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An unstable slope is shifting both the house and the garden wall towards the r ight.



Breached ear th dam in Los Angeles, California.



A complex slidewith some flow elements affecting a state highway. Note the steep face 
of the main scarp, which is a common character istic of the failure sur face.
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The Santa Tecla suburb of San Salvador  exper ienced this flow failure due to a 7.6 Magnitude 
ear thquake on 13 January 2001. Over  2,000 people died, and 470 houses were totally destroyed. The 

ear thquake lasted 32 seconds, and was followed by 600 aftershocks.



This slope failure in Santa Monica is a common occurrence in California. Slope failures are tr iggered 
by heavy rains (lubr icating the unseen failure sur faces), ear thquakes (they increase the pore pressures 

and increase the loads on the slopes) and/or  over loading of the crown.



This fall was captured on film by a passing motor ist along California’s Route 1, which 
follows the Pacific coast, close to Santa Monica.



A potentially sliding slope is stabilized with anchors at a beach front in Southern California.



Rock bolting an unstable face prone to falls.





Flow failure at La Conchita, 10 January 2005. 
This flow has killed 3 people and injured 27 in this 
village in  Ventura County, CA. The village laid at 
the mouth of a deep canyon, that funneled 
hundreds of thousands of cubic meters of ear th 
(mud) into the village in a few minutes. The press 
mistakenly called this a mudslide.

This flow was a byproduct of a str ing of storms that precipitated 17 inches of rain dur ing 
two days. At least 19 lives were lost dur ing these two days (9 and 10 January, 2005).



Rescue workers dig 
through the mud and 
debr is looking for  
survivors in the La 
Conchita, California on 
Monday, January 10, 
2005. 

A huge mudslide crashed 
down on homes in a 
coastal hamlet with 
ter r ifying force Monday, 
killing at least one person 
and leaving up to 12 
missing as a Pacific storm 
hammered Southern 
California for  a four th 
straight day.

(AP Photo/Ventura County 
Star, Gary Phelps).



This diagram reconstructs the outline of the flow failure at La Conchita, 10 January 
2005 in  Ventura County, CA. Flows are down-slope movements of ear th that resemble 

a viscous fluid. They are usually tr iggered by rain (or  snowmelt) and are commonly 
accompanied by flooding. I t is estimated that slope failures cause $1.8 billion every year  

in the United States.



A boulder , par t of the mudslide into the village of La Conchita, CA on the 10th of Jan. 2005.



An 100-year  old 75-foot tall retaining wall collapsed on 13 May 2005 alongside New 
York’s Henry Hudson Parkway.  (ENR 23 may 2005).



A mobile home in 
the Sand Canyon 
mobile home 
park in Canyon 
Country, Calif., is 
overtaken by 
flood waters on 
Monday January 
10, 2005. 

Southern 
California suffers 
through its fifth 
day of near 
constant rain, an 
assault that has 
triggered 
landslides. 



The Varnes Classification of Slope Failures.

1) Falls, are a slope failure of a coherent mass of soil or  rock that drop quickly down the 
slope. As they drop, the mass will roll and bounce into the air  with great force and 
thus shatter  the rocks into smaller  fragments. I t is typical of rock faces and usually 
does not provide warning. 

2) Topplesare the result of the inclination of a rock (or  soil) body until it “ topples” over . 
As it does so, it fragments into smaller  blocks. I t is much slower , and obvious to than 
a fall.

3) Slidesdescr ibe a block of soil or  rock that moves by shear ing along a well defined 
sur face. They can be rotational slides, when failure occurs along a curved shear  
sur face, which is typical of fills. They can be translational slides, when the failure 
occurs along a planar  shear  sur face. This is typical of weakened bedding planes; when 
the failure affects a large mass it is called a block-glide slide. Combinations of the 
above are called compound slides.

4) Spreadsare translational slides that break up into separate blocks as they move down 
slope. They occur  along very weak soil layers, and are common dur ing ear thquakes 
when the soil liquefies.

5) Flowsare movements of soils that spread out like a viscous fluid.



Quantitative Analysis of Slides.

