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Causes of slope failure

Excavation of soil at the toe of the slope,
e.g. in order to increase the width of aroad

Excavation of soil in front of the toe of the
slope, e.g. in order to install tubes, cables, etc.

Surface loads,
e.g. traffic or construction machines

Vibration caused by traffic




Causes of slope failure

Erosion caused by surface water

Seepage flow due to heavy rain falls

Erosion due to waves

Seepage flow due to fast lowering of water level

Confined (probably artesian) groundwater

Additional horizontal load due to water pressure
In tension cracks




Shape of the failure surface %

« Weathered rock or fissured clay: failure along chasms —

« Granular soils without cohesion (c = 0): >
Failure surface = sloping ground surface

« Lightly cohesive soils: shallow slip circle >

« Strongly cohesive soils: deep slip circle >
« Highly plastic clay (e.g. Montmorillonite):

long, shallow sliding surface, slow movement of mass, .
smooth failure surfaces with very low friction (¢° =4 —10°)

 Organic ground: deep slip circle into this weak soil ———> ==

* Inclined cohesive layer in the ground: Sliding on the 7)%
surface of this layer, interface weakened by percolating water
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Possible slope failure mechanisms + analysis methods

1) Infinite slope 2) Planar failure
failure (wedge analysis) fx

S
Failure
plane

4) Combined mechanisms
(two or more sliding masses)

Failure surfaces

<3/

3) Circular
failure
surface

|
W Failure

surface




Possible slope failure mechanisms + analysis methods

* The most unfavourable failure mechanism is usually unknown

« Several possible failure mechanisms and failure surfaces have to be inspected
» The failure mechanism with the lowest safety factor is searched for

« The slope will most likely fail with this mechanism

possible
failure planes

Failure plane with " Possible
lowest safety factor failure planes




Infinite slope failure

Practical relevance

failure
_______ surface

Layer of firm soil or weathered rock
lies parallel to the surface of the slope
at shallow depth

Slip surface is constrained to be parallel
to the slope

If slip surface is long in comparison to depth
the side forces (earth pressures) E;and E,
can be neglected (E,=E))

Determination of factor of safety from
the analysis of an infinite slope

Due to spatial effects the resistance usually
IS greater, i.e. the analysis is somewhat
conservative




Infinite slope failure

No water, soil without cohesion

Reaction force at rock surface mustbe
identical to self-weight W

Reaction force can be splitted in normal
component N and tangential component T

Normal force on shear plane:
N=W"-cosf

Tangential force on shear plane
(= driving force in direction of shear plane):

T=W:-sinp
Maximum tangential force that can be mobilized:

Tmax=N-tang =W -cosB-tang’




Infinite slope failure

No water, soil without cohesion

» Factor of safety (global).

e T max _W-cosp- tang _ tang

T W -sinf tanf

 IfFS =1 (limit equilibrium):
tan f =tan ¢
B=¢

Maximum inclination of slope
In non-cohesive soll
= friction angle ¢




Infinite slope failure

No water, soil without cohesion, 2 layers

b « Self-weight W

W=y1di-b+yz-dy b
« Maximum tangential force that can be mobilized:

T max =N-tan<p2' =W-cos,8-tan<p2'

« Factor of safety (global):

Failure : :
B - T'max W cos B -tang; _ tan @,

------- T W -sinf tanf

Shear strength of the lower layer is decisive
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Infinite slope failure

Water flow parallel to slope, soil without cohesion

Analysis with effective stresses

— Consideration of buoyant weight W'
below the ground water table and
seepage force F,

Force polygon:
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Infinite slope failure -
Analysis with

Water flow parallel to slope, soil without cohesion effective stresses

* Force equilibrium normal to failure surface
N =W+ W) - cosp

» Force equilibrium parallel to failure surface
T=Fs+ (W+ W) :sinp

« Maximum tangential force that can be mobilized:
Tmax=N -tano' = (W + W) - cos 8- tan ¢’

« Safety factor:

Tmax

Fe+ (W + W) -sinf
RUEe: W") - cos B - tang’
 E+(W+W') -sinf

FS =
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Infinite slope failure -
Analysis with

Water flow parallel to slope, soil without cohesion effective stresses

« Seepage force:
Fs=fsVw=fsb-dy=vywi-b-dy
=yw'SinfB-b-d,

« Self-weight of soil:
W+W =y-b-(d-dy)+y b-dy,

FS =
b-ly-(d—d,)+y -d,] cosp-tan¢’
VW'Sin,B'b'dW +b'[y'(d—dw)+y'-dw]-sinﬂ

[v-(d—dy)+y -dy]-tang’
[VW “dy +V'(d - dw) +)/, 'dw] 'tan,B

FS =
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Infinite slope failure

Water flow parallel to slope, soil without cohesion

Analysis with
effective stresses

If FS = 1 (limit equilibrium):

y-(d—dyw)+y -dy
yw'dw +y'(d_dw)+yl'dw
1

tan S =tan ¢’ -

=tan ¢’ -

T+ 1
l_dl_]L+

Y dw VT Y

With simplified assumption y=y,=y +7yu

Yw Qw
tanf=tango - |1 — — - —
b Q- \ S d
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Infinite slope failure o
Analysis with

Water flow parallel to slope, soil without cohesion effective stresses

« Special case: water level at ground surface:

tan B = tan ¢ \1 Yw dw , \1 Yw
dan = tan . —_——_— | = tan . —_—
v Yr d ¢ Yr

Considering  y,=2-yw

1
tan,8=tang0’-E

— Maximum slope angle 3
Is only half of the friction angle
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Infinite slope failure -
Analysis with

Water flow parallel to slope, soil without cohesion effective stresses

« Special case: no water
(as already discussed above)

dy=20

P Yw dw o
tan f =tan @ _Z == an @

B=¢

Maximum inclination of slope
In non-cohesive soll
= friction angle o'
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Infinite slope failure -
Analysis with

Water flow parallel to slope, soil without cohesion effective stresses

Comparison of bodies with boundaries
being either vertical or perpendicular to
the ground surface

<

Areas are i
identical |

Fe=yy-sinf-b-d,
W+W =y-b-d—d, Dy -b-dy

— Acting forces are identical
— Solution for safety factor is identical
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Infinite slope failure

Water flow parallel to slope, soil without cohesion

Alternative analysis with total stresses

W, = weight of water-saturated soll
below ground water table

U = resulting force of pore water pressure
In failure surface

* Force equilibrium normal and parallel
to failure surface:

N +U= (W+W,)- cosf
T=UW+W,)-sinf

« Maximum shear force that can be mobilized:

Tmax =N -tang =[(W +W,)-cosf— U] -tangp
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Infinite slope failure o
Analysis with

