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Abstract Analysis of dam slopes is of much importance
because its failure may prompt loss of lives and properties.
In this paper, both seepage and slope stability analyses of
the earthen embankment dam of Durgawati reservoir pro-
ject in the region of Kaimur—Bihar is presented. The
analyses are performed using geotechnical software
GEOSTUDIO 2007 (SEEP/W in Seepage analyses, Soft-
ware permitted for limited period of use by GeoSlope
Office, Canada, 2007; SLOPE/W in Stability Analysis,
Users guide version 5, GeoSlope Office, Canada, 2002).
Two sections of the Durgawati reservoir project have been
considered for detailed stability analysis namely one from
RD 640.09 m CH 21.00 and another from RD 670.57 m
CH 22.00. Both upstream and downstream slopes, located
at the dam site have been investigated for long-term sta-
bility for full reservoir condition (i.e. steady-state seepage)
and drawdown condition (i.e. transient-state). It has been
observed that the Factor of safety against slope failure at
the upstream face is substantially greater than that of the
downstream slope because of resisting effect of the reser-
voir water on the upstream slope. The stability of the
upstream slope of the dam decreased considerably during
drawdown condition. The structure lies in the earthquake
prone area Zone III as per IS 1893-2002. Therefore, a
pseudo-static analysis has been performed using different
horizontal earthquake coefficient in combination with both
steady-state as well as transient-state seepage condition.
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Introduction

An earthen embankment dam is a structure with a complex
geometry and expected to remain stable under all condi-
tions. Stability related issues of built in slopes are common
challenges to both professional researchers and engineers.
Failure of the earthen dam may be caused by change in
resulting stress by rainfall, variation in ground water table,
sudden change in water level of the reservoir or seismic
event, occurring individually or in combination.

In case of earthen dam holding reservoir water, the
knowledge of water flow inside embankment is extremely
important to estimate the seepage loss inside the water storage
dam. In the present study, the quantity of water flowing
through the pores of the soil and its influences on the shear
strength is of great concern in stability of slopes. To predict the
stability of a dam at any stage, a stability analysis under static
load for steady-seepage and transient-state seepage has been
performed. If the dam is to be constructed in an earthquake
prone area, proper analyses should be carried out to assess the
stability of structure against seismic loading.

There are several available commercial softwares [1, 2]
which incorporate the facilities of both seepage and stability
analyses of earthen embankment slopes. The first limit
equilibrium method proposed by Fellenius [3] for slope
analysis was based on the idea of dividing potential sliding
mass into discrete vertical slices for a circular slip surface.
Bishop [4, 5] reformulated the method of slice by adding a
new inter-slice normal force, and calculated the factor of
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safety (FOS) with great precision. At the same time, Janbu
[6] developed a simplified method for non-circular failure
surfaces. Later, a generalized procedure of slices (GPS) was
proposed by Janbu [7] by including inter slice forces. Later,
Morgenstern and Price [8], Spencer [9] restructured the
method of slice, for non-circular failure as well as for circular
failure surface, by including both inter-slice normal forces
and inter-slice shear forces satisfying both moment and force
equilibrium. In 1973, a new limit equilibrium based tech-
nique was devised by Sarma [10] to examine the stability of
slope. Several others investigators like Lowe—Karafaith [11]
and Corps of Engineers [12] independently proposed a
method satisfying only force equilibrium by considering
both inter-slice normal as well inter-slice shear force with a
difference in assumption for the inter-slice force function. At
the University of Saskatchewan, Fredlund and Krahn [13]
developed General limit equilibrium (GLE) formulation.
These are some popular limit equilibrium based analysis
methods for assessing the stability of earthen slope being
used in geotechnical engineering for many years.

Griffiths and Lane [14] proposed advanced numerical
methods for stability analysis based on strength reduction
technique in combination with finite element method. In
addition, Lane and Griffiths [15], Griffiths and Fenton [16],
Zheng et al. [17] developed the stability analysis technique
based on finite element method.

In recent years, evolutionary algorithms have been
introduced with much acceptability for solving non-linear
optimization problems. Genetic algorithm is one of the
popular techniques that have been used in the recent years to
solve slope stability problem. Goh [18, 19], McCombie and
Wilkinson [20], Sabhahit et al. [21], Zolfaghari et al. [22],
Bhattacharya and Satish [23] have used genetic algorithm for
slope stability analysis. Recently, particle swarm optimiza-
tion is evolving as a powerful optimization technique for
analyzing the stability of slope. Cheng et al. [24], Kumar and
Reddy [25] have used the particle swarm optimization based
approach for estimating the FOS for earthen slope.

In this paper, the seepage and slope stability analyses of
Durgawati earthen dam is presented as a case study.
Seepage analyses have been carried out considering steady
state condition to find out the pore pressure magnitudes.
Also, transient state seepage analyses have been carried out
to find the same to simulate the drawdown effect of
reservoir water. After that, slope stability analyses have
been performed to find out the minimum FOS against slope
failure using Geo-Studio software [1, 2]. Sivakugan and
Das [26] have validated this software for a number of slope
stability problems and advocate the use of this software for
solving problems related to slope stability. Furthermore,
seismic slope stability analyses have been performed by
considering horizontal earthquake coefficient under both
steady state and transient state seepage condition.
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Methodology and Modelling

Stability analysis of earthen embankment dam can be
accomplished by different limit equilibrium methods for
concluding the critical failure surface and, associated
minimum values of Factor of safety. The following section
briefly describes the methodology used for analyzing
Durgawati earthen dam in Bihar.