The first engineer  to propose a rational method of analysis for  the complex phenomenon 
of slope failures was the French engineer  Alexandre Collin in 1846. However, his work 
was not well known. This topic became very impor tant to Scandinavians, due to the 
widespread presence of sensitive mar ine clays in Norway and Sweden. These clays lead to 
an increasing number  of structural failures as these countr ies increased their  land usage. 
In 1922, the “ StatensJärnvägars” repor t (Geotechnical Commission) proposed a method 
of analysis that is now known as the “ Swedish Slip Circle Method” . From that method, a 
number  of popular  methods have evolved to deal with simpler  and more complex 
problems.

The analyses may be made from a deterministic analysis versus a probabilistic analysis. The 
latter  considers the contr ibution of several uncer tainties to arr ive at a probability of 
failure, for  example, 0.4% that it will fail at any time. This approach will not be 
considered in this lecture. Rather , the deterministic analysis is used via a factor  of safety 
FSwith respect to the limit equilibrium condition, 
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The shear  strength in the failure sur face is different for  granular  soils (G and S) than for  
cohe-sive soils (M and C). In granular  soils, there is little or  no excess pore water  pressure, 
and therefore the effective stress is a better  indicator  of soil strength, and the Mohr-
Coulomb equation provides that value using the effective stress method,

where c’ and  � ’ are the effective cohesion and effective stress on the failure sur face. The 
angle � ’ is the effective fr iction angle.

However, in cohesive soils, where excess pore water  pressures can be present, it is difficult 
to find the real value for  the effective stress. In those soils the recommended method is the 
total stress analysis, where the shear  strength using the M-C equation is,

where cT is the total cohesion and � is the total stress on the failure sur face. The angle � T

is the total fr iction angle.

Now the factors of safety can operate on the cohesion and the angle of fr iction, where d 
denotes the values on the failure sur face:
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Finding the Critical Failure Surface and Evaluating the Forces.

In actual slopes being analyzed to determine their  propensity towards failure, require 
careful surveys are prepared by both engineers and engineer ing geologists. A 
mathematical analysis however, is per formed by engineers. Because there are an infinity 
of potential sur faces, the analyses are ideal for  computers. After  searching through 
thousands of possibilities, the software will select the sur facewith the smallest factor  of 
safety. That sur face is called the critical failure surface.

Dur ing the discussion of this lecture, we will attempt some hand-calculations, whilst 
knowing that real problems do not lend themselves to these simple conditions. 

Most problems are analyzed by dividing the failure sur face into N ver tical slices (as 
shown in the figure on the next slide). The slices are so narrow, that the bottom is 
assumed to be a straight line, although we know that the failure sur face is a curve. Each 
slice is indeterminate. Therefore, simplifying assumptions are needed, and different 
methods have different approaches.

These approaches assume a slope to be in a state of impending failure, and hence,

FSs =  FSc =  FS� =  1   whereas, a FS � 1.5 is desired.



This figure shows the division of a potentially failing mass into eight ver tical slices.

Each slice is in equilibr ium with the forces shown.



The analyses of slopes can be treated as a simple problem to obtain an approximate 
answer . The need for  greater  accuracy may require a second-phase analysis with a 
specialized software. The simplest assumption is that the failure sur face is a plane, and 
that there is only one slice. There are two single slice analyses: the planar failure 
analyses, and the infinite slope analyses. 

1) A Single Slice on a Planar Surface.

This analysis assumes a slope of the following shape,
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The limit equilibr ium analysis involves consider ing a str ip with a unit width 
perpendicular  to the cross-section. This unit width is either  1 foot or  1 meter , depending 
on the units system employed. From equilibr ium,

The average pore pressure along the failure sur face is,

The factor  of safety FS is therefore,
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2) Infinite Slope Analysis.

An infinite slope analysis is similar  to the one previously developed for  the planar  
sur face, with the exception that the failure sur face is parallel to the slope face, as shown 
below. The factor  of safety is similar ly der ived, and yields,
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3. The Swedish Slip Circle Analysis.

This was the first analytical method adopted to determine the stability of a slope. I t 
was proposed by the Geotechnical Commission of the Swedish State Railways in 
1922. I t is still used when the slides may occur  in homogeneous clays (a � = 0 
condition). I t is independent of � and is defined instead by the un-drained shear  
strength su along the slip sur face. The figure below shows the var iables involved in 
the determination of the factor  of safety,
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4.  The Fellenius Method.

