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ABSTRACT: Earthen dams are the most important geotechnical structures all over the globe. Their existence can be
traced back to the time much before the development of modern geotechnical engineering. Many earthen dams have been
performing  well  under  different  environments  and  some  have  experienced  failures.  Overtopping,  Slope  instability,
foundation failure, piping, seepage, erosion and earthquake are some common causes for these failures. Seismic failures of
several earth dams are already reported. Some typical failures to earth dam under earthquake loading include longitudinal
and transverse cracks at the crest, upstream and downstream slope failure, subsidence, loss of alignment, failure at the
interface with  auxiliary structures,  reservoir  drying etc.  Even in India,  failure  of earthen dams during 2001 Gujarat
earthquake and 2004 Indonesia earthquake in Andaman Islands have caused considerable damage. Considering the above
facts, an attempt is made to study the performance of earth dams during earthquake using Finite Element approach. For
this purpose, GEOSLOPE, a finite element software is used and two dimension plane strain idealization is made. The
major objective is to study the cause and mechanism of some of the above failures. Further, the effect of presence of
foundation soil on the dynamic behavior such as natural frequency of earth dam system is presented. 

KEYWORDS: earth-dam, earthquake, failure, finite element analysis, GEOSLOPE

IMPORTANCE:  Earthquakes  are  the  most
dangerous natural disasters that cause severe damage to
mankind  in  terms of  both  loss  of  life  and  economic
loss. There have been many instances of failure to earth
dams due to earthquake loading in recent times. During
the  Bhuj  earthquake  of  January  2001  in  Gujarat  in
India, almost each and every earth dam within 50 km
radius of the epicenter of the earthquake was damaged.
The region in the western province of Gujarat  called
Kutch  area consisted of  around 20 medium and 165
minor  irrigation  schemes  that  included  many  earth
dams. Most of these earth dams suffered moderate to
major levels of damage. The damage suffered by these
earth dams include longitudinal cracks on the crest of
the  dam,  failures  of  both  upstream and  downstream
slopes, subsidence of the dam, Loss of alignment and
even  lifting  up  of  a  portion  of  the  dam.  Previous
studies have brought that the weakening of the subsoil
during earthquake could be one of the major causes for
distress  in  dams  (Towhata  et.al.  2002).  During  the
Sumatra  earthquake  of  December  2004  many  earth
dams  in  little  Andaman  Island  suffered  moderate  to
major  levels  of  damage.  In  addition  to  the  above
mentioned failures the upstream reservoir portion was
dried up due to the fault formation in that zone. Prasad
et.al (2006) showed that these failures are mainly due
to  the  weakening  of  the  foundation  soil.  They  also
opined that Many highway embankments and dams in

Little  Andaman  Island  and  North  Andaman  Island
experienced  damages  during  the  recent  Sumatra
earthquake  of  2004.  Different  types  of  embankment
failures depending on site conditions were commonly
observed during the earthquake. The typical damages
included longitudinal crack along the crest, horizontal
crack,  and dislocation  of  some pitching materials  on
the slopes, slope failure, uneven settlement and loss of
alignment.  Considering  the  number  of  earthquakes
striking different  parts  of  globe,  number  of  damages
suffered  by earth  dams,  there  is  scope  for  sufficient
amount of  research on the seismic behavior  of earth
dams. 

PROBLEM CONFIGURATION: QUAKE/W is
a geotechnical finite element software product used for
the  dynamic analysis  of  earth structures  subjected to
earthquake shaking and  other  sudden  impact  loading
such  as  dynamiting  or  pile  driving.  A  simple
earthquake  analysis  is  done  here  for  an  earth  dam
(using Geo Studio, QUAKE/W software) founded on
an 8-metre stratum of gravel. The embankment is 5-m
high with 2H: 1V side slopes.  The study includes the
analysis to investigate the response of the base and the
earth dam when it is subjected to an earthquake, and to
examine the possibility of generation of excess pore-
pressures, which in turn could lead to liquefaction. The
objective  is  to  look  at  dynamic  response  of  an
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embankment  on  a  loose  soil  deposit,  find  out  the
motion  of  at  the  crest  of  dam during  an  earthquake
event in addition to estimation of the excess pore water
pressure and liquefaction that may develop in the loose
foundation soil. Both the embankment and foundation
soil  are idealized as linear elastic mediums with unit
weight  16kN/m3 and  18kN/m3 respectively,  same
poisons ratio (0.334), Gmax = 5000 kPa and Damping
ratio  of  0.1.  The  first  step  in  QUAKE/W  requires
establishing the initial static stresses before subjecting
the structure to the dynamic action. Once the problem
has  been  completely  defined  with  respect  to  the
geometry,  the  boundary  conditions  and  the  material
properties, the appropriateness of finite element mesh
should be ensured in the analysis.  In the present case,
the  global  element  size  of  1  m  was  found  to  be

adequate.  Fig 1 shows the Problem configuration of a
typical earth dam.
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Fig 1: Problem configuration

RESULTS  AND  DISCUSSION:  Studies  are
carried out for homogeneous earth dam with an input
acceleration of 0.12g and the peak accelerations at the
crest  of  the  embankment  as  well  as  at  the  base  are
determined.  The  duration  of  the  input  excitement  is
varied as 10 sec, 12 sec and 15 sec and a comparative
study is made for peak acceleration at the top of the
embankment. Fig 2 shows the acceleration time-history
record at top of the crest. Fig 3 shows relative lateral
displacement at the middle of the embankment.

