Stability of Finite Slopes with Plane Failure Surface

o For simplicity, when analyzing the stability of a finite slope
in a homogeneous soil, we need to make an assumption
about the general shape of the surface of potential failure.

o The simplest approach is to approximate the surface of
potential failure as a plane.

o However, considerable evidence suggests that slope
failures usually occur on curved failure surfaces

o Hence most conventional stability analyses of slopes have
been made by assuming that the curve of potential sliding
is an arc of a circle.



Cuilmann’s Method

Culmann’s method assumes that the critical surface of failure is a plane
surface passing through the toe.

Culmann’s analysis is based on the assumption that the failure of a slope
occurs along a plane when the average shearing stress tending to cause the
slip is more than the shear strength of the soil.

Also, the most critical plane is the one that simple wedge

has a minimum ratio of the average
shearing stress that tends to cause failure
to the shear strength of soil.

The method gives reasonably
accurate results if the slope is
vertical or nearly vertical.

Plane Failure Surface



Cuilmann’s Method

* A slope of height H and that rises at an angle [3 is shown below.

* The forces that act on the mass are shown in the figure, where trial failure
plane ACisinclined at angle 6 with the horizontal.

Similar procedures as for infinite slope, only different
geometry. Also here we made optimization. @~ ——__ _____ .
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Culmann’s Method

The average resistive shearing stress (Developed shear strength) developed along the

plane AC also may be expressed as Ty = -E':]r + ' tan l:f.l,;«
N N

' a a
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Equating the R.H.S of Egs. (*) and (**) gives
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Cuilmann’s Method

Critical failure plane

* The expression in Eq. (***) is derived for the trial failure plane
AC.

* To determine the critical failure plane, we must use the
principle of maxima and minima (for F.=1 and for given values
of ¢/, ¢’, g, H, B) to find the critical angle O:

l!:.ll'_'.JJ r
d _ 0 B + (b ‘
" —> 6. =

2
* Substitution of the value of 0 = 0, into Eq. (***) yields
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Culmann’s Method

Ca _ o I — cos(B — &)
yH 4 sin B cosdy

The maximum height of the slope for which critical eauilibrium occurs can be
obtained by substituting c; = ¢ and {f);« = {f)' (FEEE)

H. = 40’[ sin B cos ¢’

y L1 — cos(B — ')

* For purely cohesive soilsc#0 ¢ =0.
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Culmann’s Method

- Steps for Solution
A. If F_is given; H is required

L Fo=F,=F




Culmann’s Method

- Steps for Solution
B. If His given; F, is required

1. Assume F¢

., _tang N
2. tan¢d = s

S
3 oM 1—cos(,8-¢d )
od 4 sin fcos gy
4 FC=L.
Cy x

5. Check if Fc=F¢ —>FS=FC=|:¢ S
6. If FC¢F¢ — try another F¢

/. Repeat steps1l—5 8



EXAMPLE 15.3

Example 15.3

Refer to Figure 15.9. For a trial failure surface AC in the slope, given: H = 3 m,
B = 35°%0 = 35°, and y = 175 kN/m". The shear strength parameters of the soil
are ¢’ = 25 kN/m’ and ¢" = 26°. Determine the factor of safety F, for the trial

failure surface.




EXAMPLE 15.3
P

Solution
From Eg. (15.33), the average shear stress on the plane AC 1s

1 sin(f§ — )
T ==yH| ———

=
2 sinﬂ-sinﬂ]mﬂ

_(1 sin(55 —33) | . __ .
= (2) {1‘}'.5}{5}[ (sin 55)(sin 35) sin® 35 = 10.48 kN/m

From Eq. (15.34), the maximum average shear stress that can be mobilized on

the plane AC is
n=c + %Tﬂ[ﬁ] cos f sin A tan &'
=25 1 [L)17.5)(5)| 3 —3) 35)(sin 35)(tan 26
=2 *{2)17)0)| Gin 55)(n 35) | (s P (sin 5)(tan 26)
= 323 kN/m?
So,
p 323 Lo

Y1048



EXAMPLE
P

A cut is to be made in a soil having properties as shown in the
figure below.