When the condition of � = 0 of the Swedish Slip Circle Method is not realistic, then it
must be included in the analysis through a method developed by Fellenius in 1936. The 
effective stress � ’ is needed to compute the shear  strength s. Fellenius assumed that the 
resultant of the normal and shear  forces acting on the two opposite sides of the slice are 
equal in magnitude and are colinear , and hence cancel each other . That assumption 
transforms this method into a statically determinate condition. The factor  of safety is,
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The Fellenius method is simple and ideal for  hand calculations. However, is it 
realistic? 

In the center  por tion of the circle, the slices generate almost identical ver tical faces on 
both sides of the slice; however, this is not true at the extremes. The consequence is 
that the values of N is only a function of W, and ignore the added shear  resistance 
from the longer face. A lower than realistic value of N yields a lower  value of shear  
strength s, and hence a lower value of the factor  of safety. 

Thus, the Fellenius method is conservative by 20% for  shallow circles. This divergence 
towards too low a value for  the FS is fur thered by higher  valuesof the angle � , or  
deeper  circles, where the actual FS is 50% higher  than predicted. 

This problem was modified by Bishop in 1955, by assuming that the shear forces on 
each side of the slice are equal and that their  normal forces are co-linear  but not 
equal. The consequence is that the Bishop method yields factors of safety that are 
within a few percent points of the actual factor  of safety.



5. The Bishop Method.

The factor  of safety using the Bishop (Modified) Method is,
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In each layer  of impermeable soil, the force tending to cause sliding is given by 
Equation (2):

Fs =  W sin aaaa (2)

Also similar ly, the resistance to sliding from cohesion and fr iction and is given by 
Equation (3):

Rs = cd� + W cos aaaa (3)

where cd is the developed cohesion (c / F.S.c), tanffff d is the developed coefficient of 
fr iction (tanffff /F. S.ffff ), and the other  terms are as defined in Figure 5, ( F.S. c and 
F.S.ffff denote factors of safety for  cohesion and angle of internal fr iction, respectively.) 

The weight of soil in the upper  tr iangle abc W can be computed by using Equation (1);

but h, the height of the tr iangle, can be evaluated  as follows:

                                                   (1)
2

Lhg
=W

 sin (  - )                                    
sin

H
h b a

b
� �

= � �
� �

 (6)



Substituting Equation (6) into Equation (1) gives the following:

Equating Equations (2) and (30), substituting W from Equations (7) into the new 
equation, and then solving for  cd gives the following: 

The cr itical angle for  aaaa (i.e., aaaac) can be determined by equating to zero the first 
der ivative of cd with respect to aaaa [i.e., d(cd)/d(aaaa) = 0] and solving for  aaaa. The result of 
this operation is as follows:
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Sketch showing formulation required to evaluate L and h

Significance of Factors of Safety for Design

Safety Factor                                     Significance

Less than 1.0                          Unsafe
     1.0-1.2                               Questionable safety
     1.3-1.4                               Satisfactory for cuts, fills; questionable for dams
     1.5-1.75                             Safe for dams

_D_
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Slopes in Homogeneous and Granular Soils (c = 0, ffff > 0).

F.S.   =  tan ffff
tan bbbb



Slopes in Homogeneous Granular and Cohesive Spoils (c > 0, ffff = 0, and c > 0, 
ffff > 0).

Two methods are used for  analyzing slope stability in homogeneous soils possessing 
both granular  and cohesive components. One is known as,  

The Culmann Method, and the other  is called 

The Stability Number Method.



The Culmann Method.

In the Culmann Method the assumption is that failure (sliding) will occur  along a plane 
that passes through the toe of the fill or  cut. Such a plane is shown in the figure below. 
As with the analysis of a mass of soil resting on an inclined slope,



Example. A cut 30 feet deep is to be made in a deposit of a highly cohesive soil that is 
60 feet thick and under lain by rock (see the figure below). The proper ties of the soil to 

be cut are, c = 750 lb/ ft2,     � = 0°°°° and � =  120 lb/ft3. The factor  of safety against slope 
failure must be 1.