Water flow parallel to slope, soil without cohesion total stresses

Factor of safety:

FS = Tmax [(W+W,) -cosf—U] tang
T (W + W,) -sinf

Weight of soll
W+W,=y-b-(d—dy)+y-b-dy

Pore water pressure U?
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Infinite slope failure

Water flow parallel to slope, soil without cohesion

Piezometer
tubes

Equipotential
lines

A Reference level

Analysis with
total stresses

Flow net:

Flow lines run parallel to slope

Equipotential lines run
perpendicular to the flow lines

Hydraulic head is constant
along equipotential line, i.e.
piezometer tubes show
same water level

Pore water pressure u from
water level in piezometer tube:

U=Yyw hy=yw dy- COSZ,B
Due to seepage it is not simply

uzyw'dw
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Infinite slope failure o
Analysis with

Water flow parallel to slope, soil without cohesion total stresses

» Resultant force U of pore water pressure
b
cosf

U=u-——=y,d, "cos’f-

« Setting W + W,and U into FS leadsto:
[y'(d_dw) + v dy _Vw'dw] 'tan(p’
ly-(d —dw) +vyr-dw]-tanp
With o=y +yw

FS =

[y-(d—dy) +7' -dy] -tang’

FS = ,
[)/'(d—dw)-l-]/ 'dw +Vw'dw]'tan,3

— same solution as in case of analysis with effective stresses
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Infinite slope failure

Water flow parallel to slope, soil with cohesion

« Maximum tangential force that can be mobilized:

Tmax=N -tan¢ + C’

« Cohesion force;

b

C'=c-L=c"
cospf

« Safety factor
Trmax _ N -tang + C’

B = ST W+ w3 sng
[y-(d—dw)+y'-dw]-tang0'+c'- 2

FS = cos= [
ly-(d—dw)+vy -dw +vw-dy] -tanp
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Infinite slope failure

Water flow parallel to slope, soil with cohesion, additional surface load

): °

Resulting force due to surface load
Po=po-b

Safety factor
N -tang +C'

FS = ;
E+W+W + Py)-sinf

_(W+W'+P0)-Cos,8-tang0’+C

!/

Fe+ (W + W' + Pg)-sinf

FS =

[y-(d—dy)+y ~dy +po]-tang +c'-

—1

cos? f3

[V'(d_dw)‘l'yl'dw"'yw'dw"" pO]'

tan
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Infinite slope failure

Water flow parallel to slope, soil with friction and cohesion
—1

cos? f3
[y-(d—dy)+v -dy +v,-dy] tanp

[y-(d—dw)+y’-dw]-tan<p'+c’-

FS =

Alternative formulation:

!/

tan @ c
FS =4 +B-
tan Ve d
. y-(d—dy)+y -dy
Y'(d_dw)‘l'y"dw‘l'yw'dw
y'(d_dw) + r—vw) " dw
B y-(d—dy)+yrdy
yw'dw

With y=y, A=1-—

With y» =2y, and d, =d: A=0.5
)/r'd
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Infinite slope failure

Water flow parallel to slope, soil with friction and cohesion

—1

[Y'(d—dw)+)/ 'dw]'tan§0 +c .COSZ,B

FS = ;
[]/(d—dw)+]/ 'dw+ywldw]'tan,8

Alternative formulation:

!/

tan @ c
FS =A- + B -
tan Ve d
B = yr'd
B ly-(d—dw)+yr-dy]-sinf-cosp

1
With Y B =
rev sin 5 - cosf
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Infinite slope failure

Water flow parallel to slope, soil with ¢* and ¢’

Modified Duncan stability chart

i Surface of
seepage

y = total unit weight of soil

Yw = unit weight of water Tu

¢' = cohesion intercept | Effective
¢' = friction angle }Stress :
r, = pore pressure ratio = —‘}‘:[
u = pore pressure at depth H

Steps:

® Determine r,, from measured
pore pressures or formulas at right

(@ Determine A and B from charts below
t !

M +B-

tanf y-d

!

(®) Calculate FS =A-

ry=

_Yw 1 )
y 1+tanftan0 -

Seepage emerging from slop

1.0
0.9 __L 0.1
o8 .
0.7 1103
go.e [V 4—Toa4]
S 050 7105
o / =1 A
0.2 , /
0.1 1 l
0

0o 1 2 3 4 5 6
Slope Ratiob=cotp

10

9

8
m 7
o 6
=
S 4 "
(1]
a 3 e

1

0

1 2 3 4 5 6
Slope Ratio b = cot B

o
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Infinite slope failure

Water flow parallel to slope, soil with ¢* and ¢’

Modified Duncan stability chart

From equations:
Example:

20-8
B = ! =2.31
~ sin(30°) - cos(30°)
FS=0.75 tan(20°) + 2.31
B =30° ~ " tan(30°) YT 208

v =v,= 20 KN/m3
Yw = L0 KN/m3

(P‘ — 200

c' = 50 kPa

= 1.19
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Infinite slope failure

Water flow parallel to slope, soil with ¢* and ¢

Modified Duncan stability chart

From diagrams:
b=cotf =173
X Yw 4 10

Example:

T vy, 8 20

ki
o
SN

r, =—'—"C0s’f =_-__-cos*(30°) = 0.19

o
N
S
>
R
o
N
O1
o
R
N
w
|

0.8 0.2
< 0.7] 77 /_%i o
® 0.6 |- ]
= 30° ® 0.5/ —105 2
--- —!3- 5 0,4/ A—F06 5
& o3 S &
v =7, = 20kN/m3 0.2\
Yw= 10KN/m3 oA :
( — 5A0 0o 1 2 3 4 5 6 K
© = 20 Slope Ratiob=cotp
c' =50 kPa — same solution

2 3 4
Slope Ratio b =cot
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Plane failure —wedge analysis

Practical relevance

e
Failure
plane

Plane failure may occur
In steep slopes if there
are any predominant
sliding planes (weak
surfaces oriented in
unfavourable directions)
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Plane failure —wedge analysis Acting forces:

No water N=(W + P) - cos?

h/tan ® T=(W+ P) -sinV

1 . h h
sz.y.h .<tan19_tan,8>

P R \ 1
| \ =—-y-h?%:(cot — cotB)
i > Falil A ’
| 5 \ ~ P \tano tanf

h A =p-h-(cotd — cotf)

Maximum shear resistance
on failure plane:

Tmax=N-tang + C’
c-h
sind

C=c- L=
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h/tan 9

Plane failure — wedge analysis <

No water

Factor of safety: h

-
-

FS_TmaX_N-tan<p'+C’ Y
T  (W+P)-sind

_(W+P)-cosw9-tang0'+C’

(W + P) - sin9
= \%V +h* - (cot¥ —cotf) +p-h-(cotd — cotﬁ)] cos ¥ tang + §1r;i9h
B‘-y- hZ - (cotd —cotf)+p-h-(cotd — COt,B)] *sind
[%-y -h? +p- h] - (cot ¥ — cotf) -cos ¥ -tangp + gir;@h

\%-y-hz +p-h]-(cot19—cot,8)-sim9
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h/tan 9

X

Plane failure —wedge analysis

No water

Specialcasec'=0,p =0

tan¢’
~ tand

For FS =1;

tan 9 = tan ¢’
v =q'

— Slopes steeper than = ¢" are not stable
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h/tan®

Plane failure — wedge analysis hanp 7]
DN

\
Y.

