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Module - 03
Lecture - 14
Stability of Slopes

Hello viewers, welcome back to the lectures on the Stability of Slopes. Today, we are

having our ninth lecture on this topic.
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Previous lectures

« Infinite slopes
. anite slopes
—Planar failure
—Circular failure
» Mass procedure
» Method of slices
—Swedish slip circle method
—Ordinary method of slices

In our previous lectures, we discussed the infinite slopes then we started discussing the
finite slopes, here we have already covered the cases where planar failure surface was
possible and then, we started discussing about the circular failure surfaces. These
methods were broadly categorized into two broad categories, mass procedure and
method of slices. We discussed the mass procedure and, we were discussing the method
of slices in which Swedish slip circle method has already been covered and in our last

class, we had covered ordinary method of slices also.
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ORDINARY METHOD OF SLICES

(OMS, Fellenius method,
Swedish method of slices)

For $>0 and c>0
Assume a trial failure surface

Divide the mass above failure surface into
vertical slices, say 8 or 10.

Consider the force acting on each slice.

The side forces are not considered in
analysis.

Let us just refresh, what we did in that case, the method was applicable for the soils
which were having ¢ and phi both greater than 0 and a trial failure surface which was
circular was assumed. Perpendicular to the plane of paper we took 1 meter length of the
slope and then, mass was divided into number of vertical slices and forces on this each of

the slices were considered, this side forces were not considered in this analysis.
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Ordinary method of slices

So, here this is the slope and it has been divided into number of slices, this is one slice

and here, on the sides we did not consider the force and we considered the forces. The



other forces which were acting on this slice to find out the equilibrium and this was the

factor of safety expression.
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E_ > [c'1+(Wcogh—ul)tané ]
¥ > Wsin®

For total stress analysis
- Z[c,IchosO tané, ]
s > Wsin0

F s was equal to summation of c¢ dash | plus W cos theta minus u | multiplied by tan phi
dash upon W sin theta.
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ORDINARY METHOD OF SLICES
(Graphical Method)

Steps N
« Assume a tnial failure surface
» Divide the mass above failure surface in

slices of equal width, say 8 or 10.
» Consider the force acting on each slice

Then, we also discussed how we could solve this problem using graphical method basic

procedure, is same a trial surface is assumed.
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Method of slices-Graphical Method

This is the trial surface then, for each slice we find out the forces graphically.
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Forces acting on the base of a slice

Total resisting
force S at the
base of the slice:

S=C'+F
= c'+(N-U) tan¢’

And, this is the slice shown here and the, the forces on the slice, the total resisting force
was found out.
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Sum of all resisting forces

S.= c2Zl + tand’ X(N-U)
Moment of actuating forces =R =T
Resisting moment = R[c’L+tan¢Z(N-U)]

i [c'L+tané'XiN-U)]

F.
) P |

L = total length of circular arc

And, this was the expression for the factor of safety.
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Graphical representation of F,

AB = ¥(N-U)
BC L to AB equal

AD is drawn at
angle ¢’ to get

tan¢’ £(N-U)
DC=cL
F.=BC/BE
Where BC — XT

And, this is the graphical expression of the calculation of factor of safety which we
discussed last time. So, we can find out the factor of safety for the trial surface and then,
we had to take number of trials, number of surfaces and then, minimum has to be

selected.
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Locus of zentres of
SIMCal SITIES e

The procedure was very tedious because, large number of circular surfaces have to be
considered, so we had discussed one more method which reduces the computations and
here, we could find out this is what we discussed we could find out the a line a method
was discussed in which a point is taken here at a depth H and distance 4.5 H away from
the toe and join this with the point. So, with this point O, this point O was obtained by
drawing a triangle in which these angles alpha A and alpha B they were available from
the tables.

So, the factor of safety, the circle which is having minimum factor of safety was it is, it
will lie on this line. So, this is what we had discussed last time and we had just started

discussing the bishop’s method which we are going to do in detail today.
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BISHOP’S SIMPLIFIED METHOD

The basic procedure is same we consider large number of slices, so here these are the
slices, it is the slope here it has been divided into number of slices. Here, it is the
equilibrium of one slice is shown, weight W is acting here, the additional component in
case of the bishop’s method is that, the side forces are also considered. So, E E 2 from
this side and E 1 from this side these are the normal forces and T 1 on this side and T 2
on this side, these are the shear forces which are acting on the sides and their signs will

be negative.

So, T 1 here it is acting in this direction, so T 2 will be in the opposite direction, so their
signs will be opposite to each other, E 2 is acting in this direction E will be acting in this
direction. So, and here at the base FR, this is the resistance, this is the force due to
frictional due to the, the force which is being offered by the soil and U is the water
pressure and N dash is the normal reaction, here at the base.
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Consider forces
W = Weight
N = Total Normal force on failure
surface dc
U = Pore water pressure = ul

Fr= Shear resistance on surface dc
E,.E, = Normal forces on vertical
faces of the slice
T,, T, = Shear forces on vertical faces
of the slice

So, these are the forces which are considered in this analysis, W is the weight, N is the
total normal force on failure surface dc, this surface is dc, N is the total normal force and
N dash is the effective normal force. U is the pore water pressure that is equal to u into |
and it will be acting normal to the surface of dc. F R is the shear resistance on surface dc,
this is the force which is being offered by the soil and E 1 E 2 are the normal forces on
vertical faces of the slice that is, these are the side forces on the sides of the sliceand T 1

T 2, these are shear forces on vertical faces. So, thisis T 1 and thisis T 2.