Estimate the slope angle (bbbb) at which the cut should be made.

Solution.

From Figure 8a, ndH = 60 feet and H = 30 feet, so

From Equation (12), 

and since gggg==== 120 lb/ft3

From Figure 9, with Ns = 6.0 and nd = 2.0,  corresponds to a bbbb ==== 23°°°°.
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Substituting aaaac from Equations (14-9) into Equation (14-8) for aaaa gives the following:

Solving for  H gives the following:
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Example.  Find the Factor  of Safety of 
the slope cut as shown below. The 
cohesion = 150 lb/ft2, the angle of 
fr iction = 25°°°° and the unit weight of 
upper  layer  = 105 lb/ft3.

Solution.
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Example.

A vertical cut is to be made through a soil mass. The soil to be cut has the following properties: 

a unit weight g= 105lb/ft3, a cohesion c = 500lb/ft3 and an angle of internal friction ffff = 21°. 
Find the safe depth of cut in this soil using the Culmann method with a factor of safety of  2.

Solution.

From Equation (14-11),

Here,

where F.S.c is the factor of safety with respect to cohesion.

and F.S.f is the factor of safety with respect to tanf , where f d = arctan 0.192 = 10.87°
b = 90° for a vertical cut.
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Example.

A 1.8 m deep vertical trench wall is to be dug in a soil without shoring. The soil’s unit weight, 
angel of internal friction, and cohesion are 19.0 kN/m3, 28°, and 20.2 kN/m2 respectively. Find 
the Factor of safety of this trench using the Culmann method.

Solution.

From Equation (14-11),

Try a F.S.f = 1.0

Therefore, f d =28° and b = 90° for a vertical wall. Substituting into Equation (14-11) yields the 
following:
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Since [F.S.c = 3.93] ¹ [F.S.f = 1.0], another trial factor of safety must be attempted. Try F.S.f
= 2.0,

therefore, ffff d = 14.89°

Since [F.S.c = 3.07] ¹ [F.S.f =2.0], another trial factor of safety must be attempted. Try F.S.f
= 3.0,

therefore, ffff d = 10.05°
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Since [FSc = 3.07]  ¹¹¹¹ [F.S.ffff = 2.0], the correct factor  of safety has not yet been found. 
Rather  than continue the tr ial-and-er ror  procedure, the values of F.S.c and F.S.ffff are 
plotted in Figure 6, from which the applicable factor  of safety of about 2.84 can be read.

Figure 6



30 � g =    

f  = ��

Example. 
1.  A cut 25 ft deep is to be made in a stratum of a highly cohesive soil (figure below).
2. The slope angle bbbb is 30°°°°.
3. Bedrock is located 40 feet below the or iginal ground sur face.
4. The soil has a unit weight of 120 lb/ft3; cohesion and angle of internal fr iction are 
650 lb/ft2 and 0°. Find the FS against a slope failure.



Solution:

From Fig. 8a,   ndH =  40 feet and H =  25 feet

With bbbb = 30°°°° and nd = 1.60, from Figure 9,

Ns = 6.0 and  gggg=  120 lb/ft3

H =   25 ft                                                     therefore crequired =  500 lb/ft2
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Mr = R[S1(AB)+S2(BC)] = R[(C1’+s1’ tanf 1)AB + (C2’+s2’ tanf 2)BC]
= 80’ [(0.2+0.125(8’ )(tan40)22’ + (1.8+(0.130 – 0.064)(21)(tan15)(102)] = 80[23k + 

221k]        = 19,500 k-ft

Wae(d2)
Mo = Wb1 – WwH(d1) –Wwv(b2) + Vb3 + ----------------

g          
= 205(40)–(1/2)(0.064)(15)���� -(0.064)[30(15)+(1/2)(40)(15)]15+70(55)+205(0.15)(50)

Mo = 8,200 - 7.2 –720 +3850 +1540 = 12,900 k-ft

Therefore: FS = Mr /Mo = 19,500/12,900 = 1.51 ���� Not Good!