No water

Specialcasec'#0,p =0

!

1 2 ! c *h
o =2-y-h *(cotd —cotf)-cosV-tang + g
%-y-hz-(cotﬁ—cotﬁ)-sinﬁ
, - h :
For FS = 1: c =VT' (cotd —cotf) - (sin —cosV -tang ) - sinV
c =y-h-K. K. = cohesionfactor
1

Ke=5 (cot9 — cotB) - (sin — cosI - tan¢ ) - sin¥
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Plane failure —wedge analysis

No water

possible
failure planes

Failure plane with
lowest safety factor

« Variation of 9 in order to find the failure plane with the lowest safety factor
— Slope will most likely fail under this 9

e In this case the minimum FS is found for B+ ¢
190 —
2
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Plane failure —wedge analysis

No water

Specialcasec=c,, ¢=0,p=0

h/tan 9

T max Cy
BS == =W sino
_ 2 Cy
~ y-h- (cotd — cotf) - sin2d
y-h
ForFS=1: ¢, = — (cot 9 — cotf) * sin%V
Cu=y'h'Kcu
1

K. = 5 (cot ¥ — cotf) - sin?V

Searching 3 for smallest FS leads to

-
-
- ——————

Vo

N ™
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Plane failure —wedge analysis

No water

Specialcasec=c,, ¢=0,p=0

Vertical excavation: 3 = 90°

For FS =1 with 9, ='§:

_yho [ B 8l sinz p
Cy = ——"|cot| 7 | = co p |- sin >
y-h [ [90° Ao, (90 v-h
= _cot )~ cot(90°)| - sin > Cp=——
4-cy A vertical excavation can be

Free standing height: | h = h, = undertaken without a wall

up to this depth
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Plane failure —wedge analysis

No water

Specialcasec=c, ¢=0,p=0

Vertical excavation:_3 = 90°

Comparison to solution from earth
pressure theory (lecture Soil Mechanics)

« Maximum (= active) earth pressure obtained from dE/93 =O0:

.yr.hZ_Z.Cu.h hC

VORI

9, = 45° E, =

Cu, YI’

« Free standing height h 4-cy v

without wall from E_ =0: c v,
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Plane failure — wedge analysis

Seepage flow within wedge .

Analysis with effective stresses

A, A, = cross-sectional areas
within wedge above and below
ground water table

Fi=fsAy=vyy i-Ay=yy-sind- A, F. acts approximately
parallel to failure plane
W=y-A41=y-(A-4y) W =y"A;
T max N'-tang +C’ _ (W+W"-cos9-tan¢@ +C’

FS = = L L
T (W+W) Slnﬂ+t's (W+W) Slnﬁ+t's
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Plane failure — wedge analysis

Seepage flow within wedge

Analysis with total stresses

A;, A, = cross-sectional areas
within wedge above and below

ground water table
U=y, Az -cosd
W=y-A=y-(A-A)

, , U
Wr=vy,A2=(U +vyw) 4, =W + =W +

cosV sin9

N -tang +C’ [(W+W,) -cosd—U]-tang +C’

FS — Tmax

T  (W+W,) sind (W + W,) - sind
B (W+W"-cos9-tang +C’

Same solution as with effective stresses

(W+W")-sin9 +F,
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Plane failure —wedge analysis

Homogenization of soil parameters in case of two layers

hy\° hy\°
—y 1= (22 22
Y =" [1 (h) t72 <h>

h h
C =cl-<1—72>+cz-72

Slope stability is analyzed with these averaged parameters
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Circular failure surface

« Collin (1847) observed slope failures in overconsolidated clay with
curved failure surfaces

« Fellenius (1926) proposed to approximate the failure surface by acircle
(so-called slip circle) passing the base point of the slope
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Circular failure surface

Analysis without slices

Frictionless soil with cohesion
(e.g.c,#0, ¢,=0)

« Self-weight W

W=m, vy h?

m,, = factor ofgeometry

my = f (B, 9,%)

W acts in center of gravity
of sliding mass, in distance
v to center of slip circle

rw=ny - h

ny =f(6,9,9)

plane

Failure
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Circular failure surface

Analysis without slices

Frictionless soil with cohesion
(e.g.c,#0, ¢,=0)

e CohesionC

— Differential cohesion
forces c - ds along failure
plane are added to a
resulting vector C

— The same C is obtained
If ¢ is multiplied with the
length of the chord

Failure
plane

>

real distribution -- assumed distribution

of cohesion stresses along chord
along arc (simplification)

C=2-c-R-sinq/2)

— C acts parallel to the chord
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Circular failure surface

Analysis without slices

Frictionless soil with cohesion
(e.g.c,#0, ¢,=0)

e Cohesion C

— Moment of differential cohesion forces

c ds around center point of slip circle:

M,=R-c-ds=R-c-R-dy

=C'R2'1/J=C'7‘C
Mc_ C'Rz'l/)

Failure
plane

assumed distribution
along chord
(simplification)

real distribution -~~~
of cohesion stresses
along arc

T _2-c-R-sin@b/2)

re=

R

p[rad]

-sin®/2 )

Failure analysis with slip circles is based on momentum equilibrium
— It IS Important to consider the exact moment M,
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Circular failure surface

Analysis without slices

o o . W
Frictionless soil with cohesion

(e.g.c,#0, ¢,=0)

 Force N acts normal to the
failure plane

* In order to fulfill equilibrium
of momentum the line of
application of N passes the
intersection point of W and C

« Line of application of N passes
the center of the slip circle,
since all stresses ¢ act
normal to failure surface,

l.e. N causes no moment
around center point of slip circle
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Circular failure surface

Analysis without slices

Frictionless soil with cohesion
(e.g.c,#0, ¢,=0)

Necessary c,,, for preventing slope failure
from either force equilibrium (force polygon)
or equilibrium of momentum:

MW:MC W'TW:C'T‘C :
mW'V'hZ'nW'h:Cmin'RZ'lp
K.=
m 'n - 'h3 m N . hz C .
Cmin = W RZW Y Cmin = KC' )4 h KC — WRZ .W cohesion
Y e factor
Factor Fe— - - °© c = cohesion of soil determined from

of safety: Cmin Kc'y-h laboratory tests (e.g. c, from UU triaxialtests)
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Circular failure surface

Analysis without slices

Frictionless soil with cohesion
(e.g.c,#0, ¢,=0)

Variation of geometry (3,y), until the failure
circle with the lowest safety factor (highestK,)
Is found — corresponding parameters 3, v,

" Possible
failure planes

Solution in form % w"o‘\
Kcl  of diagrams: e —y o
0.3 80° Pl Solld_ Ilnes:.
i ,44_/% 60° = Fallure-cwcles
’ _—a L0° S, T Dashed line
01 | —p—=" 200 —2—=="p12 = wedge failure
0 ’ - 0 i | _(overestimates
30° 50° ZO 9Q° B 30° 50° 70° 90° B FS |)
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Circular failure surface

Analysis without slices

Soil with friction and cohesion
(i,e.c' =0, ¢'=0)

« W and C identical
to last example

« Line of application
of reaction force Q
passes intersection Q

: W
point of W and C

« Line of application
of Q touches the Failure
Jfriction circle” plane
with radius

ro=R - sin ¢’ C |




Circular failure surface

Analysis without slices

Friction circle

friction

Incremental forces circle
along failure surface:

dN' =o' -ds dT =1- ds
dQ = \/(dN")2 + (dT)?

In failure state:
T=0'-tang’

dT = dN' - tang’

All incremental forces dQ
touch circle with radius rq

ro=R - sin ¢’
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Circular failure surface

Analysis without slices

Soil with friction and cohesion
(i,e.c' =0, ¢'=0)

Two possibilities for global safety factor: wl \a

1. Via cohesion

« The radius rqis calculated with the
effective friction angle ¢’ of the soill v
(e.g. from laboratory tests) C

 Necessary ¢, for preventing

slope failure from force polygon: C'min=Kc'y-h

« Safetyfactor. | FS = =

50



Circular failure surface

Analysis without slices .'
friction —\
) ) o ] circle 1
Soil with friction and cohesion

(i,e.c'#0, ¢'=0)

Two possibilities for global safety factor: wl \a
2. Via friction angle :
________ - Failure
« C'is calculated with the cohesion plane
c' of the soil (e.g. from laboratory) v
B |

* The force polygon delivers the
direction of the line of application of Q

« The line of application of Q is layed through the intersection point of W and C°

« The friction circle is constructed around the center point of the slip circle,
touching the line of application of Q — radius ro — necessary friction angle ¢";,

- Safety factor: FS =tan(¢") /tan(¢’min)
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Circular failure surface

Analysis without slices

Soil with friction and cohesion y Xm [N

(i,e.c'#0, ¢'=0) — 1
 Variation of geometry h, I 0 —— —
. . . E—— \ / 0
until minimum of L 1 Q\\\\\\/ggo
safety factor is found ~ 10
-1 —
«  Solution in form e T

. K. | h, /h

of diagrams: 0 e

020 4971 2
« No cohesion O - .
. /// 30° \\\ ymo
necessary |r‘1 oo = 1 woe .
case of B =¢ e == [ =P

P
//

0 i - 0 o
307 207 70° 90° B 30° 50° 70° 90° B
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Circular failure surface

Analysis without slices

Soil with friction and cohesion

(i,e.c'#0, o= 0)

Another
representation
of the same
relationship
by Taylor

¢
K _ min
c ]/'H

K.iscalled
,Stability number®
in this chart

0-25

0-20

(=]
-k
(4]

Stability number, ¢, /yH
o
o

/
0-05

Failure
T surface

Stratum which cannot be
penetrated by slip circle

Dotted lines
consider

D=T/H

AN

Slope angle, (°)

80 90




Circular failure surface

Analysis without slices

Simplifications in case of more complicated geometry

« Slope with berm:

L Analysis with average inclination g

AB v

Analysis with substitutional height h,
so that the sliding mass is identical for
the original and the simplified geometry
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Circular failure surface
Analysis without slices

Consideration of surface loads

« Distributed load of magnitude p <y - h/3
— Replacement of p by increasing the

e R e e T &
_--—p— ——-/.’* Yy +/T+ 3 height from h by h, =p/y toh
h Ih N — Over the height h, there is no shear
L o shear P
strength strength along the failure plane

— application of averaged shear
strength parameters c, ¢ necessary
(appropriate formulas are given later)

« Larger distributed load
l l i l i l g Leads to deep slip circles with
Ih toe in considerable distance to the
------------- - base of the slope
— simplification not meaningful
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Circular failure surface N—

Analysis without slices R Sy\
Consideration of surface loads | -, |

(traffic loads) \

|
friction —\

o | ~
o ~
|
|

S rr R a Ty

|
' traffic load has

to be set into
approach

circle

/ ~ ]
LT lp

Traffic loads are only set
iInto approach outside the
friction circle because inside
that circle they increase

the resistance

A detailed explanationis
given later based on the
analysis methods using
slices

traffic load increases resistance,
must not be considered
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Circular failure surface _
Averaged soll

Homogenization of soil parameters in case of two layers parameters:

« Specific weight:

_Y1rAi1+vy2- Az
A1+ A

« Friction angle:
0121 Y1+ Q27273
z1 Y1+ 220 Y,

« Cohesion:
. ci1 1+ 2t P2
P1+1;

Ai, A, = cross-sectional areas of soils 1 and 2 in the sliding mass
P,, P, = center points of the failure surface in soils 1 and 2
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Circular failure surface e .

Analysis without slices ¥ B Sy\"’

Seepage forces and i B ” . E
riction ~<

surface loads ) \ (Vs 1 P
circle % I 7 £y
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Circular failure surface

Analysis without slices

Step 1.

Summation of all
vertical forces

Ri=P+W+ W

W = Y- A1

WI — yl . A2
Distance of R, from
center point:

W'-r1+W-r2+P-r3
P+wW+ W

TR1—
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Circular failure surface

Analysis without slices

Step 1.