If the failure surface is assumed to be finite plane, determine the
followings:

(a) The angle of the critical failure plane.
(b) The critical depth of the cut slope

(c) The safe (design) depth of the cut slope. Assume the factor of
safety (F,=3)7?

Given equation:

— 3
4¢'| sinBcos ¢’ v 200 KN/m
H, = , ¢'=15
vy L1 —cos(B—¢) c’=50 kPa
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Key Solution
L

(a) The angle of the critical failure plane 6 B =450
can be calculated from: 0 = B+ d ¢,— o
(b) The critical depth of the cut slope can - 2 -

be calculated from:

H. = 4c'[ sin 3 cos ¢’ ]

y L1 — cos(B — ¢')

H y =20 kN/m3
(c) The safe (design) depth of the cut ¢’=150

slope. c’=50 kPa
H_4c:,[ sin B - cos ¢ ]

@y L1 —cos(B — &)
where: ¢’y and ¢’, can be determined from:

¢ tan¢d’ tan o’
C’ = ——— — tan = =
‘" F. F, %% Fy  F, 12




Finite Slopes with Circular Failure Surface

Modes of Failure
I. Slope failure

* Surface of sliding intersects the slope at or
above its toe.

1. The failure circle is referred to as a toe circle if it B B e S
passes through the toe of the slope

4 -
LR
I e T e T T e S S

1. The failure circle is referred to as a s/ope circle if
it passes above the toe of the slope.

1i. Shallow failure

Under certain circumstances, a shallow slope
failure can occur.

Shallow slope
failure



Finite Slopes with Circular Failure Surface

Ii. Base failure

| | !
o The surface of sliding passes G,

at some distance below the 7 Gy
toe of the slope. S/

o The vcircle is called the H y Midpoint circle —>,
midpoint circle because its b
center lies on a vertical line /
drawn through the midpoint of
the slope.

o For B > 53°always toe

o For B < 53° could be toe, slope, or midpoint and that depends on depth
function D where:

Depth function:

_Vertical distance from top of slope to firm base

14

Height of slope




Finite Slopes with Circular Failure Surface

 Summary
- Toe Circle all circles for soils with ¢ > 3° & § > 53°
- Slope Circle always for D=0&p <53

 Midpoint Circle always for D>48& <53

15



Types of Stability Analysis Procedures

Various procedures of stability analysis may, in general, be divided into two
major classes:
1. Mass procedure

* In this case, the mass of the soil above
the surface of sliding is taken as a unit.

* This procedure is useful when the soil
that forms the slope is assumed to be
homogeneous.

2. Method of slices

* Most natural slopes and many man-
made slopes consist of more than on
soil with different properties.

* In this case the use of mass procedure
is inappropriate.




Mass Procedure

1.Slopes in purely cohesionless soil withc=0, ¢ #0

Failure generally does not take place in the form of a circle. So we will not
go into this analysis.

2. Slopes in Homogeneous clay Soil withc=0, ¢=0
Determining factor of safety using equilibrium equations (Case |)
Mdriving =My = W,l, — W,l,

——

0
W, = (area of FCDEF) y U"“‘c ~~~~~~~~ - -
W, = (area of ABFEA) y i

— — H
IVIresisting - IVlR =Cq (AED) (1) r
= ¢, 1?0
e A/
For equilibrium, M, = M; thus, R e T Y-
_ Unit weight of soil =y
. I"'IF] II %EE Cq ‘l}-= Cy
Cq = 9 N, (normal reaction)
r-f )
r TG _ 1r?lc,
' Ca Cq S W1 l1 — Wz lz Y




Mass Procedure

IVIdriving = IVId = W1/1 - WZIZ

— — 2 0
Mresisting - IVIR =Cyf 0 - _
/| p “—C _______ D
- e
/

H
_________________ \

Unit weight of soil = y

€a T = Cu

FS = Mresisting Nr(m“m' reaction)

Mdriving

T C,
Cy Ca
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REMARKS

® The potential curve of sliding, A£D, was chosen arbitrarily.

® The critical surface is that for which the ratio of C, to C; is a minimum. In
other words, C,is maximum.

® To find the critical surface for sliding, one must make a number of trials
for different trial circles.

® The minimum value of the factor of safety thus obtained is the factor of

safety against sliding for the slope, and the corresponding circle is the
critical circle.