Seepage Analysis

The seepage analysis has been performed to predict pore
pressure distributions under full reservoir condition by
steady-state seepage analysis and under drawdown condi-
tion by transient seepage analysis. The estimate of total
quantity of seepage losses through an embankment slopes
is based on the difference in elevation of water between the
upstream and downstream side of the earthen dam along
with the hydraulic conductivity of respective embankment
material. According to the Darcy’s law, the specific dis-
charge through a saturated soil medium is given by;

q=ki (1)

where g = the specific discharge (i.e. discharge per unit area)
through the soil medium, k& = the hydraulic conductivity of
soil material, i = slope of gross available hydraulic head.

Darcy’s law was initially derived to estimate the specific
discharge for saturated soil. Later research shows that it
can also be applied to estimate the flow of water through
unsaturated soil media [27, 28]. The quantity of water
flowing through a saturated soil mass as well as the dis-
tribution of water pressure can be estimated by the theory
of flow of fluids through any porous medium. The general
form of two-dimensional differential equation (Laplace
equation) to estimate seepage is expressed as:

O ((BHY D (oY 0,
ox \'" ox dy \'” dy

=% (2)

There are two basic types of seepage analysis, steady-state

seepage to simulate reservoir water under full storage

conditions and transient-state seepage to simulate

drawdown in the reservoir water. The related mathematical
formulation associated with each type is expressed as:

Steady-State Seepage
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where H = total available hydraulic head difference,
k. = the hydraulic conductivity in the horizontal
x-direction, 0,, = volumetric water content of the soil,
t = time, Q = applied boundary flux i.e. discharge,
k, =the hydraulic conductivity in the vertical
y-direction, m,, = the slope of the storage slope,
Y, = the unit weight of water.

Limit Equilibrium Methods for Stability Analysis

Limit equilibrium analysis methods have been used in
geotechnical engineering for many years to assess the
stability of earthen slopes. An analysis of slope stability
starts with supposition that the stability of the slope is
governed by downward mobilized forces and upward
resisting forces. The relative stability of slope is charac-
terized by the term factor of safety (FOS), defined as the
ratio of the summation of shear resistance and shear
mobilized for individual slices:

Sresistance
Fos = %Smobilised ®)
Shear strength (resistance):
Syesistance = ¢+ (N — p) tan ¢’ (6)
Shear stress (mobilized):
Smobvilized = W sin o (7)

where ¢’ = effective cohesion, ¢’ = effective frictional
angle, N = W cos o = base normal, W = the slice weight,
u = the pore-water pressure, o = base inclination.

Various limit equilibrium methods viz. Bishop’s method
[4, 5], Morgenstern and Price [8], Corps of Engineers [12]
have been used in the present study.

Pseudo-static Analysis

A seismic pseudo-static analysis represents the earthquake
shaking condition by applying an acceleration that creates
an inertial force. These forces are in the horizontal direc-
tions as well as in vertical directions and act at the center of
each slice to exert large influence on the stability of
embankment slopes. The forces are defined as:

Fh = (ahW/g) = khW (8)
FV = (aVW/g) = ka (9)

If seismic loading is considered, the S,.sance ANA Syopitized
may be determined as follows:

Syesistance = ¢+ (N — u — Fy,sin o) tan ¢’ (10)
Spobilizea = W sin o + Fj, cos o (11)

where a;, = horizontal pseudo-static acceleration, a, = -
vertical pseudo-static acceleration, g = gravitational
acceleration constant, k, = horizontal seismic coefficient,
k, = vertical seismic coefficient.

Model Analysis

In this paper, the static and seismic slope stability analyses
have been presented for a typical slope section as shown in
Fig. 2. The aim of this study is to fulfill three main
objectives. The first objective is to find the FOS against
slope failure for the Durgawati earthen embankment dam
by different limit equilibrium methods under steady-seep-
age and transient-state seepage. The second objective is to
compare the FOS values between the two seepage-states on
both downstream as well as upstream slope. Third objec-
tive is to find the effect of seismic acceleration on the
stability factor of dam slope for both upstream and
downstream slopes situated at CH 21.00 and CH 22.00
respectively. Within this framework, the earthen embank-
ment dam has been analyzed for following cases:

Case-1 Static slope stability analysis for downstream and
upstream slopes under full reservoir condition
(i.e. under Steady-state seepage).

Static slope stability analysis for downstream and
upstream slopes under drawdown condition (i.e.
under transient-state seepage).

Pseudo-static earthquake stability analysis, com-
bined with Steady-state seepage using a lateral
acceleration of 0.08 g where g is acceleration due
to gravity.

Pseudo-static earthquake stability analysis, com-
bined with transient-state seepage using a lateral
acceleration of 0.08 g where g is acceleration due
to gravity.

Pseudo-static earthquake stability analysis, com-
bined with Steady-state seepage using a lateral
acceleration of 0.16 g where g is acceleration due
to gravity.

Pseudo-static earthquake stability analysis, com-
bined with transient-state seepage using a lateral
acceleration of 0.16 g where g is acceleration due
to gravity.

Case-2

Case-3

Case-4

Case-5

Case-6

Seepage Analysis

The slopes in the present case study have been evaluated
for predicting the ground water flow i.e. to establish the
phreatic-line and also the condition of pore-water pressure
in the embankment under both Steady-state seepage and
transient-state (i.e. Drawdown), using the computer
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software SEEP/W. The effect of groundwater flow and
seepage has been studied further to evaluate the stability
conditions.

