Slope Stability Analysis
for Landfills and Embankments

Geotechnical Design
CGN 4801

By

Kamal Tawfiq, Ph.D., P.E.



FOR ANALYSIS AND DESIGN SLOPE FAILURE ARE DIVIDED INTO:

| P | anar F a | | ures (Determinate Problems)

I- Infinite Slopes m— Small Depth, Long Failure Surface
ll- Finite SIOpeSs === Simple Wedge

(Determinate & Indeterminate Problems) 1- Above the Toe

[I. Circular FailureS .| 2-Through the Toe
3- Deep Seated

”l Wedge FailureS — Multiple Planar Failure Surface

|V COmpleX Failures s> Combination of Planar & Circular



FACTORS AFFECTING SLOPE STABILITY

1- Soil Type

2- Geometry of the cross section (Height, slope angle, etc.)
3- Moisture Content

4- Pore water pressure

5- Additional loads

6- Shear Strength reduction

/- Vibrations and Earthquake



METHODS OF ANALYSIS

A state of equilibrium is said to exist when the shear stress along
the failure surface is expressed as:
Stress

A
Shear Strength

>
Shear Stress =T / Fs Strain

R Safetv Factor Mathematical Representation of
g Stress vs. Strain Relationship

r—c+0ntan¢,




FACTOR OF SAFETY

1- For Shear Strength
=1/FS
=(c+otan¢)/FS

Tdeveloped
Tdeveloped

2- For Shear Parameters
Cy=C/FS
tand, =tand / FS

3- For Height of the Slope

=H,/FS

Hdesign



INFINITE SLOPE

|. PLANAR FAILURE or Transitional Failure

A- Dry Soil (¢ soil)
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A- Dry Soil (¢ soil)