19



Finite Slopes with Circular Failure Surface

* Fellenius (1927) and Taylor (1937) have analytically solved for
the minimum factor of safety and critical circles.

* They expressed the developed cohesion as

* We then can calculate the min F, as

L
Fs:%:TH
Ca €4

F =
S yHm

Ca=yHM

Where

m = Stability number
H = height of slope

v = unit weight of soil

Cq
or m=
y H

* The critical height (i.e., Fs 1) of the slope can be evaluated by
substituting # = H,.and ¢, = c, (full mobilization of the undrained shear

strength) into the preceding equation. Thus,

— Cy
Hcr_ o

ym
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Finite Slopes with Circular Failure Surface

(J The results of analytical solution to obtain critical circles was represented
graphically as the variation of stability number, m, with slope angle £.

0.3

=
[

stability number, m
=

0.0

Toe slope

slope circles

)

-\-‘-\-\-‘-\-I-\_‘_

———

Slope angle, B (deg)

m is obtained from this chart depending on angle B

.:_"I‘—h-_-_l- I :: - ::_‘- e T
T |
For B = 53" T~ . 4’-{'
All circles are toe circles. - L N
s - ", 5 1 '|I
F < 537
P v 1.2 1.5 20—
Toe circle ] '] -
Midpoint circle —-—
Slope circle ===
O 20 70 (0 50 40 30 20 10 i
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Finite Slopes with Circular Failure Surface

Failure Circle

ES A

For B = 33%

All circles are toe circles.

For B << 53°:

Toe circle

Midpoint circle —-—

Slope circle ———

O For a slope angle > 53°, the critical circle is always a toe circle. The location of
the center of the critical toe circle may be found with the aid of Figure 15.13.

O For B < 53°, the critical circle may be a toe, slope, or midpoint circle, depending
on the location of the firm base under the slope. This is called the depth function,
which is defined as

_Vertical distance from top of slope to firm base

22

Height of slope



Location of the center of the critical toe circle

For B > 53°
All circles are toe circles.

The location of the center of the
critical toe circle may be found with
the aid of Figure 15.13

B0

é.

H. o

(radius) | T = P '§
2sina sinE ~




Finite Slopes with Circular Failure Surface

15 defined as

2. For B << 337, the crnitical circle may be a toe, slope, or midpoint circle, depending on
the location of the firm base under the slope. This is called the depth function, which

_ Vertical distance from top of slope to firm base

(15.49)

Height of slope

For B < 53°:

midpoint circle

When the critical circle is a midpoint circle (i.e., the
failure surface is tangent to the firm base), its position
can be determined with the aid of Figure 15.14.

Figure 15.14

Slope angle, 3 (deg)



Critical toe circles for slopes

with B < 53° Table 15.1 Location of the Center of Critical Toe Circles (8 < 53°)
n’ B (deg) a, (deg) a, (deg)

o 1.0 45 28 37

For B < 53% 1.5 33.68 26 35

. 2.0 26.57 25 35

toe circles 3.0 18.43 25 35

5.0 1132 g 37

Note: for notations of n', B, a;, and a,, see Figure 15.16
o’\i\\
The

location of these circles can be

determined with the use of Figure 15.15
and Table 15.1.

Figure 15.15

Figure 15.16 Location of the center of critical toe circles for g < 53°
Note that these critical toe circle are not necessarily the most critical circles that exist.2s




How to use the stability chart? Given: # = 60°,H, 5, ¢, Required: min F,

0.3
g g, | M09 ——
— é — e — — ] — —
§ | 1. Get m from chart
Z. 2 Calculate c, from
= 7 c,=yHm
g 014 g =7
Z A 3 Calculate F,
i F=
Cd
0.0 I i
00 a0 TO @ 50 40 30 20 10 ()

Slope angle, B (deg)

should be careful in using Figure 15.13 and note that it 1s valid for slopes of saturated clay and
is applicable to only undrained conditions (& = 0).

Terzaghi used the term yH/c,. the reciprocal of m and called it the stability factor.




How to use the previous chart?