Removing Crane ���� Mo =9,050 k-ft

Therefore: FS = Mr /Mo = 19,500/9050 = 2.15 ���� GOOD!



Method of Slices.

In the previous section, the assumption was made in the Culmann Method that failure 
(sliding) would occur  along a plane that passes through the toe of the slope.  I t is 
probably more likely, and observations suggest, that failure will occur  along a curved 
sur face (rather  than the plane) within the soil.  L ike the Stability Number Method, the 
Method of Slices, which was developed in he 1920s by Swedish engineers, per formsslope 
stability analysis assuming failure occurs along a curved sur face.
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Example.
The stability of a slope is to be analyzed by the method of slices. On a par ticular  tr ial 
curved sur face through the soil mass (see figure on next slide), the shear ing component 
(i.e., the sliding force) and the normal component are outlined in the char t below. The 
length of the tr ial curved sur face L = 36 feet. The � = 5° and the cohesion c = 400 lb/ft2. 
Find the Factor  of safety of the slope along this par ticular  tr ial sur face.

1 Since the tr ial sur face curves upward near  its lower  end, the shear ing components of the weights of slices 1 and 2 
will act in a direction opposite to those along the remainder  of the tr ial curve, resulting in a negative sign.

Slice  
Number 

Shearing Component 

(W sin a) (lb/ ft) 
Normal Component 

(W cos a) (lb/ ft) 
1 -631 358 
2 -511 1450 
3 86 2460 
4 722 3060 
5 1470 3300 
6 1880 3130 
7 2200 2270 
8 950 91 

 



Solution.

  F.S.���� =���� cL + S W cos a tan f  
         S W sin a����

   
c���� =���� 400 lb/ ft2����
L���� =���� 36 ft����

   
S W cos a���� =���� 358 lb/ ft + 1450 lb/ ft + 2460 lb/ ft + 3060 lb/ ft 

+ 3300 lb/ ft + 3130 lb/ ft + 2270 lb/ ft + 91 lb/ ft����
���� =���� 16,119 lb/ ft����

f ���� =���� 5� ����
   

S W sin a���� =���� -63 lb/ ft - 51 lb/ ft + 86 lb/ ft + 722 lb/ ft  
+ 1470 lb/ ft + 1880 lb/ ft + 2200 lb/ ft + 950 lb/ ft����

���� =���� 7194 lb/ ft����
   

F.S.���� =���� (400 lb/ ft2)(36ft) + (16,119 lb/ ft)tan 5� � = 2.20 
  7194 lb/ ft����

 



Bishop’s Simplified Method of Slices.

In 1955, Bishop presented a more refined method of analysis. Hismethod uses static 
equilibrium considerations rather than finding a factor of safety against sliding by computing the 
ratio of the total force resisting sliding (of the entire soil mass) to the total force tending to cause 
sliding, as is done in the ordinary method of slices.

To understand Bishop’s method, consider the representative slice shown in Figure 14-18. 
Unlike the slice shown in Figure 14-16, the one in Figure 14-18 shows all forces acting on the 
slice [i.e., its weight W, shear forces T, normal forces H (on its sides), and a set of forces on its 
base (shear force Sand normal force N)]. Bishop found that little error would accrue if the side 
forces are assumed equal and opposite. Equilibrium of the entire sliding mass requires (see Fig. 
14-18) that

RSWsin a = RSS   (14-14)

The shear force on the base of the slide, S, is given by the following (see Figure 14-18):

(14-15)

where s is shear strength; l, b, and a are shown in Fig. 14-18; and F.S. is the factor of safety. 
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Substituting Equation (14-15) into Equation (14-14) yields the following:

(14-16)

from which                                                      (14-17)

Shear strength scan be determined from Equation (2-16):
__

s  =  c  +  ssss tan ffff (2-16)
__

where c =  cohesion,  ssss = is the effective inter-granular normal pressure (normal stress across 
the surface of sliding l) and � =  angle of internal friction. 

ssss can be evaluated by analyzing the vertical equilibrium of the slice shown in Figure 14-18:

W = S sin a + N cos a (14-18)
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Slope Stability-10 
 
Calculate the factor of factor for the shoreline slope shown below.  Assume unit weight 
of seawater = 64 pcf.  