(Refer Slide Time: 07:23)

Now shear strength
. =Cc + (N'/A) tan ¢’

>
Limiting shearing force
=[c’ +(N'/A) tan ¢'IxI
=c’l + N'tan ¢’

Mobilised shearing
resistance

:c_I+Ntan¢

F
: Fs Fs




Now, the shear strength of the soil, here it will be tau f will be equal to ¢ dash plus N
dash upon A N dash is the effective force N dash upon A that gives you effective normal
stress into tan of phi dash. The limiting shear force from this, you can get by multiplying
it by area, so c¢ dash in plus N dash upon A tan phi into area is | into 1. Let us say, the
length of this base is | and perpendicular to the plane of paper we are taking 1 unit

dimension.

So, limiting force will be c dash | plus A cancels out, so ¢ dash | plus N dash tan phi
dash, now we consider the slope to be in equilibrium and let us say the factor of safety is
Fs. So, the mobilized shearing resistance will be ¢ dash | upon F s plus N dash tan phi
dash upon Fs, we have to divide it by Fs. So, that will be the mobilized shearing

resistance.
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Now considering
equilibrium of
verticaLforces:

W+(T,-T,)-Ucos0 -
F.sind -N'cos6=0

Putting value of
Fr and solving:

Now, considering the equilibrium of the vertical forces, this is important in this particular
method that, this particular equation expression which we are going to derive is based on
the equilibrium of vertical forces. So, when you consider the equilibrium of forces
vertical forces these E 1 and E 2 these forces will not come into picture and we will have
W acting in downward direction plus T 1 minus T 2 and then, component of U in the

vertical direction, this face sliding face is inclined at an angle theta.

So, the component of U which is in vertical direction will be U cos theta in opposite

direction and also component of this force of resistance F R in the vertical direction. This



will be F R sin theta and its, it will be in upward direction, so here in this equation, it is
negative and also the component of N dash. N dash is equal to N minus U, so that will

also be acting in upward direction, the component will be N dash cos theta.

So, when we consider the equilibrium, we are going to get this equation, W plus T 1
minus T 2 minus U cos theta minus F R sin theta minus N dash cos theta equal to 0.
Now, putting the, in this equation putting the value of F R from here, F R is equal to ¢

dash I upon F s plus N dash tan phi dash upon Fs, put it in this equation and solve it.
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W + ,;T ~Ucos - f: Isine

N = el s
coeb: tané’'sin0

S
Putting in expression for Fg
E c_l ! N'tané
FS FS

.((W—UCOSO)‘F.\T—- s lsin()

+.{____$__\E’L¢'

tané’'sin0 , Fe
+

c

b3
F, =
R FS

{ cost

S

We will be getting, N dash is equal to W plus delta T is we have replaced T 1 minus T 2
by delta T minus U cos theta minus ¢ dash | upon F s sin theta upon cos theta plus tan phi
dash sin theta upon Fs. This is the expression which we are going to get for N dash.
Now, we put this expression once again in this equation for the FR, so F R comes out to
be, this was the expression which we had earlier F R is equal to ¢ dash | upon F s plus N

dash tan of phi dash upon Fs.

So, put N dash here, so when we put N dash here, F R will become ¢ dash | upon F s plus
this expression W minus u cos theta plus delta T minus ¢ dash | upon F s sin theta upon
cos theta plus tan phi dash sin theta upon F s and this whole multiplied by this by this,
and this quantity tan phi dash upon F dash, so this is FR.
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The moment of force of shearing resistance =
FrRxR

The sum of resisting moments for all slices=
R XFg

Actuating force for one slice = W sin 0

Moment of actuating foroe for one slice
=RxWsin6

Sum of actuating moments for all slices
=R YW sin0

Once, we know the F R value, the force which is being offered the resistance which is
being offered by that particular slide, by the soil at the base of the slice, we can find out
the moment of force of shearing resistance. So, that will be F R into R, so this is the
moment about the center of the trial circle and some of the resisting moments for all
slices will be equal to summation of F R into R, because R is constant for all the slices.
So, R will be come out, R will come out and the sum of the resisting moments will be R

summation F R, similarly we can find out the actuating forces.

So, actuating force for 1 slice is this much, this is W and the actuating force will be the
force which is acting here, it is trying to destabilize it, so that will be W sin theta. So,
actuating force for 1 slice is equal to W sin theta and this moment will be again
multiplied by R. So, that is the moment of actuating force for 1 slice and sum of all the
actuating forces sum of actuating moments, for all the slices will be summation of this
quantity and again R is constant for all slices R comes out and this is the expression

which will be left, with sum of the actuating moments will be R summation W sin theta.
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For gquibliurm, equating the moments

ic'lcos O +[(W -Ucos8)+ AT]tané"!

> Wsin0 12 I el 11ad}
= tané'sin®

S cosb +
S

Z fc'lcos0+[(W —Ucos8)+ AT]tané '} "1\,

Fs = > Wsin0

tan¢'sin0
where m, cos(h;"—
S

Now, for equilibrium equating these moments because, we are considering the force to
be in equilibrium we have taken the force the mobilized force. So, R into summation of
W sin theta will be R into this expression. So, R R cancel out and we will be left with
this expression, summation of W sin theta will be equal to 1 upon F s summation ¢ dash |
cos theta plus bracket W minus U cos theta plus delta T tan phi dash divided by cos theta

plus tan phi dash sin theta upon Fs.

And, we can now write this expression in a little bit simpler form, F s is equal to
summation c dash | cos theta plus bracket W minus U cos theta plus delta T tan of phi
dash and this multiplied by 1 upon m theta divided by summation of W sin theta. So, this
quantity is brought here, F s is brought here, so this is the final expression for factor of
safety, where m theta is equal to this m theta is nothing but, cos theta plus tan phi dash
sin theta 1 Fs.

So, this is the final factor of safety expression and you can note down that, so far we
were getting F s on the left hand side only. In this expression, we are getting Fs, here as
well as in this expression also there is Fs. So, the solution has to be found out by trial and

error, by taking by adopting iterative procedure.
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» The factor Fg is present on both sides.
Solltion has to be obtained iteratively.