S -
~~~~~~~

Driving Force = Fy =y H cos B sinf3
Resisting Force = F; =y H cos 3 cosp tan¢

FS = Fr/Fp G.S. ..................

_ Y Hcos B cosp tan¢

FS
Y H cos B SinB
t ¢ ‘?\l .......................
= e
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B- Submarged Soil (¢ soil)

W =y H cosf

Driving Force = F5 =y H cos B sinf3
Resisting Force = Fz =y H cos 3 cosf3 tan¢

FS = Fg/Fp
Y H cos B cosp tan ' S
Fg= YHC B cosp tan¢ |
y H cos B sinf3
tan
FS = b
tanB .....

Failure
COS%Jrface
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C- Seepage Parallel to Slope (¢ soil)

AAAAAAAAAAAAAAA A;I%\\/ /V\\p‘p Failure
H Weight = : Surface
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D- Infinite Slope in ¢ - & soil (with seepage)

u tang

C
FS = 1
Y<oii H COSP sinf (

If no seepage:

u=0
If Submarged Slope:
u=0 y=Y

7
H Weight=wW S
/

/90¢ S Yol
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Critical Height Hc at  FS =1

FS = (- ) o
Ysoil H COSP sinf3 Yo H cOS?B "~ tanB =~ H
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ B
o c-utanp | /f\ Av
" Veor COSPB (tanB-tang)] A e
Stability Number Ns
Ns = < ry = S = pore water pressure ratio

YHC YH

General Equation:

_ C
[HC i Vsoil [SinB COSB B tancl) (COSZB B ru)]j




Stability Number

A variety of charted solutions exist for the simple
geometry considered above.

For the undrained (total stress) analysis of slopes
charts produced by Taylor are often used.

The charts are based on the analysis of circular
failure surfaces, and assume that soil strength is
given by a Mohr-Coulomb analysis

Tension cracks are not considered




Stability Number ¢ /yHF
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Typical cross section
* and failure arcin

T Zone A Critical
nH ) Casel  DH (Case?2) -/ circle passes ]
Case 3 ' through toe and

Case 2 (8) | stability number

represented in chart

Typical cross section showing various cases :
yp 9 by full lines

considered in Zone B

Case 1: The most dangerous of the circles passing
through the toe, represented by full lines in chart.

appreciably different from Case 2

Case 2: Critical circle passing below the toe, represented ,N
by long dashed lines in chart. Where long dashed lines
do not appear, the critical circle passes through the toe I

Case 3: Surface of ledge or a strong stratum at the
elevation of the toe (D= 1), represented by short
dashed lines in chart

For ¢ =0and 1<D<w
see companion Fig.
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Example -1

Taylor’s Chart

H=2

¢, = 20 kN/m?
¢, = 10°
Your = 15 KN/m3

F.S.

=1.5

Since the factor of safety is given, then the problem indicates a design of a new slope

Solution:

Use the chart with i = 30°, and ¢,,,, = tan™’ (tan 10°y = 6.70

SN=0.1=
15 xH

20/1.5
H

20/1.5

design

desian ~ 15 0.1

8.88 m

()]
=z
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[ Where fuII Imes do nol appear lhIS case |5 not ,(
appreciably different from Case 2
Case 2: Critical circle passing below the toe, represented ’N
by long dashed lines in charl Where long dashed lines
do not appear, the critical circle passes through the toe I
Case 3: Surface of ledge or a strong stratum at the

elevation of the toe (D= 1), represented by short
dashed lines in chart

0

For ¢ =0and 1<D<ew
see companion Fig.
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Example -2

Taylor’s Chart

= 20 kN/m?

0, =10°

F.S.

=777

Since the factor of safety is not given, then the problem indicates an existing slope that we need

to analyze its safety.

Solution:

Trial # 1
1- Assume FS¢ =

2- Use the chart with i = 30°, and~@,,., =

3- Go to the chart and find SN for ¢, = 10°

SN = 0.075 = —mob__
15« 7

4-c 15 x 7 x 0.075 = 7.87 kN/m?

mob

5- FSc = c¢/c. . =20/7.87 =25

mob

Therefore the Assumed FS¢ # the calculated FS,

tan-! (%00) =100
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Cas 92

| Zone A Crmcal 1
circle passes

* through toe and

(B) | slablll!ynumber
Typical cross section showing various cases « represented in chart
considered in Zone B | by full Ilnes
Case 1: The most dangerous of the clrcles passlng .
through the toe, represented by full line: rt. Jos)

— Where full lines do not appear, this case |s not 2 '(

appreciably different from Case 2 <

@
<
Case 2: Critical circle passing below the toe, represented 'vs’z
by long dashed lines in chart. Where long dashed lines
do not appear, the critical circle passes through the toe I
Case 3: Surface of ledge or a strong stratum at the
elevation of the toe (D= 1), represented by short
dashed lines in chart

For ¢ =0and 1<D<ew
see companion Fig.
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This means the assumed factor of safety was not the right one.
to assume another FS¢ and solve the problem again for FS..

Trial # 2
1- Assume FS¢ =1.

2- Use the chart with i = 30°, an

3- Go to the chart and find SN for ¢, =
C

SN=0.1= —mb_—
15x 7
4-c.op= 15x7x0.10 = 10.5 kN/m?