Summation of all
vertical forces
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Circular failure surface

Analysis without slices

Step 2:

Summation of R, and
seepage force F,
— resulting force R,

Fo=fsAy=vyw i A
= Yw" Sin B,,- A>
F. acts in the center of

gravity S, of area A,
below ground water table

Lines of application of R,
and F,intersect in pointP,
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Circular failure surface

Analysis without slices

Step 2:

Summation of R, and
seepage force F,
— resulting force R,

Line of application of R,
IS obtained from the
force polygon and
shifted parallelly

Into the cross-sectional
plan passing point P1
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Circular failure surface

Analysis without slices

Step 3:

Summation of R, and
effective cohesion force C°
— resulting force R,

C'=2-c-R-sin@/2)

Y[rad]
2-sing®/2 )

.= R

Lines of application of R,
and C' intersect in point P,
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Circular failure surface

Analysis without slices

Step 3:

Summation of R, and
effective cohesion force C°
— resulting force R;

Line of application of R,
Is obtained from the
force polygon and
shifted parallelly

Into the cross-sectional
plan passing point P,
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Circular failure surface ,

I -~

IS Wi i friction
Analysis without slices 4 Rsm(p <j—r" ictio

V\' circle
l

Step 4.

Determination of
friction angle o', being
necessary for slope stability

« Reaction force Q in
failure surface has same
magnitude as R but acts
In opposite direction

« Line of application of Q
touches the friction circle
with radius

=R -sin @Imin )
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Circular failure surface ,
! >~ friction
4 R sin (Pmln \‘: circle

\

Analysis without slices

Step 5:

Calculation of
safety factor

tan ¢’
tan(¢ min)

FS =

o' = effective friction
angle of the soll

Alternative:
Safety factor via cohesion
(similar as explained above)
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Circular failure surface

Analysis without slices

Different equivalent methods
to consider buoyant forces

Method 1: WH+W =y-A1+7 -4y

Method2: W +W =W*—=B=y-(41+4)) - ¥ -7 4,
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Circular failure surface

Analysis without slices

Slope stability charts . >

of Hoek & Bray o e e ,
i Tension T
| crack Ground
i water
| Failure level at
: surface surface

 Different charts for different conditions of ground water within the slope

« Slip circle starts from a tension crack at surface and runs through the toe of
the slope

« Charts can be used for an estimation of safety factor FS or for a back analysis
of the shear strength parameters from an existing slide
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Circular failure surface
Analysis without slices

Slope stability charts
of Hoek & Bray

Chart No 1

NN

Chart No 2

/

Chart No 3

/

Chart No 4

%

Chart No 5

;

Fully drained conditions

Surface water 8 x slope
height behind toe of slope

x/h =8

Surface water 4 x slope
height behind toe of slope

x/h =4

Surface water 2 x slope
height behind toe of slope

x/h =2

Saturated slope subjected
to heavy surface recahrge
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Circular failure surface
Analysis without slices

Slope stablility charts of Hoek & Bray

1.

C

y-h-tan @

tan @
FS

Decide upon the groundwater conditions
which are believed to exist in the slope.
Choose the corresponding chart

Estimate shear strength and unit weight
and simplify the geometry in order to ,
get h and 3 ¢

Calculate the dimensionless ratio ¢'/¢ - h-tan¢’ ) S
and find this ratio on the outer scale of the chart

Follow the radial line from the value found in step 3 to its intersection with
the curve which corresponds to the slope angle 3

Find the corresponding value of tan ¢’ /FS at the ordinate and
c /(y-h-FS) at the abscissa and calculate the factor of safety FS

Slope angle [
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Circular failure surface

Analysis without slices

Slope stablility charts of Hoek & Bray
tan @

ES

Additional charts are available for the
determination of the position of the
tension crack and the critical slip circle
(not presented herein)

Slope angle [
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Circular failure surface

Analysis with slices

Sliding mass is divided in several slices
3 to 10 slices usually are sufficient

A larger number of slices does not
lead to a higher accuracy because

of the uncertainties in the shear
strength parameters and the water
levels / pore water pressures assumed
In the analysis

Division into slices should be adapted
to the soil layers (only one type of soll
in failure surface of a certain slice)
and surface loads (border between
two slices coincides with start and
end points of distributed loads)

!
_Efﬁfifil///l//<; Failure

surface
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Circular failure surface

Analysis with slices

« The available methods differ
with respect to the definition of
safety factor and assumptions
on forces acting on a slice

W, = total weight of the slice
(y above water level,

v, below) =
. |
P, = surface load -7 N\
. = Y i
E;, E, = earth pressures on both sides of slice =t %
- - I\ \
U;, U,;= water pressures on both sides of slice Ly \ i\
_ - - \ \
T,= shear force in failure surface \/\

N" = effective normal force in failure surface
U, = resultant force of pore water pressure in failuresurface
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Circular failure surface

Analysis with slices

Ordinary method (Fellenius, 1936)

Force equilibrium in direction
perpendicular to the failure surface

(Wi+Pi)'COSl9i=N’ + Ul'

Maximum shear force that can be
mobilized in failure surface:

Timax=N -tan ¢';+C;
= [(W;+ P)-cos9;—U; ]| tan ;' +C/
Total resisting moment: Lateral forces on

slice are assumed to
Myes =Timax" R compensate each other
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Circular failure surface

Analysis with slices

Ordinary method (Fellenius, 1936)

Total driving moment:

Mgriv = (W;+ P;) - R-sind;

Global safety factor:

_ Mres (Radius R can
FS = o
M griv be eliminated)
{{(W;+ P;)-cos¥;— U;] - tan ¢; +C;'} T\/\ \
FS = - I\ i\\
( Wi+ B -sinv; \\ \
U L b c' L c’ b; \\"/Li'\
= u - = Uu - =C - —_ .
cosV; cosU;
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Circular failure surface

Analysis with slices

Method of Krey

Force equilibrium in vertical direction
Wi +Pi = (N_, + Ul) " COS 19i+ Tl" sim9i
l

Assumption of limit equilibrium:
T,= Ti,max

Maximum shear force that can be
mobilized in failure surface:

Ti'max == N, - tan (pl’ + Cl,

N = (Ti,max -/ ) ) COt(pi’

Lateral forces on B ‘-/,‘»
slice are assumed to L
compensate each other
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Circular failure surface

Analysis with slices

Method of Krey

Force equilibrium in vertical direction

Wi +Pi = (N, + Ul) " COS 19i+ Ti' sim9i

Wi+ P; = [(Ti,max _Ci,) ' COtQDi’ + Ui] rcosV; + Ti,max + sinv; K ﬁ\\.‘
ﬁi)\/t_ I\\
I 4 \\“/L-'\
. Wi+ P;+ C -cote; - cosd;— U;* cosV; o
bmax cot @; * cos 9; + sind;
bi bi
U.=u.-L.=u.- C.,=C.,-L =C,-
R TN cos l l cos VI,

Wi+ Pi+ C’ . bi' cot QOl', — ui-bi

Ti,max

cot @; - cos9; + sinVY;
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Circular failure surface

Analysis with slices

Method of Krey

Total resisting moment Myes = T;max " R

Total driving moment M qriv = Wi K P; ) R-sind

Global safety factor:

W;+ P;+ c',-bl--cotq)i'—ui-bi
o M, _ cot; -cosV; + sinv;
M ariv ( Wi+ )'Sinﬁi
P;

(Radius R has been eliminated in enumerator and denominator)
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Circular failure surface

Analysis with slices

Method of Bishop (1955)

Force equilibrium in vertical direction
Wi +Pi = (N_, + Ul) " COS 19i+ Tl" sim9i
l

Shear strength is assumed to be
only partially mobilized

1
T,= F? Ti,max

T max = N’ -tan ;i +C/

NI

(Timax =Ci") - cotg; Lateral forces on
(FS-T; — C;) - coto; slice are assumed to i
compensate each other

NI
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Circular failure surface

Analysis with slices el
Method of Bishop (1955) /

/
Force equilibrium in vertical direction | /
Wi + Pi = (N, + Ul) * COS 191' + Ti' sim9i L S\f{iix/ FS T\ max
Wi+ Pi: [(FS'Ti—Ci’)'COtQDi’-FUi]'COS‘l9i+Ti'SiIll9i / %

{a—— \
|\\ | U-\‘\
ﬁi/\T_S_\I Y
’ ’ \‘A/L-'\\
Wi+ P;+ C -cot; - cos9;— U;* cost; S
FS - cot@; - cosV;+ sin¥;

b; Cle el , b
S = C; =Cc -
cosV; Lo cos VI;

i

U=u; Li=u;-

_ Wi+Pi+ c'-bi-cotgoi'—ui-bi . (Wi+Pi —ui-bi)-tangoi'+c'-bi
B FS - cot@; - cosV;+ sind; B FS-cos¥9;+ sin ;- tan ¢;

i
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Circular failure surface

Analysis with slices

Method of Bishop (1955)

Total resisting moment

Mres:Ti,max'R:FS'Ti'R

-

/
1 \ I
/ \ I
/ \
/ \
/ \
/ \
/ \
/ \|
/
J / s
/ f _-
/I =y
/ = f}lX
_____ g
= 'JTi =1/FS T max
/’/’/
Y

Bt
\\__ \\
. . . ‘\\\ 1 Ui\\
Total driving moment M griv = W, P; ) - R -sind; @ﬁ%/;
Lol M

Global safety factor:

(Wl-+Pl-—ui-bi)-tan<pl-'+c'-bl-

M, cos V; + 1?15 -sin9;* tan @;

B = _ _
M 4riv ( Wi+ B;-sind;

lterative determination
of FS necessary, since
FS is present on both
sides of equation

(Radius R has been eliminated in enumerator and denominator)
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Circular failure surface

Analysis with slices

Method of Bishop (1955)

|
-
.
-
.
>
-

_____

Additional external moments not captured in —= ok 1= 1/ FS Timay
the forces considered so far: ﬂi\)‘:fS\N
ﬁl‘/lk Ui\\
W;+P; —u; b)) -tang; +c - b; e
R - ( L L 11 l) Pi , l + Mres,add \A/Lr
M o cos 9; + FS' sin ¥;* tan @;
M griv R-Wg+ P; ) -sind;+ M griyadd
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Circular failure surface

Analysis with slices
Method of Bishop (1955)

Example: Anchors

Fa
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Circular failure surface

Analysis with slices
Method of Bishop (1955)

Example: Anchors

« Only anchors lying outside
slip circle cause additional
force in failure surface
and thus additional
external moment

« Anchors inside slip
circle are not
considered, they
are causing
internal forces
only

@
®|® o
iy anchor inside
sliding mass
@ / (no external
moment)

Fa

anchor outside sliding mass
— external moment
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Circular failure surface

Analysis with slices

Method of Bishop (1955)
Example: Anchors

Additional tangential force in
failure surface due to anchor:

FAI:= FA'COSlQi+C¥A )

Additional moment resulting
from this tangential force
(acting against sliding direction):

MAt =—FAt'R =—FA-cos(19i+aA) 'R

Additional force in vertical direction:

FAv= FA' Sil’lC(A
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Circular failure surface P prestessing

anchor force F,q acts
in initial state

o

Analysis with slices

Method of Bishop (1955)

Example: Anchors

Fao
 Prestressed and

non-prestressed

anchors have to ¢ Naanehar joree
.o . in initial state

be distinguished

* Prestressed anchors:
Fao IS considered on
the side of driving
moments (reducing)

~ Fapacts also
in failure state

Fao

PNy Anchor force
"~ F4 is mobilized in
failure state only

Fa

* Non-prestressed anchors: F,is considered on the side of resisting moments

(increasing)
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Circular failure surface

Analysis with slices
Method of Bishop (1955)

Example: Anchors

Safety factor:
M res
FS =
M driv

1
Ms =R -

| 29

' anchor force Fp, acts

| o2
AR

.. No anchor force

Due to prestressing

in initial state

Fad

in initial state

(Wi +Pi +;S . FAi' Sin aAL-+ FAOL" Sin aAol-—ul--bi

_ Fppacts also
in failure state

Fao

Anchor force

Fa

" F, is mobilized in
failure state only

)-tancpi'+c'-b,;

+R - Fyi cos U; Hay;

Mgriv=R - Wi-}{Pi

cosy +

FS

-sin 9;- tang; '

) s sin9; — Foi- cos @ +aq0; )
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Circular failure surface

Analysis with slices

Method of Bishop (1955)

Example: Piles

Additional external force
and moment due to piles
cut by the failure surface
only

Piles fully lying within
slip circle are considered
by an increased
self-weight only

(YConcrete =25 kN/mS)

not ~._
considered considered

PERAER 2

piles

¥~ failure surface
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Circular failure surface

Analysis with slices

Method of Bishop (1955)

Example: Piles

« Safety factor:

(Wi + P; —u;- bl) - tan (,0’ + C’ -b; + Rg; - cosV;

R c
1 . ,
M o cos U; + Fgsin Y;-tan @

T Mg R- (W, + P, -sind,
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Circular failure surface

Analysis with slices

Method of Bishop (1955)

Example: Free water

Additional moment
(acts against sliding direction):

Maaa,u = Urw,i* Turw, 4 . _—

Additional vertical force: Upy ;- cosp

(Wi+Pl-—ul- - b; + Urw -cosﬁ)-tan(p'+c'-bi

M, cos I; + F%S’ - sin Y;- tan ¢’

M griv R- (W;+ P;)-sin9;—Mauqqu
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Circular failure surface |
:// R sin (P' %

/

Analysis with slices ,

|
friction —,

circle

Traffic loads

Safety factor from ordinary

method with U;,= 0, C,=0

[(W; + P;) - cos¥9;] - tan @;’

FS =
( W;+ P;-sind;