» Trial values of forces T have to be
assumed such that >T is zero. Number
of functions/ distributions are available.

* In simplified analysis AT is assumed to
be zero. This is most widely used method
and suitable for computer programs.

So, the factor F s is present on both sides, so solution has to be obtained iteratively
because it is coming on both the sides. Now, the trial values of forces T have to be
assumed such that summation T is zero, so we had assumed T acting on the sides of the
slice, the total sum should be equal to 0 and there are number of functions and

distributions which are available for assuming T.

Now, in the simplified analysis we make this, this analysis simplified this T 1 minus T 2
or delta T is assumed to be 0, this is called as simplified bishop's method and this method
is the very, is the most widely used method and it is very suitable for computer programs
and gives reasonably accurate results. So, even without these T values, where with

neglecting these T values, it gives quite reasonable values.
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For Bishop's simplified method

1
; ic'lcos 0+ (W - Ucos0)tané'|
Fe = =

S ZWsin()

tan¢’'sin®
where m, =cos0 + ie oG

s

Charts may be used to simply the
computations

So, for this simplified method, bishop's simplified method we ignore T 1 minus T 2 and
the factor of safety is obtained as summation of ¢ dash | cos theta plus W minus U cos
theta tan of phi dash 1 upon m theta divided by summation of W sin theta, where m theta
is equal to cos theta plus tan phi dash sin theta upon Fs. So, this is the expression which
we will used to find out the factor of safety and it is very suitable, you can solve the

problem using the computer programs also.
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Values of m,




Some charts are also available, so to simplify the calculations, but nowadays the
computers are preferred, you can do these calculations very conveniently using the

computer program.
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Sequence of computation:
» Take a trial failure surface i.e. arc

« Divide the sliding mass into number of
slices

» For each slice get:
—weight, W
—base inclination, 6
—base length, |
—water pressure, U

Here are the sequence computation sequence, how to do the calculations, so we take a
trial failure surface as usual for all the methods of slices. This is, what we have been
doing we take a trial failure surface and it is a circular arc then, we divide the sliding
mass into number of slices. Then, for each slice we get weight, we get what is the
inclination of the base, you can for the sake of simplicity, the base can be instead of
having the arc, you can have the cord, you can have the straight line and its base

inclination can be found out base length | and water pressure W, U.
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- Assume a trial'value of Fg
» compute for each slice:
c’l cosO +(W-Ucos0) tand’

tané’'sin®

and m, =cos0 +
S

Get ) {c'lcos0+(W -Ucos0)tané’]
m,

and ) Wsinb

Then, what we do is, we assume a trial value of F s as | told you, we have to solve the
problem iteratively. So, we start with a trial value of F s and for each slice then we
compute this expression which comes in the numerator ¢ dash | cos theta plus W minus
U cos theta tan phi dash and also, m theta is equal to cos theta plus tan phi dash sin theta
upon Fs. Then, we get this x, this the value of this expression which is there in
numerator, summation of ¢ dash | cos theta plus W minus U cos theta tan phi dash 1
upon m theta and also, we get this value summation of W sin theta which is there in the

denominator.
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» Get FOS

> {c'lcos8+(W -Ucos0)tan '] !
E _ m
L =

L+

- ZWsinO

» Use this new FS and repeat the procedure

till two consecutive values of FOS are close
to each other within permissible limits.

This gives FOS for the selected trial arc.
Take another trial arcs to get the critical

circle and minimum FOS.




Then, put it in the factor of safety equation, F s is equal to this numerator divided by
denominator. So, you will be get, you started with 1 value of F s and you use that value
for all the slices and then, we get a new value of Fs. Again, you use this new F s new
factor of safety and repeat the entire procedure keep on repeating it, every time you will
be getting new value put it in the expression again put it in the procedure again and get

consecutive value of F factor of safety.

And, this procedure is repeated till, the two consecutive values are quite close until they
are within they, their difference is within the permissible limits, whatever limit you have
decided. So, once they are approximately equal to each other then, we can stop the
calculations and this, this particular factor of safety is only for that particular selected
trial arc, it is not the factor of safety of the, of the slope. We have to now take another
trial failure surfaces and, we have to repeat the entire procedure once again to get the

minimum factor of safety and critical failure surface.

(Refer Slide Time: 21:15)

Example

» Given a slope as shown in figure. Take ¢’
for all the three soils as 20°. Unit weight
(kN/m3) and ¢’ (kPa) values are mentioned
in the figure. Determine FOS using
Bishop’s simplified method of slices.

N

Let, us take an example to demonstrate this method, it is given here a slope as shown in
the figure, take phi dash for all the three soils as 20 degree, it has the same problem
which | have been solving for other methods also. Unit weight and ¢ dash values are
mentioned in the figure, determine the factor of safety using bishop's simplified method

of slices.
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Example

18,80

18.5, 100

10m

This was the slope given to us, it was not a homogenous slope and we have already taken
up this problem and | had discussed that, how you should take the slices you can takes
equal width also, there is no problem in that but, wherever this profile is changing, I have
preferred to take the slices there. So, the computations become little bit easier, so here

this was a slope then, we have drawn this circle.

And then, | have joined these cords by straight, these two points by straight lines and for
any slice, let us say slice number 7. Let us say, let us take this slice then, this is the
length of the base of the failure surface and inclination of the failure surface is theta. You
can draw this line perpendicular to this is the radial vector and in fact, this angle will also
be theta. The gamma values for different soils are here 17, 18 and 18.5 c dash values are
40, 80 and 100 k p a.

And the force, the component of the force which is trying to destabilize which is trying
to actuate the slide, is in this direction. So, theta for this slice, this slice, this slice, this
slice and up to number 4, this will be taken as positive in our calculations whereas, this
component in slice number 1 2 and 3, this component the tangential component is trying

to stabilize the slope. So, we will be taking theta as negative.
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Solution
» Take a trial circle as shown in the

figure,
* Divide the mass into number of
slices.