5- FSc = c¢/c o, =20/10.5=1.9

Therefore the Assumed FS¢ # the calculated FS,

This means the assumed factor of safety was
not the right one. So we need

to assume another FS¢ and solve the problem
again for FS..

(2]
Z

= tan (—ta1r?510°) = 6.7°
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Trial # 3
1- Assume FS¢ =

1.8

2- Use the chart with i = 30°, and "¢, = tan” (%00) =5.5°

3- Go to the chart and find SN for ¢, = 5.5°

SN =0.11=

mob ~

4-C

5- FSc

c/c

Cmob

15 x 7

15 x7 x0.11 = 11.55 KN/m?

=20/11.55=1.73

mob

Therefore the Assumed FS¢$ # the calculated FS,

This means the assumed factor of safety was

(72)
=z

not the right one. So we need
to assume another FS¢ and solve the problem

again for FS..
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see companion Fig.
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Since we complied three different trials, we are ready to find the right
factor of safety by using the 45° line method

Assumed FS¢ Calculated FS_

1.0 25

1.5 19

1.8 1.73
3

So the correct FS is 1.75 2.5 o
? <
1.75 F A

1.5

0.5

0 05 1 15 2 25
1.75



aylor’s Chart - example

Zones are marked on the chart indicating whether the
failure mode will be shallow or deep-seated.

If a deep-seated failure is indicated the soil layer
must be sufficiently deep to enable this mechanism to
OCCuUr.

There is a second chart due to Taylor which can be
used when the depth of soil below the base of the
slope is limited

This chart is only valid for ¢ =0
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Taylor’s Chart - example with finite depth

cy = 20 kN/m”
gu = 0
Ybulk = 15 kN/m3

Calculate the Depth Factor D



aylor’s Chart - example with finite depth

Cy = 20 kN/m’
gu = 0
Ybulk = 15 kN/m3

Calculate the Depth Factor D
DH=10m



Taylor’s Chart - example with finite depth

cy = 20 kN/m’
gu = 0
Ybulk = 15 kN/m3

Calculate the Depth Factor D
DH=10m, H=8m
D=1.25
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Taylor’s Chart - example with finite depth

cy = 20 kN/m”®
gu = 0
vouk = 15 kKN/m’

Cye, = 0.165 x 15 x 8 = 19.8 kN/m? FS =1.01



STATICALLY INDETERMINATE PROBLEMS

METHOD OF SLICES

Center

_|_ Xi
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A
\ 4

Q/Si

S+AS

ReChe
\
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Center

| Xi

Unknowns Associated with Force Equilibrium

n= Resultant normal forces N, on the base of each slice or wedge
1= Safety factor, which permits the shear forces Ti on the base of each P Ax.
slice to be expressed in terms of Ni h v
n-1 = Resultant normal forces Ei on each interface between slices or wedges
n-1 = Angles ai which express the relationships between the shear force Si
and the normal force Ei on each interface R
S +AS :
Si
/;V
Ei
6, 7 s
/ Q(/ $/'/
E, + AE Wi

bi
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FELLENIUS METHOD (ORDINARY METHOD, SWEDISH METHQOD)

Center

—t

Xi

AX, o

A

by

Co S

/

N; = Ny + u; L

_ 2CL,; +(w,cosb, -uL)tand
> W; sinb,

By Kamal Tawfiq, Ph.D., P.E



For the infinite slope shown
below, what is the pore
water pressure at point A ?

Quiz # 4
Fall 2009

'y
O
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Soil Surface

Water Table

Assumed

failure
surface



Center of failure Surface

R =30 ft

v = 125 Ib/ft3
¢ = 90 Ib/ft2
¢ =320

v

5

Drain Stiff Layer




i=n

fL+tand ¥ (Wicos, — u, Al
- fm]

Fe= -

1=mn »
2 Wisin 6,
=1

Given.  Slope in Example 24.3,

Fimd, Salely fadw by vrdinery melhod of slices.

Sofwion.  See Table El14.4.

Table E24.4
W, Wiosing, . W cos 6, Hy Al oy R

Slice  (kips) sin g, (kips)  eos By (kips)  (kips/f) () (kips) (kipz)

1 &9 —0.03 0 1.00 0.9 a 44 2 o9
2 1.7 .05 0.l 1.00 1.7 W] 32 a 1.7
24 1.3 C.14 nz oy 1.3 0.03 1.9 0.05 1,25
3 4.6 (.25 1.2 2,97 4.5 0.21 53 1.1 3.4
4 5.6 (a2 2.3 0,91 5.1 0.2% 56 1.6 15
5 5.8 C.5% 34 0,81 4.7 0,25 6.2 1.55 315
] 4.6 C.74 34 067 3.l 0.11 &7 0.7 2.4
64 0.3 C.E2 0.4 hal 0,3 0 1.2 a 0.3
T 1.5 C.EBT 1.3 49 0.7 i) 7.3 ] 0.7
12.3 ala 173

F 0.00(40,8) -+ 17.3 tan 32° 376 + 1082 14.58
123 12.3 EE]

Note. That r £ Wy sin 8; = 3(12.3) = 369 kip-It should equal the moment in the
last coumn of Table E24.3. The slight difference results from rounding errors. 4

= 1.15%



T e dny + (W, — u, Axtan A1/ME)

F’-' Wl

i=mn

¥ W, sin o,
Hum]

M(l) = cos 0, (] + &gm—f)
»Example 24.5 |

Given. Slop~ in Example 243,
Fimd. salety tactor by simplified Bishop method of slices.
Solution,  See Table E24.8,

Table E14.5

(2} (3 id) (5 {61 (7} (8) %
(1) 5, FAx,  whr, W= wAx; (S)tan g (3) + (6) M; (7 + (8)
Slice () tkips) “(kips) (kips) (kips) (kipg} F=125 F=135 F=115 F=10135
1 4.3 0.40 o 0.9 0.55 0,45 0.97 0,97 1.0 1.0
L2 il 0.29 ] 1.7 1 05 1.35 1.0 1.02 1.3 1.3
24 1.8 0.16 0.05 1.2 0.30 0,55 1.06 1.05 0.9 0.9
3 50 0.45 1.05 1.5 2,15 2,70 1.9 1.08 2.5 1.5
4 50 0.45 1.45 4,13 2.55 3,00 1.12 1.10 2.7 2.75
5 50 0.45 1.25 4,53 21 305 1.10 1.08 2.85 2.9
& 4.4 040 0,50 4.1 2,63 3.05 1.1 102 24 £2.95
6.4 06 0.05 0 0.5 Q.10 0.5 0.4 0.95 0.35 0.4