Upstream Head Boundary Condition

In this particular problem, the two different boundary
conditions have been applied at the interference of the
upstream slope and reservoir. It has been used to simulate
the field condition of the reservoir water level for seepage
analysis.

e Constant Pressure Head

In the steady-state seepage analysis, the available head
(H) has been specified at the upstream of the embankment
as a boundary condition for the initial water level of the
reservoir. The available total head is equal to the full
storage level. Since, the upstream water level has not
changed with time therefore; a constant total head of
128.6 m has been applied for two sections at CH 21.00 and
CH 22.00 respectively.

e Drawdown Pressure Head

In transient analysis, the water level in the reservoir
changes with time; hence the available head (H) specified
at the upstream of the embankment is a function of time. A
total head versus time function is shown in Fig. 1, which
shows the initial and final values of the head. Moreover, the
head versus time function represents the total head i.e.
when the earthen embankment is under Steady-state
seepage, without any reduction in reservoir water level or
available head with time and therefore a constant total head
of 128.6 m has been applied at time equals to zero.
Moreover, to simulate a field drawdown condition, for loss
of 19.20 m head in reservoir over a period of 10 days with
a final head of 109.4 m, boundary condition has been
applied in such a way that the reduction in reservoir water
and pore-water pressures in the dam at different time
during the whole drawdown process can be modeled. The
solution of Eq. (4) subjected to respective boundary
condition as shown in Fig. 1 can be found in SEEP/W
tutorial [1] as well as in the works by Segerlind [29].

Total Head(m) vs Time(sec)

Total Head (m)

105

0 100000 200000 300000 400000 500000 600000 700000 800000 900000
Time (sec)

Fig. 1 Head versus time
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Stability Analysis

The limit equilibrium based Bishop’s method [4, 5] of
analysis has been chosen for the slope stability analysis and
the computer based software SLOPE/W has been used to
obtain the FOS for the two embankment slopes. The slope
analysis method suggested by Morgenstern and Price [8]
and Corps of Engineers [12] have also been used for ana-
lyzing Durgawati earthen dam and their results are pre-
sented in tabular form.

Pseudo-Static Analysis

The pseudo-static analyses have been carried out for the
slope to study the effects of earthquake shaking by
applying horizontal accelerations that produce an inertial
force. The Durgawati earthen dam is situated in Zone III as
per IS 1893-Part 1 (2002) [30, 31]. The value of horizontal
seismic coefficient k;, = 0.08 has been considered for the
seismic slope stability analysis in Case-3 and Case-4.
Hynes-Griffin and Franklin [32] recommended that the
pseudo-static acceleration coefficient should be half of the
design ground acceleration coefficient which may be
treated to be same as the Zone factor as defined in IS
1893-Part 1 (2002) [30, 31]. Also, the value of horizontal
seismic coefficient k;, = 0.16 is considered for the seismic
slope stability analysis in Case-5 and Case-6 which is same
as the Zone factor suggested by IS 1893-Part 1 (2002)
[30, 31]. The consideration ofk, = 0.16 is in agreement
with the works of Chakraborty and Choudhury [33] who
used a value horizontal seismic coefficient k;, = 0.10 for
stability analysis of slope in seismic zone II. This value of
ky, is same as the zone factor for zone II as per IS 1893-Part
1 (2002) [30, 31].

Durgawati Earthen Dam-Reservoir Project
and Model Description

The case study with the relevant slopes has taken up from
the Durgawati reservoir project in Kaimur district of the
state of Bihar in India. The construction of the earthen
embankment dam project started in the year of 1975 and,
was complete in the year of 2015. The aim of this project is
to irrigate 17,267 ha area of two blocks of Kaimur district
and three blocks of Rohtas district. In addition to it, it also
aims to provide stabilization of irrigation in (16,200-ha
area) due to an old scheme viz. Kudra Weir scheme. The
area (16,200 ha) under Kudra Weir has been internalized in
the command area of Durgawati reservoir project, and
provides gross irrigation of total 33,467-ha area.

The earthen embankment dam of Durgawati reservoir
project is 1615.4 m in length and of 46.30 in height. For
case study of the Durgawati reservoir project, two slopes
are considered for detailed seepage and stability analysis.
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One section is from RD 640.09 m at CH 21.00 and another
from RD 670.57 m at CH 22.00 respectively. Details of
embankment material linked with case study have been
listed in Table 1 and the corresponding model of the
embankment slopes have been shown in Fig. 2. Moreover,
it is evident from the design report that soil used for the
construction of earthen embankment is locally available
soil. The soil having lower hydraulic conductivity with
higher value of cohesion has been used as core material
whereas those having higher value of hydraulic conduc-
tivity and lower amount of cohesion have been used as
shell material.

To obtain the various soil parameter of Durgawati
earthen embankment, the water resource department,
Government of Bihar was approached. The required input
parameters such as soil unit weight, shear strength
parameters, saturated hydraulic conductivity etc. have been
obtained from the Design report of Durgawati reservoir
project [34].

Results and Discussion
Seepage Analysis

Figure 2 shows the result of seepage analysis for the two
dam sections i.e. at sections CH 21.00 and CH 22.00
respectively. In these two figures, the initial (i.e. at O days)
and final water level after 57 days have been shown. The
topmost flow line inside the embankment slope reflects the
phreatic for steady state seepage condition. The bottom-
most flow line reflects the phreatic surface after carrying
out transient seepage analysis. As the saturated conduc-
tivity is 100 times less in the core material than the shell
material, a considerable drop in the total head of the water
is evident from the results. It is observed that a good por-
tion of the reservoir total head is lost in the core of the
embankment.

Since, the water level in the reservoir is changed grad-
ually with time from “Initial water level” (H = 128. 6 m)
to a “dead storage level” (H = 109.4 m) during the period
of first 10 days, the resulting water flow lines in the

saturated zone (i.e. phreatic surface) are also changing
inside the embankment. In addition, it also evident from
Fig. 2, that the dissipation of water inside the embankment
is not as quick as in the reservoir due to the much lower
conductivity of embankment materials. Because of this
reason, water inside the embankment takes 57 days or
more to dissipate completely. Figure 2 also shows how the
phreatic surface is gradually changing with respect to time
during the drawdown process. However, water in the
reservoir comes down to the dead storage level after
10 days of the beginning of the drawdown process.