» For each slice compute weight, base
length and the inclination 6 of the
failure surface.

« Water is not present so U =0

Take a trial circle as shown in this figure and then, divide the mass into number of slices,
now for each slice compute the weight, how to compute it, we have discussed in previous
cases. You have to take two different for example, if | take slice number 5 then, this
component, this component of weight this component of weight have to be taken

separately and perpendicular to the plane of paper, you can take 1 meter dimension.

So, for each slice compute weight also compute weight, the base length inclination theta
of the failure surface. So, in present case of water is not there, so U is equal to 0
otherwise there will be some U value. We have already discussed how to find out U

value if it is, if see page is there and you can calculate from the flow net etcetera.
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« Tnal -1; assume Fg =1

» For slice No. 1
weight = 714 4 kN
base inclination 6 = -21.8°
base length | = 8,08 m

¢’ =100 kPa

¢’ = 20°

m, =0.79

(c’l cosb + W tan¢’) /m, =1273.6
W sinb = -265.4

So, let us take the trial 1 and, the first trial we are taking at factor of safety 1, so we have
taken factor of safety initially as 1, now for slice number 1, this is the weight, weight is
714.4 kilo Newton, base inclination is minus 21.8, base length comes out to be 8.08, ¢
dash at the surface is 100 k P a, phi dash is 20 degree, m theta we have calculated using
the expression, it comes out of to be .79 and c dash I cos theta plus W tan phi dash upon

m theta comes out to be 1273.6 and W sin theta comes out to be minus 265.4.
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Computations

slice W Wsin m (c’l cosO +
W tan¢’) /m,,
7144 -2654 0.79 1273.6
20564 -466.3 0.89 1681.4
1918 -97.1 098 12224
3241 322.0 *1.03 1871.5
3512 9034 1.06 1913.9
2535 9580 1.06 1385.0
3300 1850.8 1.03 1823.1
2153 15850 094 15494
425 3801 077 458.9

>=5170.54 > =13179.3

1
2
3
4
5
6
7
8
9

I am not showing all the calculations here, they are, they are given in this tabular form
slice number 1 2 3 up to 9, these are their weights 714.4, 2056.4 five and so on. W sin

theta, theta is negative for first few slices, so these are the W sin theta values, in fact, you



can make one more column here which indicates the theta value then, the factor m and
then ¢ dash | cos theta plus W tan phi dash upon m theta, their sum and sum of the W sin

theta values.
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1c’lcos 0+ (W —-Ucos0)tané'| e 13179.3
m,

1]

Y Wsin6 =5170.54

=Fg = 13179.3/5170.54=2.55
Now repeat the computations:
Input Fg Computed Fg

255 269

2.69 270

2.70 2.1

2.71 2t

Final FOS =2.71

The factor of safety is computed from these expressions, so this is the numerator which
comes out to be 13179.3, the denominator comes out to be 5170.54 and the factor of
safety, then comes out to be 2.55. Now, our first trial was F s is equal to 1 and we got

2.55, now | have made another trials for which, 1 am not showing the calculations here.

So, when | put 2.55 next trial, the value | got was 2.69 then, | put factor of safety 2.69
and | got value 2.70. So, after few trials | am getting a constant value, so F s on both the

sides, now in this equation is 2.71. So, final factor of safety of this trial circle is 2.71.
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Note:

- The same problem was solved by
Fellenius method, and the FOS for this
trial failure surface was 2.51. There is
improvement in the value of FOS. The
Fellenius method gives conservative

results.

This FOS is for the selected trial failure
surface. More trial circles will have to
be considered to get the critical failure
circle and minimum FOS.

Now, you can note we sometime back, we solved the same problem using Fellenius
method and factor of safety for that for the same trial surface we had taken the same trial
surface in that case also, and it was obtained to be the factor of safety was 2.51 and
presently it is 2.71. So, there is gain in the factor of safety, there is improvement in the

value of the factor of safety, the Fellenius method gives conservative result.

So, in fact, this assume this bishop's method simplified bishop method is you can use it
and it gives reasonably accurate values and there can be lot of improvement in the factor
of safety. Finally, this factor of safety is for the selected trial failure surface, again we
have to do the same exercise with more number of trial circles and then, we have to get
the critical failure surface and minimum factor of safety, that will be the factor of safety

of the slope.
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BISHOP AND MORGENSTERN
METHOD

- A pore pressure ratio, is defined,
which is assumed to be constant
throughout the cross section.

u
e

U'{h

r, = pore pressure ratio
h = depth of the point in soi] mass
below ground surface

Now, let me come to the next method, the method is Bishop and Morgenstern method, in
this method a pore pressure ratio is defined which is assumed to be constant throughout
the cross section, r u is equal to u upon gamma h, where u is the pore water pressure, ru

IS pore pressure ratio, h is the depth of point in soil mass below ground surface.
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Bishop-Morgenstern method

Here, this is the diagram which explains the different parameters, this is the depth D and

the depth D of the, a base, hard base and H is the depth of the slope, slope angle is beta



and here, u upon gamma w, this is the head of the pore water pressure, h is the height of

the slope here.
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- The FOS is defined as
Fs=m-nr,
«Where m and n are stability

coefficients. Charts and tables are
available to compute m and n for

given B. The values are given for
different depth factors ny = D/H.

.

And then, they have solved the problems and they have given the solution in terms of
tables and charts. The factor of safety is defined as factor of safety F s is equal to m
minus n times r u, where m and n are the stability coefficients which are available for,
from the charts, charts and tables are available to compute m and n for given beta. The
values are given for different depth factors n d, n d is equal to D upon H, so this is D this
is H.
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Steps to determine FOS
 Obtain the values of r, and c/(yH)

» From charts/ tables obtain m, n from
known values of c/(yH), B and ¢ for

ng=0,1,125and 1.5.