For 9;<¢":

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
{
|
|
|
|
|
|

(Wi + Pl) - Sil’ll9i
< (W;+ P;) - cos ;- tang’

within friction circle 9; < ¢'
= N;-tan ¢’

sin 9; < cos J; - tang’
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Circular failure surface Fallle.*
/ Rengor
Analysis with slices i <

|
friction —,

\

) circle
Traffic loads

Example: ¢ =30°
9,=20°: sin(20°) < cos(20°) - tan(30°)

I
|
I
|
|
|
|
|
I
|
|
|
1
|
|
|
{
|
I
|
|
|
I

0.34 < 0.54

9,=30°: sin(30°) = cos(30°) - tan(30°)
0.50 = 0.50

9, = 40° sin(40°) > COS(4OO) ] tan(30°) within friction circle 9, < ¢'
0.64 > 0.44

For 9, < ¢ additional driving force and moment due to P;is smaller than
additional resisting force and moment due to P,
— P, has positive effect on slope stability

— Traffic loads must not be set into approach inside friction circle
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Circular failure surface

Analysis with slices

Generalized Bishop method considering lateral forces

'€ bi >
E | Polygon of all
— | 5 Eq lateral forces:
Ir
8” (/Wi N .. o <7 W“ AS'
____\_ 5 W Eli
E )} \ (7 < ri Eri
li
—> W,
Wi -l---& "
7T : Ti’\\ AS; = resultantforce
\ iﬂiNi \ of all lateral forces
\\ Ui \\\

Simplified method:

\\\/L\\ &= 0 (|e E” = El‘i)
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Circular failure surface
Analysis with slices

Generalized Bishop method considering lateral forces

Force equilibrium in direction n-n .
(perpendicular to AS):

(W;+ P;)-cose; = (N;' + U;) - cos(9; — &) + T;i"sinQ; —¢; )
1 1
T; :F_S'Ti,max :F_S' (Ni -tan<p§’+ci’-L )

(W;+ P))-cosg; = (Nii_l—ui - L;) - cos@i—¢; )
+F—S-(Ni'-tan<pl:’+cl-’-L ) - sin@; —¢; )
1

, (W;+ P;) -cos&; —u;-L;-cos @; —ei)—;S-ci’-Li-sin@i—ei )

l

N

cos(V —8)+'13.Ts.-tang0 "sin(¥ —¢€)
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Circular failure surface

Analysis with slices

Generalized Bishop method considering lateral forces
Ti,max:N’ ' tan (Pi, +Ci’ - L; ol

Driving and resisting moments:

Maiv =R- (W;+ P;)-sin9; (same as in case of ¢=0)

Mies=R- Ti,max
=R-N(-tang; +c¢/-L; )
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Circular failure surface
Analysis with slices
Generalized Bishop method considering lateral forces

Safety factor considering inclination g, of resultant lateral force:

Mes R- N(-tang; +¢/-L; )

FS = =
Mdriv R - (Wl + Pl) . Sil’ll9i

R -

(Wl-+Pl-)-cosel-—ui-Ll--cos(ﬂ—e)—%—gc’;L-ginﬁeie ) , ,
; T ; -tan@; +c¢; -L
cos@ — ¢ )+F§tan<p’i-sinz9(—€ )
RVV(‘l'Pl )'Sil’lﬁi

The difference (= error) in the safety factor between the generalized and the
simplified method (g, = 0) of Bishop is usually less than 5 %!

— The simplified method of Bishop neglecting lateral forces is usually applied
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Circular failure surface

Analysis with slices

Simplified Bishop method is also used in common commercial software

e o
99999 Lot T, Degree
s e I Bty of mobili-
= E e T S zation p
/ =R 1‘—"”{’ i
g = e oo o
SRR LR PR e \

l |

oy +

T
‘o m
N

55
)

)

Here: GGU software
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Circular failure surface

Dam on weak ground

Failure on circular slip
surface in the weak ground

Center of slip circle is
assumed to lie above
the center of the slope

Self-weight of dam:

Wa=my " ¥pam " h?

rw2="ny"h
Tm hm
my, ny =f<ﬁ)7;7>

Earth pressure:

1
E1r =E'yDam 'hZ'Kah

K,, = tan? (45° — <PD2am)
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Circular failure surface

Dam on weak ground

« Driving moment around center point:

h
Mariv=Wy ry2+ Eq2° <hm — §>

1
=mW 'VDam .hz .nW .h_|__.yDam .hz .tan2(450_(pDam). hm —

2 2 3
5 1 ®Dam h
= ¥Dam * h*" mw-nw-h+z-tan2(45°— > ) hm—§
» Resisting moment due to cohesion:
) Y R hm
Mres:Mc:Cu,min'R l/J COS 7 = — lp=2' arccos | —
rm Tm

h
= Cyumin "R? - \2 + arccos (r—m)‘
m

« Equilibrium of momentum: M g4y = M
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Circular failure surface

Dam on weak ground

« Equilibrium of momentum leads to
undrained cohesion necessary for
slope stability:

' 1 h
Cu,min = ]/Dam ) l’mw Ny h+ > - tan? (450 gDDam) . <hm _ _)‘

2

=K. VYpam " h K. = cohesionfactor

h 1 ®Dam h
KC=W-|mW-nW h+ - tan? (45° — — )-(hm—gﬂ
Tm hm
=f<,3r<PDam,7,T>

- Safetyfactor |FS=—-5
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Circular failure surface

Dam on weak ground

 Variation of r,/h and h.,/h, until slip circle LW, -
. . u
with lowest safety factor (largest K,) is found Cu i 8 9,=0 |°
e Solution in form of diagrams:
) hmih ) rm/h ,
I s 4
Cumin = K¢ Ypam " I o[ m—rrr - —p 7
e 14— /"
==’ f3=— /
K. | — =400 I & 2 E/
- =30° P /
0.2 }—-- 1 (. I ‘
3 | | ol
3 : I = T‘,,.4__;_ﬂ115£ o} /n %(p(-
\ ‘ |
\‘ S '\\<\4 }ﬁ=g) I sl jﬁ/
el “"‘é&;i“}“ 1B=7 S L e /]
e Y R AR Vi g-o!
T — 2
0 : o 0 l - 0 s
0 2 A 6 8 hid 0 2 4 6 8 10 dh O 2 4 6 8 10 d/h

« Can be used to estimate the maximum possible height h of embankment
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Slices method for failure surface parallel to the sloping ground