Table 1: Peak Acceleration at  the crest  and base of the
dam for input acceleration of 0.12g

Input
Accelerat

ion (g)

Durati
on

(Sec)

Peak
Acceleration(g)

Relative
Lateral

Displacement
(m)

At
Crest

At
base

0.12

10 0.31 0.15 0.11

12 0.35 0.15 0.12

15 0.36 0.15 0.13
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Fig 2: Acceleration time-history record at dam crest
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Fig 3: Relative lateral displacements at the middle of
dam

Relative lateral  displacement is  shown for 10 second
duration and for every 0.2 second, which means for 50
time steps. Here each legend represents one time step.

Table 2: Peak Acceleration at the crest of the dam and
bottom for input acceleration of 0.15g

Input
Acceler
ation(g)

Durati
on in
Sec

Peak
Acceleration(g)

Relative
Lateral

Displacement
(m)

At
Crest

At
base

0.15

10 0.4 0.17 0.04

12 0.45 0.17 0.05

15 0.46 0.17 0.06

Further analysis is carried out for an earth dam with
core of unit weight 19 kN/m3 and the other properties
are kept the same. The comparative study of core dam
and homogeneous dam is shown in the Table 3. It is
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seen that the variation of the shear modulus of the core
influences  the  seismic amplification of  the  dam.  The
variation of the core density also influences the seismic
amplification in the dam. It can be observed that the
decrease in the core density leads to an increase in the
dynamic amplification. Fig 4 shows an earth dam with
a core material.
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Fig 4: An earth dam with a core

Table  3:  Comparative  study  of  core  dam  and
homogeneous dam

Input
Acceleration

(g)

Duration in
Sec

Peak Acceleration at
crest (g)

Homogeneous
Dam

Core
Dam

0.12 12 0.35 0.31

0.15 12 0.45 0.4

Besides, analysis is  carried out for earthen dam with
different  upstream  and  downstream slopes  and  peak
acceleration  at  the  crest  and  lateral  displacement  are
noted.  It  is  seen  that  the  variation  in  slope  gradient
does  not  have  appreciable  effect  on  amplification
response and relative lateral displacement of the dam. 

Table  4:  Comparative  study  of  dams  with  different
slopes

Input
Accel
eratio
n (g)

Durat
ion
in

Sec

Slope Peak
Accelera

tion at
crest (g)

Relative
Lateral
Displac
ement
(m)

U/S D/S

0.15 10

2.5:1 2:1 0.34 0.028

3:1 2:1 0.32 0.028

3:1 2.5:1 0.30 0.030

In  an  equivalent  linear  analysis,  a  key  parameter
obtained is Cyclic Stress Ratio (CSR). This number is
used  to  assess  the  possibility  of  liquefaction.  Higher
the CSR is,  the higher the possibility of liquefaction.

For  0.15g  acceleration  and  10  sec  duration,  Fig  5
shows  a  graph  of  Cyclic  Number  Vs  Cyclic  stress
Ratio. 
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Fig 5: Cyclic Number Vs Cyclic stress Ratio

Fig  6:  Possible  liquefaction  zone  (yellow  shade)  at
input acceleration of 0.12 g.

Fig  6  shows  possible  liquefaction  zone  (shown  in
yellow color) at the foundation of the dam for 0.12 g
acceleration and 10 sec duration. Fig 7 shows possible
liquefaction zone at the foundation of the dam for 0.15
g acceleration and 10 sec duration.

Fig  7:  Possible  liquefaction  zone  (yellow  shade)  at
input acceleration of 0.15 g.

From the above figures, it can be noticed that the area
of possible liquefaction zone (yellow shade) increases
as the acceleration increases from 0.12g to 0.15g and
the same effect can be seen with the increase duration.
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It  is  observed  that  the  vulnerable  zone  is  spread  on
upstream and downstream sides of the dam, than near
the center. As the acceleration and duration increases,
liquefaction zone spreads deeper below the crest of the
dam.

CONCLUDING REMARKS:

In this study, the response of a typical earth dam with
various  slope  angles  are  analyzed  using  the  Finite
Element  software  GEOSLOPE  under  different
amplitudes  of  acceleration  and  duration  of  motion.
From  the  results  of  the  parametric  study,  it  can  be
inferred that ground motion amplification is observed
at the crest and amplification increases with increase in
the duration of the excitement. It is further seen that the
seismic amplification of the dam is influenced by the
variation of the shear modulus of the core material with
the decrease in the core density leading to an increase
in  the  dynamic  amplification.  It  is  seen  that  the
variation  in  the  slope  gradient  does  not  have
appreciable  effect  on  the  amplification  response  of
dam.  Further,  the  vulnerable  locations  of  possible
liquefaction zone in the loose foundation soil  can be
identified. In the present study, it is observed that the
foundation  soil  at  the  edges  of  earth  dam  is  more
vulnerable  to  liquefaction  than  at  the  center  and  the
area  of  potential  liquefaction  zone  increases  with
increase in seismic shaking.
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