» Get Fg=m—nr, for each ng

» The lowest value gives FOS of the
slope.

So, for different these factors, these values are given, here are the steps obtain the value
of r u and ¢ upon gamma H then, from charts or tables obtain the parameters m and n
from no for the known values of ¢ upon gamma H beta and phi for different values of n
d, ndis 011.25 and 1.5. These are the values which they have given and then, get F s is

equal to m minus n times r u for each n d and the lowest value gives the factor of safety.
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Morgenstern Method for Rapid
Drawdown

There is another case now, | would like to consider it is the case of the rapid drawdown,

this happens this is a considered in cases of the dams, this is an amendment dam, earth



dam and, what happens is there that, when the water is here and it is standing here for a
quite long period and as you know the equilibrium will develop up here there will be

phreated line which will be developed at this place.

So, phreatic line will be like this and, the seepage will be taking place from the upstream
to downstream direction and this mass will be saturated and water will be seeping
through this mass. Now, what happens is if all of sudden there is reduction in the water
level here, this was the full reservoir level and all of sudden the water level drops to this.
Because of certain reason then, what happens here in this saturated mass is that, the
pressure now this water which is available here, it is exerting some sort of pressure, it is

exerting a force here and there is equilibrium here.

So, when this force is removed, this and the hydraulic conductivity of this soil if is it, it is
not high then, this force is removed, but inside the, inside the dam body that pore
pressure remains there because, it will it takes time to dissipate and the permeability is
low. So, water pressure is available here inside, which was acting against the outside
pressure. So, there will be instability in this region and that instability can be checked up
using this method, Morgenstern's method of rapid drawdown.

(Refer Slide Time: 33:15)

« Water pressure acts at a certain level
for a long time, then quickly drops.

«If the soill has Ilow hydraulic
conductivity, groundwater inside slope
can not drain as rapidly as water
outside.

» High pore pressure inside soil remains
the same, though stabilising water
pressure rapidly disappears.

So, here it is the first explanation for this, when water pressure acts at a certain, so what
happens is that, water pressure is there for a long period and then, there is a sudden drop

in the, in the water level and let us say that, the soil has low hydraulic conductivity then,



ground water inside the slope cannot drain as rapidly as water outside and high pore
pressure inside soil remains the same and it will be, it will try to destabilize the dam, the

body.

(Refer Slide Time: 33:48)

Assumptions

- Simple slope of homogeneous
material,

» The dam rests at impermeable base,

» The slope & completely submerged
originally,

» The pore pressure does not dissipate
during drawdown.

So, in this method, these are the assumptions simple slope of homogenous material, it is
assumed to be homogenous and dam rests as at an impermeable base that is, the second
assumption in this method slope is completely submerged originally. This is the
assumption, it is there is no free board completely submerged and pore water pressure
does not dissipate during drawdown.



(Refer Slide Time: 34:17)

The pore pressure parameter
(Skempton, 1954)
5L

o

1

Where, o, =vh

h = height of soil above the lower level
of water after drawdown.

Charts have been developed which
consider the drawdown ratio:

And, the skempton pore pressure parameter B bar has been use this analysis, B bar is
equal to u upon sigma 1, where sigma 1 is equal to gamma h, h is the height of the soil
above the lower level of water after drawdown and finally, the method is available in

terms of charts.

(Refer Slide Time: 34:38)

H=height of dam

H=height of drawdown

So, in this charts, this factor Rd is calculated as H bar upon H, where H is the height of

dam and H bar is the height of drawdown.
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Drawdown stability chart for
c’/yH =0.0125

So, here this is the chart for ¢ dash upon gamma H is equal to 0.0125, there it is factor of
safety is here on y axis and on x axis, Rd value is there and this particular chart is for
slope having two horizontal is to one vertical as the slope angle. Similarly, this is the
chart for beta is equal to three horizontal and one vertical slope.

(Refer Slide Time: 35:23)

Drawdown stability chart for
c’/yH =0.0125

This is the chart for beta is equal to 4 is to 1, this is the chart for beta equal to 5 is to 1.

So, all these were having the number ¢ dash upon gamma H is equal to .0125.
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Drawdown stability chart for
c’/yH =0.025

Similarly, the charts for different slopes have been produced for these values ¢ dash upon
gamma H is equal to 0.025 for 2 isto 1, 3isto 1, 4 isto 1 and 5 is to 1. So, these charts
are available in standard books, one can refer to these charts and ¢ dash upon gamma H,
here is .025.

(Refer Slide Time: 36:02)

Drawdown stability chart for
c’lyH =0.05

And, third chart is available third series of charts is available for ¢ dash upon gamma H
is equal to 0.05, here beta is equal to 2 is to 1 beta equal to 3isto 1,4 istoland 5isto
1.



(Refer Slide Time: 36:17)

Example

» Given for an earthen dam: y =17
kN/m?; $=30% C = 12.75 kN/m?;
Height of dam H = 30m. Slope angle
B=4H:1V. The reservoir is full before
drawdown. Compute FOS after the
rapid drawdown if the drawdown is
(i). 15m ; (i) 30m.

So, these are the charts using which you can solve the problem and, let us have an
example, it is given for an earthen dam, gamma is 17 kilo Newton per meter cube, phi
dash is 30, c dash is 12.75, height of the dam is 30 meter and slope angle is 4 is to 1. The
reservoir is full before drawdown compute FOS after the rapid drawdown, if the

drawdown is 15 meter, in second case it is 30 meter.