T iz 029 1] 15 nes 1.15 .01 .42 1.3 1,15
158 16.05
158
For assumed Fo=]2 F= 73 = |.24
F=1.35 e o 1008 1.31
T T B

A tria with assumed F = 1.3 would give F = 1.3,



Ordinary Method of Slices

In this method,® it js assumed that the forces acting
upon the sides of any slice have zero resuliant in the
direction narmal lo the failure arc for that siice. Thi:
situation is depicted in Fig. 24.12. With this assumption

N+ U = W, cos 8,
or
N,=W,cosf, — U, = W,cos 0, — wAl, (249
Combining Eqs. 24.8 and 24,9,
fL+tand ¥ (W cos 0, — u, Al))
Fe= S— (24.10

E W, sin 8,

=1
The use of Eq. 24.10 to compute F is illustrated i
Example 24,4,

Here the assumption regarding side [orces involve:
n — | assumptions, while there are onlyn — 2 unknowns
Hence the system of slices is overdetermined and i
general it is not possible to satisfy statics. Thus the
safety factor computed by this method will be in error
Numerous examples have shown that the safety factol
ubtained in this way usually falls befow the fower bown
of solutions that satisfy statics. In some problems,
from this method may be only 10 to 15% below the
range of equally correct answers, but in other problem:

¥ also known as Swedish Circle Mcethod or Fellenius Method
Consideration of slices within the trial wedge was first proposed b
Fellenius {1936). £ propese

the error may be as much as 60%; (e.g., see Whitman
and-Bailey, 1567).

Dwespite the errors, this method is widely used in
practice because of its early origins, because of its
simplicity, and because it errs on the sae side. Hand
calcularions are frasible, and the method las been
programmed for computers, It seems unfortunete that a
method which mav involve such large er-ors s1ould be
o widelv uzed andit is ta he exnected that more accurate

Complate system of fo

7

’ \
l"'l
.

ok

Retultanl af all side
forces assumad to
aclan (ki direclion

W found by

e gmmirg forces

in Lhis direclion

ig. 24.12  Forces considered in ordinary method of slices.



Simplified Bishop Method of Slices

In this newer method® it is: assumed that the forces
acting on the sides of any slice have rero resultant in the
vertical direction, The forces N, arz found by considering
the equiibrium ol the forces shown in Fig 2415 A
value of safety factor must se used to express the shear
forces T, and itis assumed [hat this safety factor equals
the F defined by Eq. 24.8. Then:

W W = u Az, = (1JFje Axtan 0,

M.11
cos 6,1 + (tan 6; tan §)/F] ( )
Combining Eqs. 24.8 and 22,11 gives
3 6 Az, + (W, — u, Az tan F101 /M (5)]
Foa =1 — (34.12)

3 W;sin 6,
W]

8 The method was first deseribed by Bishop (1955); the simplified
version of the method was developed further by Janbu et al, (1958),

where

M (0] = cos 0, (1 + &F‘H“-f) (24.13)

Equation 24.12 is more cumbersome than Eg. 24.10
from the urdinary method, and requires a trial and error
solution since F appears on both sides of the equation.
However, convergence of trials is very rapid. Example
245 illustrates the tabular procedure which may be used.

The ehart in Fig. 24.14 can be used to evaluate the
function M.

Resullart of all side
[ﬂrc_ﬂ Fsumed to
act im tFis direclion

.ﬁ found by
sumiming fnrras
n {hig direction

13 Forces considered in simolified Bishoo method of

The simplified Bishop method also makes n — |
gssumptione  reparding unknown forces and  hence
overdetermines the problem so thatin general the valies
of N, and Fare not exacl. However, numerous examples
have saown Lhat this method gives values of F which Zall
within the mnge of equally correct selulions as deter-
mined by ecact methods. There are cases whers the
Bishop metkod pives misleading results: e.g.. with deep
failure circles when Fis less than unity (see Whitman and
Bailey, 19671, Woneticless, the Bishop method is
recommended for general practice. Hand calzulations
are possible, and computer programs are available.



24,7 FINAL COMMENTS ON METHODS
OF ANALYSIS

Sections 24.4 w 24.6 have presenied in detail methods
for computing the safety faclor for a given cross section
and given failurcare, There are additional considerations
involved inapplying these methods to practical problems,

1t 5 necessary to moke a trial and errar search for the
failure surface heving the smallest factor of sufety. When
using errsular failure surfices, it s convenient to
estakblish a prid for the centers of creles, to write at each
grid point the smallest safety factor for circles centered
on the grid point, and then to draw contours of egual
safety factor. Figure 24.16 shows an sxample of con-
tours of equal .'.:lf'E.'t':,l' factar, |- —-%f-= 4bie mmeleenis
only circles passing tangent |
stratun were considered, but in Dam

also be necessary 1o consider shi -
Shear strenpth v, = 0.7¢;;

Unit weight:
125 pel above phreatic line
135 pefl below phreatic line

, ERL 7BE05 ft

EL PE4Z5 4

57 Nis¢ 143 1, 171
N
'|

188y 147 JlE2 17

Fig. 24.16  Contuurs ol salety facio .