Given: =300, H, y, ¢, Hy(depth to hard stratum) Required: min. ~,

0.3 | | | | | |
D =Distance from the top surface of slope to firm base ——+
Height of the slope
= — ;
= 02 —m=om7s ~ B=233 ==
I e e e e T
= 1. cCalculate D =Hgy/H e e Ny |
E 1 2. Get mfrom the chart = § 4.0
5 0.1 4 3. Calculate ¢, from d SR
| c —yHM 12 1Y, |
il a =7 o 15+0—
4 4. Calculate /;, g %
S
—_— Cd
0.0 i i i
Ol 20 70 (i) 50 40 @ 20 10 i

Slope angle, B (deg)

Note that recent investigation put angle B at 58° instead of the 53° value. §;




EXAMPLE 15.4
P

Example 15.4 |
A cut slope in saturated clay (Figure 15.16) makes an angle 56° with the

hornzontal.

a. Determine the maximum depth up to which the cut could be made.
Assume that the critical surface for sliding is circularly cylindrical. What
will be the nature of the critical circle (i.e., toe, slope, or midpoint)?

b. How deep should the cut be made if a factor of safety of 2 against

sliding 1s required?
¥
H
y = 100 I/ft?
€, = 500 Ib/f®
¢=0
i 3

Figure 15.16
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EXAMPLE 15.4
P

Solution

Part a
Since the slope angle B = 56° = 53° the critical circle is a toe circle. From

Figure 15.12 for g = 56°, m = 0.185. Using Eq. (15.48), we have
C 500

H_= e = (100)(0.183) = 27.03 ft
Part b
The developed cohesion is
c, 300 .
= —=—= 230 Ib/ft-
“TF 2

From Figure 15.12, for g = 56", m = (0.185. Thus, we have

Cy 250
H= = = 13511
ym  (100)(0.185)

29



EXAMPLE 15.5
- -Q>=:-

Example 15.5 Solution
Parta
A cut slope is to be made in a soft saturated clay with its sides rising at an angle Since the slope angle B — 60° > 53", the critical circle is a toe circle. From
Of mo to l]lB hOl'iZO]ltBl (F‘lg“m 15.1?). Figu.re 1512. for ﬁ = 60", the Slﬂblllty number = 0.195.
Given: ¢, — 40 kN/m? and y - 175 kN/m". 3 40
Ho= = Taxoqs - 1172m
a. Determine the maximum depth up to which the excavation can be
cariedou. gm hF 1517,
b. Find the radius, r, of the critical circle when the factor of safety is equal fom Hgre Bt
tol (Parta). ™
¢. Find the distance BC. an?
2
0
'I:\_ _________ S c But
I\ - H,
LA AC \smna
| =&
{ | Dt=37
1 |
| | 2
|
Radius "1 i r——
=7
'i | fe 2 sina sin
! I
i : From Figure 15.13, for B = 60°,a = 35° and § = 72.5°. Substituting these values
}I | into the equation for r, we get
(X i i,
Al | | T ]
] I_Y 2 sine sin=—
E F
11.72
Figure 15.17 B TE T R
Part ¢

BC = TF = AF - AE
= H_(cot o — cot 6F)
= 11.72(cot 35 — cot 60) = 9.97 m 30



EXAMPLE 15.6
P

Example 15.6

A cut slope was excavated 1n a saturated clay. The slope made an angle of 40°
with the hornizontal. Slope failure occurred when the cut reached a depth of
T m. Previous soil explorations showed that a rock layer was located at a depth
of 10.5 m below the ground surface. Assuming an undrained condition and

Vo = 18 kN/m?, find the following.

a. Determine the undrained cohesion of the clay (use Figure 15.12).

b. What was the nature of the critical circle?

c. With reference to the toe of the slope. at what distance did the surface
of sliding intersect the bottom of the excavation?

31



EXAMPLE 15.6
P

Solution
Part a
Referring to Figure 15.12,
10.5
D= = = 1.5
Yo = 18 kN/m’
{-‘.
HI.:I =
ym

From Figure 15.12, for 8 = 40° and D = 1.5, m = 0.175. So,
c, = (H_ )(y)(m) = (T)(18)(0.175) = 22.05 kN/m*

Part b

Midpoint circle.

Part ¢

Again, from Figure 15.14, for D = 1.5, = 40°,n = (1.9. So,
Distance = (n)(H,) = (0.9)(7) = 6.3 m

32
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