(Refer Slide Time: 36:48)

Solution

Given H= 30; y =17 kN/m3; ¢’ = 30°, ¢’ =

12.75 kN/m?;
c' 1275
yH 17x30
H 15

=0.025

)Ry=—=—=05
(')aH30

Using chart

For Rg&=0.5; $'=30°
Fs=1.8

Also for Ry =1.0
Fs=1.5

So, all these parameters are available with us, we calculate the value of ¢ dash upon

gamma H. So, ¢ dash upon gamma H comes out to be 0.025, incidentally this is exactly



0.025, in this case if it is some other value, we have to interpolate the results. Then we
calculate the Rd, in the first case the drawdown is equal to 15 meter, so 15 upon 30 Rd is
equal to 05, so consider the appropriate chart. So, ¢ upon gamma H is equal to 0.025 and
beta is equal to 4 is to 1 here.

And, as | told you if the slope is, let us say something else ¢ dash upon gamma H is also
something else, then you have to interpolate the values by taking different sets. So, here
Rd is .5, so let us take .5 is this and phi dash corresponding to phi dash equal to 30. This
is the 30 value and some where here, this value is read, this value comes out to be 1 point
8, so straight way you get the factor of safety.

Similarly, when there is complete drawdown, H bar is equal to 30, so Rd will be 1 and
you can again check this diagram. So, Rd is 1 here, so .6, .8, .1 and corresponding to 30
degree, the factor of safety is 1.5. So, one can find out the factor of safety due to rapid

drawdown.

(Refer Slide Time: 38:21)

SPENCER’S METHOD

» Spencer developed the analysis
based on method of slices of Fellenius
and Bishop. Force equilibrium and
moment equilibrium has been
satisfied. FOS is defined as:

_ Shear strength available
Shear strengt mobilised

S

There is one more method, | would like to discuss that is the Spencer's method and again
we are not going in much detail we will be just using the method, how to, we will just
discuss how to use this method. He developed the analysis based on method of slices of
Fellenius and bishop's methods, force equilibrium and momentum, moment equilibrium
has been satisfied the factor of safety is defined as shear strength available upon shear

strength mobilized this is the factor of safety expression.
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Mobilised angle of shearing resistance
tan¢ ;i

tan¢,_ =

: u
Pore pressure ratio = —

.{h

c'
N —
? FsyH

»
Charts have been developed for
different values of Ng, ¢,,;" and r,

These are the parameter which will be used in those charts, mobilized angle of shearing
resistance is tan phi m dash is equal to tan phi dash upon Fs, pore pressure ratio is u upon
gamma h and stability number N s is equal to ¢ dash upon F s gamma H and charts have
been developed for different values of Ns phi m dash and r u.

(Refer Slide Time: 39:23)

Spencer method (r,=0.25)

This is the first chart for r u is equal to 0, on y axis you have ¢ dash upon F s gamma H

on X axis, you have beta, these are the beta in degrees and also these are these in terms of



the gradients 4 is to 4, as horizontal is to one vertical, three horizontals to vertical, one

vertical and so on, and these are the phi m dash values.

So, corresponding to any, if you have ¢ dash F s gamma H and r u and phi m dash, a
relationship, a correlation, a link between all these parameters can be developed using
these chart, these charts. This is the say similar charge, but for r u is equal to .25 and here

it is the chart which is for r u is equal to .50.

(Refer Slide Time: 40:14)

Example

Following data is given for a section of
an earthen embankment: Height =
30m; Slope angle = 3H:1V; ¢’ =
kPa; y = 20 kN/m* ¢ = 26°, Pore
pressure ratio r, = 0.5*Determine the
FOS by Spencer’s method.

Let us, again take an example here following data is given for a section of an earthen
embankment, height is 30 meter, slope angle specifically we have taken directly 3 as is to
1 vertical, if some other slope angle is given. We have to do the interpolation c¢ dash is 44
k P a, gamma is 20 kilo Newton per meter cube, phi dash is 26 degree and pore pressure

ratio r u is equal to .5 and we have to determine the factor of safety by Spencer’s method.
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Solution

* Given ¢',¢', H, 1B,

Note: The chart gives a relationship
between c’,¢’, H, r,p and Fs.

Taking first trial at Fg =1

N, = c'/(FyH)= 44/(1x20x30)=0.073
Using chart for r,=0.5

Now, in this problem we have been given c dash, phi dash, H r u and beta these are the
values available and as | told you, the chart gives the relationship between c¢ dash phi
dash H r u beta and factor of safety. In this case also, we will have to take different trials
and we start our first trial with F s is equal to 1. So, Ns is equal to ¢ dash upon F s

gamma H and this value comes out to be 0.073, now use the chart for given r u value.

(Refer Slide Time: 41:33)

For slope 3:1

o= 12°

F,=tan26/tan12
=2.29

Take another

value F.=1.25
and compute F,

And, here it is the chart given to you for r is equal to .5 and also for slope, 3 is to 1 this is

the vertical line, this that represents the slope 3 is to 1 and for the value of the Ns which



we obtained in the previous slide, Ns was .073. So, let us take .073, somewhere here and
you will be getting the intersection with 3 is to 1 line here, somewhere here and this

gives you the mobilized value of frictional resistance phi m dash.

So, here | am getting this value as 12 degree, now you can calculate the factor of safety
against phi, that will be equal to tan 26 upon tan 12 and that comes out to be 2.29. Now,
take another trial, see what we are trying to find out is, we are we will be finding out that
factor of safety for which F s and F phi, F s F phi F c all are equal. Now, we take another

trial value, F s is equal to 1.5 and then again compute F phi in this manner.

(Refer Slide Time: 42:47)

Computations

Ns [
0073 12
003 155

0.049 17.2
0.042 19.0
0.037 205
0.029 23.0

So, here | have shown the computed values, this was our assumed values, this was Ns
and this is phi m and this was computed F phi. So, for different F s values, these are the

values of the F phi, in fact, these are the F c values.

