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ABSTRACT: Generally earthen dams and embankments are designed to resist the slope failure, over tapping, sliding and 

erosion etc.. But the failure at any intermediate section of the dam or at the joinery portion with the rocky side hill ends cannot 

be ignored. The failure of this may be due to the seismic force. The earth dam can fail at a lower magnitude of earthquake in 

this portion of the dam. This paper contains some of the important Defensive Design Measures regarding earth dam design 

under seismic load and in brief also explained the seismic safety analysis of Tehri dam. 

 

. 

INTRODUCTION: 

The dam is always a barrier to the flow of water, which 

otherwise tends to flow down. So, it becomes essential part of 

any geotechnical or structural engineer to put a suitable slope 

and design the dam to sustain against each type of flooding 

including the seismic conditions. The dams can be classified 

in to different categories, based on the function, materials and 

shapes. Such as small, medium or large dams. All dams 

should be safe to resist overturning moment, seepage, flood 

and earth quake etc. Its stability depends on several factors 

such as Selection of site for reservoirs, diversion weirs and 

quality of earth required for earth dam, shape of earth dam 

and its profiles, filter and cores, seepage profile and other 

design requirements. 

   

CAUSES OF FAILURES OF EARTH DAMS 
[1]

: 

Hydraulic failure-40%, Seepage failure-30%, Structural 

failure-30% 

i. Hydraulic failure: - This includes the following:- 

a) Over topping, b) Wave erosion, c) Toe erosion & d) 

Gullying  

ii. Seepage failure: a) Piping., b) Sloughing 

 iii. Structural failure: 

a) Upstream and downstream slope   failures due to pore 

pressures, b) Upstream slope failure during full reservoir 

condition Sliding failure of an embankment composed of 

weak or liquefiable soils, c) Down stream slope failure 

.Permanent deformation of foundation soils or dam body. d) 

Foundation slide: Spontaneous liquefaction.  Fault 

displacement under the foundation. e)  Failure by lateral 

spreading, f) Failure due to earthquake. Crest settlement of 

dam caused by settlement or by earthquake generated water 

waves in the reservoir, g) Slope protection failure, h) Failure 

due to damage caused by burrowing animals and i) Damage 

caused by water soluble materials. 

 

DEFENSIVE DESIGN MEASURES 
[2]

: 

Defensive design features should be incorporated in the 

foundation and embankment design of new dams regardless 

of the method of seismic analysis.  

i Additional dam height to accommodate the loss of crest 

elevation due to deformation,  slumping, and fault 

displacement., ii. Crest details that will minimize erosion in 

the event of overtopping. iii..  Wider transition and filter 

sections as a defense against cracking, iv. Use of rounded or 

sub rounded gravel and sand as filter material, v. Adequate 

permeability of the filter layers, vi. Near vertical chimney 

drain in the center portion of the embankment, vii. Zoning of 

the embankment to minimize saturation of materials, viii. 

Wide impervious cores of plastic (non-brittle) cohesive fine-

grained soils to accommodate deformation,  ix. Well-graded 

core and uniformly graded filter materials to ensure self 

healing in the event cracking should occur , x. Stabilization 

of reservoir rim slopes to provide safety against large slides 

into the reservoir, xi. Ground improvement or removal and 

replacement of foundation material to mitigate liquefaction 

potential, xii. Stabilization of slope adjacent to operating 

facilities to prevent blockage from slide associated with the 

earthquake, xiii. Flaring embankment sections at the 

abutment contacts, xii. Installation of suitable features to 

prevent piping through earthquake generated seepage cracks. 

 

SEISMIC INVESTIGATION: 

The seismic evaluation and design of dams and embankments 

involves the participation of geologists, seismologists, and 

geotechnical engineers. The investigations and site 

characterization should be thoroughly evaluated to establish 

the nature, extent, and in-situ geotechnical properties of the 

materials in foundation, embankment, or dam being 

investigated. Since earthquake loading is rapid, stability for 

an earth dam or an embankment is usually considered under 

undrained condition. Soil properties used in analysis should 

reflect softening because of pore water pressure generation 

and strain development. Review of Geotechnical Provisions 

in Indian Seismic Code IS: 1893 (Part 1): 2002 by Nagraj, 

Murthi and Jain May be referred for further details on Soil 

investigation of soil and bearing capacity of soils. 

