
methods of investigation have been highlighted and a
number of these taken into account in the proposed
approach. Within the framework of the present
investigation, the following conclusions have been
reached:

1. The horizontal forces acting on the slices within a
soil mass maintain an inverse relationship with the
soil stability, that is, these forces tend to reduce
the stability value.

2. At the interslice, there exists a well defined
relationship between the vertical shear forces and
the horizontal forces.

3. For the slopes considered in the present
investigation, the derived simplified and semi-
rigorous equations give factors of safety values
that are in closer agreement with each other, as
compared to Bishop’s simplified and semi-rigorous
methods, of the order 3% – 4%.

4. The derived simplified and semi-rigorous equations
give factor of safety values that are lower than that
of Morgenstern and Price’s method of the order
11% – 12%.
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5. In general, the method proposed in the present
study gives very good estimates of the factor of
safety. This can be seen from the stability analysis
of the Lodalen landslide for which the proposed
equations give predictions that are within the range
of values obtained by the Norwegian Geotechnical
Institute.

6. The proposed method takes into consideration all
the forces acting on a typical soil slice, the pore
water pressure distribution and a wide variety of
slide surfaces. However, it is applicable in its
present form to single layered soils or fairly
homogenous slopes.
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