Stability Analysis

In this section, the results and corresponding plots of sta-
bility analyses of Durgawati earthen embankment have
been presented. Only the relevant plots obtained using
Bishop’s method [4, 5] have been presented in Figs. 3,4, 5,
6,7,8,9,10, 11, 12, 13, 14 and 15 for downstream slopes
and in Figs. 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27 and 28 for upstream slopes. Because the nature
of relevant plots obtained from Morgenstern and Price [8]
and Corps of Engineers [12] are similar to that of Bishop’s
method [4, 5], they have not been shown in this paper. Only
the values of FOS obtained from Morgenstern and Price [8]
and Corps of Engineers [12] have been presented in
Tables 2 and 5. Also, it is observed that the Bishop’s
method yields the most conservative results from these two
tables.

Factor of Safety (FOS) of Downstream Slope
Section at CH 21.00 and CH 22.00

Table 2 presents the FOS values against slope failure for
static and seismic slope stability analysis of downstream
slope section at CH 21.00 and CH 22.00 for different cases
as described in “Model Analysis”.

Effect of Drawdown on Static FOS

Figure 3 shows the FOS value and associated critical
failure surface for the static slope stability analysis for
Case-1 at CH 21.00 and CH 22.00 respectively. In addition,

Table 1 Properties of different component of Durgawati Earthen Embankment Dam

Soil designation Effective cohesion C (kPa)

Friction angle ¢ (degree)

Unit weight y (KN/m?) Saturated conductivity k (m/s)

Embankment core 20.0 24.5
Embankment shell 15.0 24.5
Foundation 10.0 30

Filter 0.0 24.5
Toe drain 0.0 24.5

21.07 1 x 1077
21.07 1 x107°
20.08 1 x 107°
16.50 1 x107*
16.50 0.5
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Fig. 4 shows the FOS value and associated critical failure

surface for the static slope stability analysis for Case-2.
For Case-1, minimum Static FOS value against slope

failure for downstream slope stability analysis at CH 21.00
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is found out to be equal to 1.77 whereas, minimum FOS
value at CH 22.00 is 2.017. For Case-2, FOS value at CH
21.00 has increased marginally by 0.62% and found out to
be 1.782 just after 10 days of drawdown (i.e. when water-
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level in the reservoir has reached the dead storage level).
From Fig. 5a, it is observed that the FOS value increases
with time by 2.4% and is found to be 1.813 after 57 days as
the excess pore water pressure dissipates. FOS value
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against slope failure remains constant with time during the
drawdown process for slope at CH 22.00. This is because
the phreatic surface does not pass through the failure sur-
face during Case-1 and Case-2 as evident from Figs. 3b
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Fig. 14 Comparison of shear strength for Case-2, Case-4 and Case-6 at sections: a CH 21.00 and b CH 22.00

and 4b. Therefore, the resulting pore water pressure does
not affect the slope analyses in both the cases. In addition,
as the drawdown in the reservoir begins the reduction of
water from the reservoir and dissipation of pore water from
embankment material is a function of time during the entire

process of drawdown. Consequently, the FOS value linked
with the slope also become function of time. Figure 4
shows the variation in the FOS with time during and after
drawdown of 10 days for the two slope sections at CH

21.00 and CH 22.00, respectively.
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Fig. 17 Failure surface and corresponding FOS value for Case-2 at sections: a CH 21.00 and b CH 22.00

Itis observed from Fig. 5a that the variation of FOS value
up to 4 days is very less. As the process of drawdown starts,
the head difference between the reservoir water level and that
inside the embankment slowly begins to increase with time.
Initially, this difference is very less during first 4 days
resulting into very little change in phreatic surface as shown
in Fig. 2a. Figure 6a shows the variation of pore water
pressure values at the beginning of drawdown process, after
11 days and after 57 days respectively along the slices
associated with failure slip surface for CH 21.00. It also
reflects much less dissipation of pore water pressure during
the period of first 4 days. That is why; the FOS value remains
nearly constant during this time. Furthermore, the water level
in the res7ervoir continuously reduces to dead storage level

@ Springer

atthe end of 10th day and the drawdown process ends. At that
point of time, the head difference is maximum. But, the
resulting phreatic surface reduces at a slower rate inside the
embankment because the permeability of the embankment
material is relatively less. Figure 2a depicts the lowering of
phreatic surfaces at different times after the drawdown pro-
cess has begun. The corresponding dissipation of excess pore
water pressure with time is shown in Fig. 6a. The pore water
pressure along each individual slices are shown in Fig. 6a for
the slope section at CH 21.00 at O days, 11 and 57 days,
respectively. After 4 days, the FOS value begins to increase
slowly up to 57th day as the dissipation of excess pore-
pressure takes place. Corresponding increase in shear
strength along the failure surface is depicted in Fig. 7a.
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Whereas, Fig. 5b, shows that FOS value remain con-
stant with time during and after 10 days of drawdown for
slope at CH 22.00. This FOS value remains constant
because the phreatic surface does not pass through the

potential failure surface of the slope at CH 22.00 for both
Case-1 and Case-2 as shown in Figs. 3b and 4b. The
negative pore water pressure is generated when the failure
slip surface is above the phreatic line and the positive
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Fig. 23 Effect of drawdown on FOS value at sections: a CH 21.00 and b CH 22.00

pore water pressure develops when the phreatic surface
passes through the failure slip surface. For CH 22.00, the
pore water pressure developed along the each individual
slice of slip surface is negative as shown in Fig. 6b. This
indicates that the phreatic surface never intersects the
failure slip surface during the period of 57 days. There-
fore, the shear strength of the slices associated with the
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failure mass will remain constant and this phenomenon is
represented in Fig. 7b.