(Refer Slide Time: 43:12)



So, for different F c values, you are getting these F phi values and finally, we do the
same thing, we plot a graph between F ¢ and F phi, this is the graph and draw a line
which is having 1 is to 1 slope, 45 degree slope and where it intersects, this curve that
gives you the factor of safety. So, for this point F s F phi F c all are equal and the factor
of safety we are getting is about 1.6.

(Refer Slide Time: 43:40)

MISCELLANEOUS TOPICS

Seismic stability: Pseudostatic
Method

 Enhancement of the conventional limit
equilibrium method

» Horizontal acceleration is added to
each slice which is assumed fto
continue indefinitely.

* Not a very accurate method due to
following reasons:

So, friends | have discussed various methods of the slopes stability analysis and now few
minutes | would like to devote on some miscellaneous topics, the first topic which | am

taking up is seismic stability, we took this case for one example and the method which



we are using here, it is called as pseudo static method, this is nothing, but it is an

enhancement of the conventional limit equilibrium method.

And, as we did in that problem what we do here is, horizontal acceleration is added to
each slice, each slice we add some component which is assumed to continue indefinitely.
So, we have we take some factor, we take some coefficient and multiplied by g and that
is the acceleration we take up in the horizontal direction, and we assume that it is, this
particular acceleration is acting there for infinite period for indefinitely or as long as the
earth quake is acting there. And then, we calculate we take up that as additional force
additional destabilizing force and then, we do the stability analysis, it is a very very

crude method, it is not a very accurate method.
(Refer Slide Time: 45:05)
» The real seismic force cycle back and forth

in opgosite directions, and continue for only
a limited time.

The wavelength of the seismic waves is
smaller than most slopes. Part of slope may
be accelerated uphill while another part is

accelerated downhill.

Due to above the analyses cannot be
based on anticipated peak ground
acceleration. Values based on observed
behaviour of slopes during earthquakes are
used (0.1 to 0.2g).

The reasons are as follows, the real seismic force cycles back and forth in opposite
directions and continues continue for only a limited time. So, it is it is cyclic in nature the
force is cyclic in nature it does not act for the same for the entire period. So, that is one
thing and secondly, the wave length of the seismic wave is smaller than most of the
slopes and part of the slopes may be accelerated uphill while another part is accelerated
downhill.

So, one part may be accelerated, in one direction the another part is accelerated in other

direction. So, the assumption which we had made that, all the slices are having the force



in the same direction that is not valid and, this is the reason using this method, we get

very very highly conservative results.

So, due to the above, due to the above reasons the analysis cannot be based on
anticipated peak ground acceleration, rather the values based on observed behaviors of
slopes during earthquakes are used and these values vary this coefficient varies roughly

between .1 to .2 g, so this is an approximate method.

(Refer Slide Time: 46:25)

Stabilisation Measures

Factors governing measures

The subsurface condition and potential
mode of failure

The present and required topography

The presence of physical constraints:
property lines and buildings

The consequences of failure

Availability of matenal, equipment and
expertise .

Past performance of the various methods
Time and resource requirement

Second point, which 1 would like to discuss is about the stabilization measures, we have
discussed that the factor of safety, some permissible values of the factor of safety will be
there, let us say 1.5 or 1.2. So, whatever the factor of safety is there, based on this then,
we will decide whether we have to stabilize the slope, whether it is stable whether it is
safe or unsafe and if it is a natural slope, let us say where we, we cannot change the. So,
many things then, we have to stabilize the slopes, if it is a man made structure then, you

can redesign the slope.

So, the factors there may be, we may need to stabilize, we may take to we may require to
adopt some stabilization measures. So, I am only giving very brief idea and not
discussing them in very detail, these are the factors which will govern these measures.
The subsurface condition and potential mode of failure what is the kind of the failure that

you are going to have, whether it is plainer or circular.



Secondly, the present and required topography, so if you want to make a, we want to
make it stable and we want to change the topography that, topography we, we have to
consider how much area it really needs and so on. The presence of physical constraints,
there may be so many physical constraints in the field. Physical constraints means for
example, property lines may be their buildings may be there, you may not be allowed to
work beyond those lines and the area may be limited. So, there may be several

limitations and constraints in the field.

Then, the consequence of failure, consequence of failures means what is the damage we
it is likely to occur, there if the failure occurs, if the life is endangered, if the property is
endangered then, you have to locate different weight age. If there is no danger to life or
the property then, maybe we can adopt some other measure. Then the availability of the
material, if you want to stabilize it availability of the material, the availability of the

equipment and also equip availability of the expertise is very very important.

And also, we have to see in that particular area what is the past performance of various
methods because, stabilization measures it will be a side specific solution, it is not a
standard solution that you can give one solution to every place. So, the solution will vary
from place to place, so what is the performance of various methods, various techniques
there in the past, that is also very important and finally, what is the resource available, do
you have, do you really have money to stabilize and also what is the amount of time
available.
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Measures

Unloading

» The shear stresses may be reduced by
unloading the slope:

—by reducing height
—by flattening the sloee

Buttressing

- Buttress fills can be used to support
the slopes of inferior material. A
buttress fill provides stability due to its
high quality of material (¢’ and ¢')

Now, these are some of the measures, the first thing is we can try to reduce the shear
stresses, you see it is a mechanistically it is a very simple problem, there are actuating
forces and there are stabilizing forces. So, if we try to reduce the actuating forces, if we
try to reduce the, the shearing stresses and that can be done by unloading, that can be the
first approach. So, it can be done you by reducing the height, one can try to reduce the

height of the slope, its possible.