(according to Janbu, 1955) 1
:<_|>i _ _/If_\/j_i
i | \ | ; | | | ﬁ‘I |
:/i Ao e A A A R
W by ibngl ibug! b ibigl 1 i byiby!
L €€ €I EC DD |
¢
\\ ﬂl 1/ !
X T; _ (Wl'+ P;,—u;-b; )-tangol- +c -b;
0 cos¥; 29 +1 . tan - tanc.
///%ri\ l cos?¥ + .- tanv;- tang;
\\ : N,i\\ I /
\‘\:ﬂi ‘\ (Wi+Pi —ul--bl-)-tan @i +C 'bl’
\\ U; Fp res cos?9;+ 1%9 -tan 9;- tang;
\\ ) FS = d =
\‘/L-'\ \ Fhrdriv ( Wi+ B tand;
\ |
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Failure mechanisms with multiple sliding masses

Example 1: Two wedges on weak soil layer

Outer failure

surfaces
Hodograph:
. Vi
Inner failure
surfaces v
, Soil | v\~ /v

Outer failure c,, 0
surfaces ¥

/ Soil Il (thin weak layer): ¢, (Pu/

Relative displacements / velocities of soil masses from hodograph:

« Draw velocities v4, v, In the directions of sliding of both soil masses on outer
failure surfaces, starting from same point

* V,, = Vvelocity of wedge 2 relative to wedge 1: tip of vector v, to tip of vectorv,
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Failure mechanisms with multiple sliding masses

Example 1: Two wedges on weak soll layer

1. Estimate safety factor FS
2. Reduce shear strength parameters by 1/FS

¢ T Tg Outer failure
surfaces

Inner failure
surfaces

Outer failure
surfaces

AL
/ Soil Il (thin weak layer): ¢, ¢
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Failure mechanisms with multiple sliding masses

Example 1. Two wedges on weak solil layer

3. Calculate forces with reduced
shear strength parameters Soil Il (thin weak layer): ¢,, ¢,

Ci" =cy* " Lq

C* =c/" - L

Ci12"=c;* " L1y

Important: only mechanisms
with compressive normal
forces on all inner and outer
failure surfaces are allowed
(no tension)!
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Failure mechanisms with multiple sliding masses

Example 1: Two wedges on weak soil layer

4. Determine residual
tangential force AT

y Q> (from wege 2)

\

¢ AT

If AT is acting in sliding direction — safety is higher than estimated FS (additional
AT Is necessary to cause failure) — next iteration with higher FS until AT =0
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Failure mechanisms with multiple sliding masses

Example 1: Two wedges on weak solil layer LAQe— /aq.,

Procedure in case of

/ Qz_
LAQ, —'
/

partial safety factor concept Qrz [/
. a4 W
Calculate design Cl :
values of shear G
Bifls Q o
strength parameters [l 1 \
tan §0k Ck L ‘gﬁ{@u (from wege 2)
tan god — Cd e H AT
]/<p Ve

Multiplication of the shear strength parameters with the degree of mobilization
tan @4 = u-tan@q Cq" = HU" Cq
Iteration of p until AT =0

Necessary criterion for slope stability: p <1
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Failure mechanisms with multiple sliding masses

Example 2: Sliding of two soil masses
on sloping rock ground

Inner failure
surfaces

LA Q; —
l

I_ -

-
-
-

Outer failure

LA AT surfaces

Friction angle ¢* in all failure planes
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Failure mechanisms with multiple sliding masses

Example 3: Surface load, seepage and anchors
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Failure mechanisms with multiple sliding masses

but with increased surface load, opposite direction,

. l.e. estimated FS
no anchors, no cohesion
too large

Example 4: Similar to example 3, / AT acts In
P

LA Q —/
//AT -~

LA G
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Failure mechanisms with multiple sliding masses

Example 5:
Three soil masses

Hodograph:
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Failure mechanisms with multiple sliding masses

Example 5: ipg
. Mass 1
Three soil masses

Cii, @y

Soil ll:
Ch<C




Failure mechanisms with multiple sliding masses

Example 5: ip
. Mass 1 “
Three soil masses \

After reduction
of shear strength Soil I:

— smaller AT @
Mass 3

Soil ll:
Ch<C
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Failure mechanisms with multiple sliding masses

Special case: Block sliding method

« Vertical inner sliding planes (similar to slices methods), 3 to 5 blocks
« Horizontal earth and water pressure forces between individual masses

« Estimation of safety factor FS, reduction of shear strength parameters with 1/FS
 Iteration until AT =0

Mass 1
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Failure mechanisms with multiple sliding masses

Special case: Block sliding method

Step 1: Force polygon for mass 1 P, |

<
<
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Failure mechanisms with multiple sliding masses

Special case: Block sliding method

Step 2: Add self-weights of masses 2 and 3 o |

Mass 1
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Failure mechanisms with multiple sliding masses

Special case: Block sliding method

Step 3: Add force polygon for mass 3 o |

Mass 1
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Failure mechanisms with multiple sliding masses

Special case: Block sliding method

Step 4: Add force polygon for mass 2, determine AT o |

v
<

Mass 1 ’

120



Slope stability analysis with numerical methods

c-¢ reduction method

 FE model of a slope
« Mohr-Coulomb constitutive model for the soil with shear strength parameters
effective cohesion ¢’ and effective friction angle o'

20 1 20 | 20

G AN LTATAVATA ATAVAVNT) LAY, Y kYA A

= TN APATAY A7 AV EVATAVAN AP AT ST ATAT AV AT ATATA AV VA

AT : o s

LT

e 10

A mlopd - 5

>22S2 % YA \I"v 2 ot LU:I o

;37: %) ; AT 7 R RAAE R

s e > AR

o - L SOTT A Y '}N AT T T :

N AVAYAY ARTI o V¥ ra¥ A A RO ‘ L
= TAAPAN T S % LV e TAVAYL x}V\/\I\IW Fa¥ T ST STV AVAVAV AW Y AT ALY
FAYRYAN 3 Ta YAV e A TAY A oA Yy i KAV AVATLY N
IR AR N A ARENCNDONE N K PR PR Y 8 Y i \/\i/ i P P A 74 V 0 ECAN PN VA FaN AN 74000 P Pl A Ay Pl V2 i A / /\ Fi »,
J VAVATAV: FAVAY VAYAV: N AW, FAVAVAVAS 7, N,
PV AVAVAWAW: 7 \ / 1
7 3 \
2 .

/
7
e
-
B
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Slope stability analysis with numerical methods

c-¢ reduction method

« Starting from the real values of ¢’ and ¢° of the soil (determined from
laboratory tests) both values are decreased in proportional steps, e.g.
c' and ¢ are simultaneously decreased in steps of 0.1 % of the original
value, until failure occurs, visible by failure surface with localized strains

« Shear strength parameters at failure: ¢, ¢’

« Factor of safety:

c' tan ¢’

c'r tang’s

Both definitions deliver same
value of FS
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