In Fig. 7 sudden drop of shear strength is observed for
the slopes i.e. at CH 21.00 and CH 22.00, respectively. It is
because the failure surface is passing through the chimney
drain where the shear strength properties are considerably
less than that of core and the shell material.
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Fig. 26 Comparison of mobilized shear for Case-2, Case-4, and Case-6 at sections: a CH 21.00 and b CH 22.00

Effect of Drawdown on Seismic FOS
For Horizontal Seismic Coefficient k;, = 0.08

Seepage and stability analyses are carried out for the slopes
at CH 21.00 and CH 22.00 respectively when seismic
horizontal force of magnitude (k, = 0.08) is applied. From

Table 2, it is observed that for Case-3, FOS value against
slope failure for downstream slope stability analysis at CH
21.00 is 1.393 whereas the same is equal to 1.552 for CH
22.00. For Case-4, FOS value at CH 21.00 improves
slightly by 0.64% and found to be 1.402 just after 10 days
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Table 2 Factor of safety (FOS) for downstream slope section at CH 21.00 and CH 22.00

- Case-2
- Case-4
(Kh=0.08)
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(Kh=0.16)
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Slice No:-
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A
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Reservoir conditions Factor of safety Bishop’s method

Factor of safety Morgenstern and Price

Factor of safety Corps of Engineers

(1950) (1965) (1970)

CH 21.00 CH 22.00 CH 21.00 CH 22.00 CH 21.00 CH 22.00
Case-1 1.771 2.017 1.770 2.016 1.788 2.020
Case-2 1.813 2.017 1.813 2.016 1.832 2.020
Case-3 (k, = 0.08) 1.393 1.552 1.397 1.553 1.509 1.712
Case-4 (k, = 0.08) 1.428 1.552 1.431 1.553 1.541 1.712
Case-5 (k, = 0.16) 1.140 1.254 1.149 1.225 1.216 1.437
Case-6 (k, = 0.16) 1.170 1.254 1.178 1.255 1.249 1.437

of drawdown (i.e. water level in the reservoir is at dead
storage level). The FOS value is observed to increase with
time by 2.6% as the excess pore-pressure dissipates as
shown in Fig. 8a. In these two cases, the variation of pore
pressures along failure slip surface will be same as that in
case of Case-1 and Case-2 respectively because all
conditions related to seepage analyses are exactly similar.
After 57 days, the FOS value increases to 1.428. The FOS
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value against slope failure remains constant with time
during the drawdown process for slope at CH 22.00.
Figure 8 shows the variation in the FOS with time during
and after drawdown of 10 days for the two slope sections at
CH 21.00 and CH 22.00 respectively.

Moreover, Fig. 8a, also exhibits that the FOS value is
nearly constant up to 4 days and then increases for slope at
CH 21.00 for Case-3. Whereas, Fig. 8b shows that FOS for
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value remain constant with time during and after 10 days
of drawdown for slope at CH 22.00. For the results shown
in Case-3 and Case-4 (i.e. Figs. 8, 9), the explanations can
be given similarly as for Case-1 and Case-2 respectively.

Effect of Drawdown on Seismic FOS
For Horizontal Seismic Coefficient k, = 0.16

For Case-5, minimum FOS value against slope failure for
downstream slope stability analysis at CH 21.00 is found
out to be equal to 1.140 whereas, the FOS value at CH
22.00 is 1.254. For Case-6, FOS value at CH 21.00
increases by 0.70% to 1.148 just after 10 days of
drawdown (i.e. when water-level in the reservoir is at
dead storage level). The FOS value increases with time by
1.9% to 1.170 after 57 days as the excess pore-pressure
dissipates as shown in Fig. 13a. The results of seepage
analyses of case 5 and case 6 will be same as that of Case-1
and Case-2 respectively because the seepage conditions are
similar. The FOS value against slope failure remains
constant with time during the entire drawdown process for
slope at CH 22.00. Figure 13 shows the variation in the
FOS with time during and after drawdown of 10 days for
the two slope sections at CH 21.00 and CH 22.00
respectively.

Moreover, Fig. 10a also shows that the FOS for value is
nearly constant up to 2 days and then increases for slope at
CH 21.00. Whereas, Fig. 10b shows that FOS for value
remain constant with time during and after 10 days of
drawdown for slope at CH 22.00. Similar conclusions like
Case-1 and Case-2, regarding the improvement of the FOS
against slope failure for slope at CH 21.00 and constant
FOS for slope at CH 22.00 remain applicable for this case.
A comparison of shear strength for Case-5 and Case-6 for
slope at section CH 21.00 and CH 22.00 are presented in
Fig. 11.

Effect of Seismic Acceleration on Static FOS, Shear
Strength and Mobilized Shear

For Constant reservoir water-level (i.e.
Seepage)

Steady-State

Table 3 presents the FOS values against failure of down-
stream slope for Case-1, Case-3 and Case-5 at CH 21.00
and CH 22.00, respectively. The percentage increase and
decrease of FOS values with respect to that of Case-1 is
also presented.

Figure 12 shows the effect of horizontal acceleration on
shear strength profile for slope section at CH 21.00 and CH
22.00 respectively. The comparisons are made for Case-1,
Case-3 and Case-5 respectively. In all these three cases, the
seepage conditions are same (i.e. steady-state seepage
condition). From Eq. (10), it is observed that the applica-
tion of horizontal seismic loading decreases the magnitude
of shear strength along failure surface by an amount

(k,WSino) from that of the static analysis (Eq. 6). How-
ever, the application of seismic load has large influence on
mobilized shear and magnitude of mobilized shear
increases by (k, WCosa) as shown by Eq. (11) compared to
the static analysis (Case-1) where the mobilized shear
along individual slice is expressed in Eq. (7). Figure 13
shows the effect of horizontal acceleration on mobilized
shear profile for slope section at CH 21.00 and CH 22.00,
respectively. It is observed that the mobilized shear is
maximum for seismic analysis when k, = 0.16 in com-
parison to the static case as expected.