 
 
 

= 1 3 0 p c f
f

3 0 0 0 p s f

1) Resisting moments Mr,  
 
Mr = RS + Mwv(20 ft) + Mwh (100 ft) 
      = R{ c+� tan� }  + (0.064)(24,000)(1)(20) + 1/2(0.064)(1440 ft2(1) (100 ft)           
      = 800{ 3+[(0.13)(10) + { (0.13-0.064)(70)]tan15°}  + 30.700 + 46,000 = 80,500 k-ft  
 
2) Driving Moments MD 

MD = Wsa + Wbb = 1000(50) + 300(100) = 80,000 k-ft  
3)    FS = Mr/Md  ~ 1  <  1.5    Not good 
     



Length AB=800ft
Area of Wwv=24,000ft²
Ws=1000kips

� =130pcf
� =15°
c=3000psf

Hotel Wb=300kips

Center of circle  R=200ft

Wb

Ws

Wwv Wwh

WTA

B









Example. 
 
1) The minimum acceptable factor of safety of the man-made waterfront slope shown below is 2.0.  Will you 
permit the large crane to work on this site? 
2) The arc-radius is 80 ft; the circular lengths are AB = 22 ft, and Bc = 102 ft; W = 70 kips; the site is located in a 
seismic zone wherein ah/g = 0.15. 
 

 
 
 
 
 
 
 
 
 
 
           A 
 
 
 
 
                B         

                                                                                                                     C 
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  20'                       15'                          40'                      5'         15'          15' 
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  45' 

Wwv 

Sand barge 

  Wbarge 

Failure Surface 

  W 
ah 
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Salt Water 

WwH 
SAND 
C1’=0.2ksf 
f 1 =40° 
g1=125pcf 

s 2 

s 1 

CLAY 
C2’  =1.8ksf 
f 2= 15° 
g2 = 130 pcf 
gw= 64 pcf 

Center of circle 

 
NB: use s 1 = g (8’ ) 
              s 2 = gb (21’ ) 

35° 



Mr = R[S1(AB)+S2(BC)] = R[(C1’+s1’ tanf 1)AB + (C2’+s2’ tanf 2)BC]
= 80’ [(0.2+0.125(8’ )(tan40)22’ + (1.8+(0.130 – 0.064)(21)(tan15)(102)] = 80[23k + 

221k]        = 19,500 k-ft

Wae(d2)
Mo = Wb1 – WwH(d1) –Wwv(b2) + Vb3 + ----------------

g          
= 205(40)–(1/2)(0.064)(15)���� -(0.064)[30(15)+(1/2)(40)(15)]15+70(55)+205(0.15)(50)

Mo = 8,200 - 7.2 –720 +3850 +1540 = 12,900 k-ft

Therefore: FS = Mr /Mo = 19,500/12,900 = 1.51 ���� Not Good!

Removing Crane ���� Mo =9,050 k-ft

Therefore: FS = Mr /Mo = 19,500/9050 = 2.15 ���� GOOD!



 
 
 

Problem 
Calculate the factor of factor for the shoreline slope shown below.  

Assume unit weight of seawater = 64 pcf.  

 
 

1) Resisting moments Mr 
Mr = RS + Mwv(20ft) + Mwh (100ft)  
     = R{c+� tan� } + (0.064)(24,000)(1)(20) + 1/2(0.064)(1440sq.ft)(1) (100ft)               
     = 800{3+[(0.13)(10) + {(0.13-0.064)(70)]tan15} + 30.700 + 46,000 
     = 80,500 K-ft  

2) Driving Moments MD 

MD = Wsa + Wbb = 1000(50) + 300(100) = 80,000 k-ft 
  
3)    FS = Mr/Md ~ 1 < 1.5 not good 
     

L e n g t h  A B = 8 0 0 f t
A r e a  o f  W w v = 2 4 , 0 0 0 f t ²
W s = 1 0 0 0 k ip s

� = 1 3 0 p c f
� = 1 5 °
c = 3 0 0 0 p s f

H o t e l  W b = 3 0 0 k ip s

C e n t e r  o f  c i r c le   R = 2 0 0 f t
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