If possible for example, in case of the manmade structures it is possible, in case of the
natural slopes it may not be possible and also by flattening the slope by changing the
slope angle, you if the, if it is very steep it may be it may be unstable. So, we can adopt
the lower the flatter slope, second is buttressing, buttress fills can be used to support the
slopes of inferior material. Buttress fill provides stability due to its high quality of

materials.
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Buttressing

Buttress fill

Weak soil

So, it is something like, here it is a steep slope of the weak soil and some buttress fill is
made, here it is pushing the weak soil, the soil the weak slope and it is making it
stabilized. So, this is the weak soil and this is a good quality of the material and here one
key is provided means, you are putting it up to some depth. So, that force the, the

reaction is also available from the other side.

(Refer Slide Time: 51:06)

» Structural stabilisation
- Retaiging VLS
— Gabions
— Tieback anchors, soil nails




Then, you can use the structural stabilization, here the retaining walls can be used,
gabions can be used, tieback anchors and soil nails can be used, they can be properly

designed.

(Refer Slide Time: 51:21)

Retaining wall

Here is an example, this is a slope here which is having retaining wall, this is the road on
the side and this slope. This retaining wall is still under construction and this retaining

wall is, is being constructed to retain this slope.

(Refer Slide Time: 51:40)

Gabions




These are the gabions, gabions are constructed of broken bolders and rock pieces, stones
and these are the gabions which are kept one above the other and here, it is the slope
which is being stabilized using these gabions. So, this is another technique which can be
used for the natural slopes.

(Refer Slide Time: 52:05)

Tieback Anchor

Assumed failure

surface

Then, this is a tieback anchor, so here the anchors can be provided and also | discussed in
the planar failure case of planar fails, where there also you can provide the anchors and
then, those anchors can be used, they will try to stabilize this mass. So, here it is the
assumed failure surface and the anchor is here, so anchor will try to polate and it will try

to give some stabilizing effect on this, on this slope.
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» Drainage
—Surface drainage
—Sub surface drainage
- Perforated pipe drains
- wells
» Horizontal drains

» Reinforcement
—Synthetic reinforcement
—Vegetation

Then, drainage you can improve the drainage, you can, then the water pressure is the
biggest enemy in case of the slopes. So, the good drainage can be provided and drainage
will reduce the water pressure and effective stresses will increase once the effective
stresses are increased then, the shear strength is automatically it is going to increase.

So, drainage is one of the very effective measure and the drainage can be provided at the
surface where the surface drains can be provided a system of drainage, drains can be
designed which will take the water to some safe place and also, one can provide the sub
surface drainage, inside this soil the sub surface drainage can be provided. It can be done
using perforated pipe drains, these pipe drains will collect waters and then, that water can

be carried away to safer places.

Wells can be used, this is a little bit costly affair, so it depends how much resources are
available. So, the water table can be kept under limits, so that it does not rise to a level
where it can cause the failure then, horizontal drains can also be provided inside the soil
mass. Then there are latest techniques, where the reinforcement is being used in the slope
stabilization measures, so it can be synthetic reinforcement like geo synthetics,
sometimes some other kinds of reinforcements are also used or even vegetation can also

be used at some places to weak, to improve the quality of the soil.
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CONCLUDING REMARKS ON
STABILITY OF SLOPES

» Classification
— Mining
— Civil Engineering
* Infinite and finite slopes

» Basic mechanism and FOS with respect to
cohesion, friction and strength.

* Infinite slopes: Rupture surface parallel to
ground surface
— Different seepage conditions

So, friends if finally, some concluding remarks on these all lined lectures on the stability
of slopes, | started with the classification of the slopes, there | discussed about the
mining slopes and civil engineering slopes and then, we consent we concentrated on civil
engineering slopes. In civil engineering slopes we discussed infinite slopes and the finite
slopes | started with the basic mechanism where the mechanics is important what is the

mechanics, how it is used.

we discussed about the factor of safety, what is the factor of safety with respect to
cohesion with respect to friction and strength, this is what we discussed then, we took up
the cases of the infinite slopes in detail, in finite slopes | have their rupture surfaces
parallel to the ground surface and we considered several various types of seepage

conditions there.
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= Slope of finite height
—Slopes with planar failure surface
—Slopes with circular failure surface
» Mass procedure

— soil with ¢'=0

—Cc-¢’ soil
»Friction circle method
» Stability number

Then, we started the finite height slopes there we discussed the slopes with planar failure
surfaces, where discontinuities are present in the mass for example, in case of the shells
and rocks, the rocks. Then we started the slopes with circular failure surfaces, where the

material is homogeneous.

And here we discussed about the mass procedure, when which entire mass was taken as a
whole. So, value with phi dash is equal to 0 was taken separately then, we discussed the
¢ dash phi dash soil and here, we discussed the friction circle method and stability
number approach.
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» Method of slices

—Swedish slip circle method (¢=0; c>0)
—Ordinary method of slices ($>0; c>0)
—-Simpliﬁed‘Bishop's Method

—Bishop and Morgenstern method

—Morgenstern method for rapid drawdown
—Spencer's method

Stabilisation measures

Then finally, we went through the most popular methods, the method of slices here we
discussed the Swedish slip circle method, ordinary method of slices, simplified bishop’s
method which | have covered today then, bishop’s and Morgenstern method,
Morgenstern method for rapid drawdown and Spencer’s methods. So, these methods can
be used to find out the factor of safety using the method of slices then, we also gave

some very brief discussion about the stabilization measures.
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These are the books which I have referred during my lectures classes, one was Coduto,
second was by das, the third was by Murthy and by Ranjan and Rao. These are the books
and all most all material you find in these books, these are the references which | have
used during all my lectures. First is Coduto, it is geo technical engineering principles and
practices, second book | have referred is by Das, which is principle of geo technical

engineering.

Third is by Murthy, text book of soil mechanics and foundation engineering and last one
is Ranjan and Rao basic and applied soil mechanics. So, all the material, all the tables
and text you will be getting in these books. So, with these words | thank you all for being

with me.

Thank you very much.