Effect of Seismic Acceleration on Static FOS, Shear
Strength and Mobilized Shear

For Drawdown in Reservoir Water Level (i.e. Transient-
State Seepage)

Table 4 presents the FOS values against failure of down-
stream slope for Case-2, Case-4 and Case-6 at CH 21.00
and CH 22.00, respectively. The percentage decrease of
FOS values with respect to that of Case-2 is also presented.

The comparisons are made for Case-2, Case-4 and Case-
6 respectively. In all these three cases, the transient seepage
state is considered to simulate the drawdown phenomenon
in the reservoir. Figure 14 shows the effect of applied
horizontal seismic acceleration on shear strength profile for
slope section at CH 21.00 and CH 22.00 respectively.
Whereas, Fig. 15 shows the effect of horizontal accelera-
tion on mobilized shear for slope section at CH 21.00 and
CH 22.00 respectively. Similar conclusions like compar-
ison of Case-1, Case-3 and, Case-5 regarding the effect of
seismic load on shear strength and mobilized shear
respectively are applicable here.

From Tables 3 and 4, it may be observed that the per-
centage decrease in FOS values is almost same. These two
tables reflect the effect of earthquake under the application
of different horizontal seismic coefficient (k;) indepen-
dently. Table 3 shows the percentage decrease in FOS
value for the respective cases having similar seepage
condition with full reservoir level whereas Table 4 is for
situation after 57 days. Referring to Eqs. (10) and (11), it
can be seen that the shear strength and mobilized shear and
the corresponding FOS against slope failure are dependent
on the weight of the failure mass, which is the summation
of weight W of individual slices as well as the horizontal
seismic coefficient (k).

It is observed from Figs. 3b and 4b that the phreatic line
never intersects the failure surface for CH 22.00. There-
fore, the effective weight each individual slice W as well as
that of the failure mass considered in the slope analysis
remains unchanged. That is why; the calculated FOS values
of downstream slope for CH 22.00 do not change as shown
in Tables 3 and 4. From Figs. 3a and 4a, it can be observed
that the phreatic surface passes through the failure mass but
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Table 3 Percentage change in factor of safety (FOS) for downstream slope

Embankment Dam conditions FOS at CH 21.00

% Decrease in FOS

FOS at CH 22.00 % Decrease in FOS

Case-1 1.771
Case-3 (k, = 0.08) 1.393
Case-1 1.771
Case-5 (k, = 0.16) 1.140

21.3%

35.6%

2.017 23.1%
1.552
2.017 37.8%
1.254

Table 4 Percentage change in factor of safety (FOS) for downstream slope

Embankment Dam conditions FOS at CH 21.00

% Decrease in FOS

FOS at CH 22.00 % Decrease in FOS

Case-2 1.813
Case-4 (k, = 0.08) 1.428
Case-2 1.813
Case-6 (k;, = 0.16) 1.170

21.2%

35.5%

2.017 23.1%
1.552
2.017 37.8%
1.254

it is primarily arrested in the drainage path inside the dam
body. This is true for the analysis for full reservoir con-
dition as well as for the analysis after 57 days. Comparing
Figs. 3a and 4a, it can be seen that change in the portion of
submerged failure mass is very less in both scenarios. That
is why, with each increment of horizontal seismic coeffi-
cient, the percentage change in estimated FOS values for
Case-1, Case-3 and Case-5 and for Case-2, Case-4 and
Case-6 are almost similar.

Factor of Safety (FOS) of Upstream Slope
Section at CH 21.00 and CH 22.00

Table 5 presents the FOS values against slope failure for
static and seismic slope stability analysis of upstream slope
section at CH 21.00 and CH 22.00 for different cases as
described in “Model Analysis”.

Effect of Drawdown on Static FOS

Figure 16 shows the FOS value and associated critical
failure surfaces for the static slope stability analyses for
Case-1 at CH 21.00 and CH 22.00 respectively. In addition,
Fig. 17 shows the FOS value and associated critical failure
surfaces for the static slope stability analyses for Case-2 at
CH 21.00 and CH 22.00 respectively.

For Case-1, minimum static FOS value against slope
failure for upstream slope stability analysis at CH 21.00 is
observed as 2.423 whereas the FOS value at CH 22.00 is
found out to be equal to 2.423. For Case-2, FOS value at
CH 21.00 decreases significantly by 35.7% to 1.558 just
after 10 days of drawdown (i.e. water level in the reservoir
is at dead storage level). However, it is observed that the
FOS value recovers with time by 13.1% as the excess pore-
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pressure dissipates and becomes 1.875 after 57 days. A
similar behavior in FOS value during the drawdown pro-
cess is observed for slope at CH 22.00 with initial decrease
in FOS value by 34.9% to 1.578 after 10 days of drawdown
and finally the FOS value recovers by 13.5% and found to
be 1.904 after 57 days.

It is evident from Fig. 18 that the FOS value decreases
initially during the period of 10 days for the two slope
sections at CH 21.00 and CH 22.00 respectively. As the
process of drawdown starts, the water level in the reservoir
continuously reduces to dead storage level at the end of
10th day and the drawdown process ends. However, the
resulting phreatic surface lowers at a slower rate inside the
embankment because the permeability of the embankment
material is relatively less. The presence of water inside the
reservoir act as a stabilizing force for the upstream slope.
The reduction of FOS value during initial 10 days is due to
sudden decrease of stabilizing force resulting from lower-
ing of reservoir water level in the upstream side of the
embankment. There is no further reduction in the water
level after 10 days and the excess pore pressure gradually
dissipates inside the embankment up to 57th days. This
leads to slow but gradual appreciation of FOS value of the
slope against failure process and after 6, 11, 19 and 57 days
respectively along the slices associated with failure slip
surface for CH 21.00 and CH 22.00. However, after initial
decrease in FOS value during the period of 10 days, the
FOS value gradually improves up to 57th day as dissipation
of excess pore-pressure takes place inside the embankment
(as explained before) as shown in Fig. 19 for both the slope
at CH 21.00 and CH 22.00 respectively. This also improves
the shear strength associated with each individual slice as
shown in Fig. 20. This phenomenon, in turn improves
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Table 5 Factor of safety (FOS) for upstream slope section at CH 21.00 and CH 22.00

Reservoir conditions

Factor of safety

Bishop’s method (1950)

Factor of safety
Morgenstern and Price (1965)

Factor of safety

Corps of Engineers (1970)

CH 21.00 CH 22.00 CH 21.00 CH 22.00 CH 21.00 CH 22.00
Case-1 2.423 2.423 2.423 2422 2717 2.662
Case-2 1.875 1.904 1.875 1.905 1.921 1.922
Case-3 (k, = 0.08) 1.511 1.562 1.513 1.564 1.613 1.648
Case-4 (k, = 0.08) 1.316 1.401 1.318 1.403 1.329 1.401
Case-5 (k, = 0.16) 1.083 1.139 1.087 1.141 1.133 1.181
Case-6 (k, = 0.16) 1.002 1.099 1.005 1.102 1.005 1.091

shear strength of potential failure mass as a whole for the
two slope sections at CH 21.00 and CH 22.00 respectively.

Effect of Drawdown on Seismic FOS
For Horizontal Seismic Coefficient k;, = 0.08

The analyses are carried out considering horizontal seismic
coefficient k; value as 0.08. The seepage conditions are
exactly similar to Case-1 and Case-2. Here also, Fig. 19
will represent the variation of pore-pressure at CH 21.00
and CH 22.00. For Case-3, FOS value for upstream slope
stability analysis at CH 21.00 is 1.511 whereas, FOS value
at CH 22.00 is found out to be equal to 1.562. For Case-4,
FOS value at CH 21.00 decreases considerably by 28.0% to
1.088 just after 10 days of drawdown (i.e. water level in the
reservoir is at dead storage level). Then the FOS value
slowly recovers with time by 15.1% as the excess pore-
pressure dissipates and increases to 1.316 after 57 days.
Whereas, a similar behavior in FOS value during the
drawdown process is observed for slope at CH 22.00 with
an initial decrease in FOS value by 26.2% to 1.153 just
after 10 days of drawdown and final appreciation of the
FOS value by 15.9% to 1.401 after 57 days.

Figure 21 shows the variation in the FOS with time
during and after drawdown for the two slope sections at CH
21.00 and CH 22.00 respectively. Similar conclusions like
Case-1 and Case-2 regarding the initial decrease in FOS
during the period of 10 days and then improvement of the
FOS with passage of time against slope failure for slope at
CH 21.00 and slope at CH 22.00 may also be drawn for
these cases. Figure 22 shows the improvement in shear
strength associated with each individual slice after the
period of 57 days for both slope sections at CH 21.00 and
CH 22.00 respectively.

Effect of Drawdown on Seismic FOS
For Horizontal Seismic Coefficient k;, = 0.16

For Case-5, FOS values for upstream slope stability
analysis at CH 21.00 and CH 22.00 are observed as
1.083 and 1.139 respectively. For Case-6, there is

significant reduction in FOS value at CH 21.00 by 23.9%
to 0.824 just after 10 days of drawdown (i.e. water level in
the reservoir is at dead storage level). However, as pore
water pressure dissipates, it later improves by 16.4% to
1.002 after 57 days. Whereas, a similar behavior in FOS
value during the drawdown process is observed for slope at
CH 22.00 with initial decrease in FOS value by 21.2% to
0.898 just after 10 days of drawdown and final recovery by
16.8% to 1.099 after 57 days. In these cases also, the
seepage conditions are similar to Case-1 and Case-2
respectively and therefore, the pore pressure variation will
be similar as represented by Fig. 19 for two slopes at CH
21.00 and CH 22.00.

Figure 23 shows the variation in the FOS with time
during and after drawdown for the two slope sections at CH
21.00 and CH 22.00 respectively. It is observed that if the
horizontal seismic coefficient kj, is chosen as 0.16, then the
FOS value decreases below unity after the drawdown starts
and again recovers with passage of time. These results
indicate that if an earthquake of such nature occurs during
drawdown process, it may lead to failure of the embank-
ment. Furthermore, Fig. 24 shows improvement in shear
strength associated with each individual slice after the
completion of 57 days.

Effect of Seismic Acceleration on Static FOS, Shear
Strength and Mobilized Shear

For Constant Reservoir, Water Level (i.e. Steady Seepage-
State)

Table 6 presents the percentage change in FOS value of
upstream slope for Case-3 and Case-5 with respect to that
of Case-1.

Figure 25 shows the effect of horizontal acceleration on
shear strength profile for slope section at CH 21.00 and CH
22.00 respectively. The comparisons are made for Case-1,
Case-3 and Case-5 respectively. In all these three cases, the
seepage conditions are similar (i.e. steady state seepage
condition). The effect of the horizontal seismic accelera-
tion on shear strength as well as on mobilized shear has
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been compared for different cases. The decrease in shear
strength under seismic load is governed the amount
(k,WSina) as evident in Eq. (10). The application of
seismic load has large influence on mobilized shear and
magnitude of mobilized shear increased by (k, WCosa) as
expressed in Eq. (11). Figure 26 shows the effect of hori-
zontal acceleration on mobilized shear profile for slope
section at CH 21.00 and CH 22.00 respectively. It is
observed that the mobilized shear is maximum for seismic
analysis when k, = 0.16 in comparison to the static
Case-1.

Effect of Seismic Acceleration on Static FOS, Shear
Strength and Mobilized Shear

For Drawdown in Reservoir Water Level (i.e. Transient-
State Seepage).

Table 7 presents the percentage decrease in FOS value of
upstream slope for Case-4 and Case-6 with respect to that
of Case-2.

Figure 27 shows the effect of horizontal acceleration on
shear strength. In addition, Fig. 28 shows effect of earth-
quake acceleration on mobilized shear for slope section at
CH 21.00 and, CH 22.00 respectively. Here also, similar
explanations regarding the variations of shear strength and
mobilized shear along the slip surface are applicable as
were given for Case-1, Case-3 and, Case-5.

From Tables 6 and 7, it is observed that the percentage
decrease in FOS values differ significantly. These two
tables reflect the percentage decrease in FOS under dif-
ferent horizontal seismic coefficient (k;) for full reservoir
level and at the end of 57 days respectively for the
upstream slope. It is evident from Figs. 16 and 17 that the
phreatic surface intersects the failure mass for both sections
at CH 21.00 as well as CH 22.00. From Figs. 16 and 17, it
can be seen that the effective weight of the failure mass as
a whole is different for Case-1, Case-3 and Case-5 (i.e.
under full reservoir level) to that of Case-2, Case-4 and
Case-6 (i.e. at the end of 57 days). This is because of the
change in phreatic surface intersecting the failure mass in
these two scenarios. That is why, with each increment of
horizontal seismic coefficient, the percentage decrease in
FOS values estimated is quite different in Table 6 as
compared to Table 7.

Conclusion

In this paper, a case study analysis on Durgawati earthen
dam is presented. The upstream and downstream slopes of
the earthen embankment have been analyzed for two sec-
tions namely CH 21.00 and CH 22.00 respectively. The
slopes have been analyzed for steady state seepage and
transient state seepage (to simulate reservoir drawdown
condition). Also, the effect of seismic loading is considered
in the form of pseudo-static analysis. Two values of hori-
zontal seismic coefficient (k;) have been considered in the
analyses. The different analyses have been categorized as
Case-1 to Case-6 and the following conclusions have been
drawn from the present work:

1. The downstream slopes have been found to be safe for
all cases because the FOS values are always greater
than unity. It is found that when drawdown occurs, the
FOS value increases with time at section CH 21.00.
However, the FOS remains constant during drawdown
process at section CH 22.00.

2. For upstream slope, under steady seepage condition
(i.e. case-1, case-3 and case-5), the FOS value is
always greater than unity indicating the slope is
stable for static as well as for seismic loading
condition. Under transient seepage condition (for
case-2, case-4 and case-6), the FOS value initially
decreases during first 10 days of drawdown process
and then recovers. For case-2 and case-4, the FOS
values never reduce below unity during whole draw-
down process indicating the structure is safe. However,
for case-6, it is observed that the FOS value becomes
less than unity just after 3 days of the beginning of
drawdown process and then slowly recovers. The FOS
value remains below unity up to next 55 days.
Therefore, the slope remains in a critical condition
during this period. This phenomenon indicates that if
an earthquake of similar magnitude (i.e. k;, = 0.16)
occurs during drawdown process, the upstream slope at
CH 21.00 and CH 22.00 may fail.

3. For downstream slope, it is observed that an earth-
quake event having k, = 0.08 under steady seepage
condition lowers the static FOS value by 20% at both

Table 6 Percentage decrease in factor of safety (FOS) for upstream slope

Embankment Dam conditions FOS at CH 21.00

% Decrease in FOS

FOS at CH 22.00 % Decrease in FOS

Case-1 2.423
Case-3 (k, = 0.08) 1.511
Case-1 2.423
Case-5 (k, = 0.16) 1.083

37.6%

55.3%

2.423 35.5%
1.562
2.423 53.0%
1.139
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Table 7 Percentage decrease in factor of safety (FOS) for upstream slope

Embankment Dam conditions FOS at CH 21.00 % Decrease in FOS FOS at CH 22.00 % Decrease in FOS
Case-2 1.875 29.8% 1.904 26.4%

Case-4 (k, = 0.08) 1.316 1.401

Case-2 1.875 46.6% 1.904 42.3%

Case-6 (k, = 0.16) 1.002 1.099

section CH 21.00 and CH 22.00. The decrease in static
FOS value during transient seepage state is also about
20%. Moreover, an earthquake event of higher seismic
coefficient (i.e. k;, = 0.16) results in reduction of static
FOS value by 36% during both steady as well as
transient seepage condition.

4. Similarly, for upstream slope, average reduction in FOS
value at both section during steady seepage condition is
about 36% of static FOS under seismic loading with
k, = 0.08, whereas average decrease in FOS is 28 about
% of static FOS value during transient seepage condition
under same seismic loading (i.e. k;, = 0.08) condition.
Moreover, with higher seismic coefficient (i.e.
k, = 0.16), average decrease in static FOS value for
both section is about 54% under steady seepage
condition and about 44% under drawdown condition.

5. In overall, it is observed that the FOS value against
slope failure decreases if earthquake loading is
considered compared to the static condition. This
reduction in static FOS with application of a seismic
horizontal acceleration is mainly accomplished by
increase in mobilized shear at base of each individual
slice along the potential failure surface. However, a
reduction in shear strength along the slice also occurs
with application of seismic load but this reduction is
lesser compared to the increase in mobilized shear.
This is true for both slopes i.e. sections CH 21.00 and
CH 22.00.

6. The seepage and slope stability analyses have been
carried out based on the data of only two sections
namely CH 21.0 and CH 22.0. In other sections along
the length of the dam, if the dam profile and material
parameters change, then calculations and results
should change accordingly.
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