Dynamic property of soil can also be determined by various 

field methods laboratory tests and model Tests.  

i. Field methods
 [3] include Low strain, Seismic 

reflection, Seismic refraction, Suspension Logging, Steady- 

state vibration (Rayleigh Wave ), Seismic-cross hole, Seismic 

Down Hole, Seismic Cone, Standard Penetration, Cone 

penetration, Diatom meter test, Pressure meter tests.  

ii. Laboratory tests : Resonant Column , Ultra Sonic 

pulse, Piezoelectric Bender Element , High Strain Element, - 

Cyclic Tri-axial , Cyclic Direct Simple Shear Test, Cyclic 

Tensional Shear Tests. 

 Model test: Shaking table and Centrifuge test.  
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DESIGN MEASURES: 

Earthquake damage to embankment can be due to actual 

ground rupture beneath the embankment and/or seismic 

shaking. Failure of a dam due to ground rupture is possible 

only when the dam is built over an active fault zone or across 

reactivated or newly activated landslide zone. The location of 

the dam over the fault zone should be reviewed at the time of 

site selection and appropriate measures should be taken in 

design and construction of a dam over a fault. By far the 

more common problem in a dam design is to ensure that the 

dam will be stable under anticipated levels of seismic 

shaking. The BIS code of practice for Stability Analysis of 

Earth Dams(IS:7894-1975) and Criteria Design of small 

embankment Dam(IS:12169-1978) may be referred while 

designing the earth dams 

 

COMPACTION OF SOILS [4]
:- 

The compaction characteristics are first determined in the 

laboratory by various compaction tests. The main aim of test 

is to arrive at a standard which may serve as guideline and a 

basis of comparison for field compaction. Some of the usual 

compaction tests used in the laboratory to determine water-

density relationships of soils are: Standard and Modified 

Proctor tests, Harvard Miniature compaction tests, Abbot 

compaction test and Jodhpur-mini compactor test. 

 
Fig. 1: Dry density Vs. Water content  in compaction 

 

The material of all new embankments and dams should be 

compacted to a density that will cause them to dilate rather 

than liquefy during earthquake shaking. It is recommended 

that the compacted density of material should exceed 95% of 

Standard Proctor Maximum Dry Density (SPMDD) for rail or 

road embankments and 98% SPMDD for dam embankments. 

Cohesive materials used within the dam or embankment body 

should be placed with moisture content 2% to 4% higher than 

the optimum moisture content. For cohesion less soils, a 

relative density of 80% may be used as an alternative 

indicator of the minimum compaction requirement. 

The determination of optimum moisture content at which 

maximum density will be obtained on compaction, is 

probably the most essential aspect of the design. Apart from 

seepage, characteristics of the dam section must be 

thoroughly investigated since these have the greatest impact 

on the stability of the slopes as well as the foundation of the 

dam. Consolidation characteristics help in predicting the long 

range behaviors of the dam towards the settlement and the 

consequent reduction in the pressure.  

 

SEISMIC SLOPE STABILITY ASESSMENT 
[2]

 

Seismic slope stability is influenced by the following two 

factors: 

• Cyclic stresses induced by earthquake shaking, and  

• The cyclic stress-stain behaviour of the materials within the     

body of the dam or embankment and that of foundation soils.   

Potential instability of an earth dam or an embankment 

during an earthquake may be due to the inertial effects or due 

to cyclic softening of soils. Techniques ranging from very 

approximate to very elaborate are available for seismic 

stability analysis of dam and embankment. In the order of 

increasing complexity, these methods include: 

• Equivalent-static Stability Analysis 

• Sliding Block Method 

 

i. Equivalent-Static Forces: 

In the absence of site-specific estimates of design peak 

ground, the design seismic inertia forces for equivalent-static 

slope stability assessment shall be taken as: 

 F H       =(1/3) ×  Z× I × S ×W   …(1) 

where F H is the horizontal inertial force, Z is the Zone Factor 

given in IS:1893 - Part 1 (2002), I is the importance factor as 

per Table 1(GSDMA Guidelines )iii, S is an empirical 

coefficient to account for the amplification of ground motion 

between bedrock and the elevation of the toe of the dam or 

embankment, and W is the weight of the sliding mass. 

i. If the estimate of design peak ground 

horizontal acceleration (PHGA) at the elevation of 

the toe of the dam is available, the design seismic 

inertia forces for equivalent-static slope stability 

assessment shall be taken as: 

 F H = (1/3) ×a max ×W  (2) 

, where, a max is the design PHGA at the elevation of the toe 

of the dam. 

The vertical inertial force during an earthquake may be 

neglected in the design.  

 

ii. Sliding Block Methods: These methods are improvement 

Pseudo-static methods of analysis. These recognize the fact 

that a Dynamic factor of safety of less than a unity for a small 

amount of time during earthquake shaking does not 

necessarily mean a complete failure from the serviceability 

perspective when the dynamic factor of  safety becomes less 

than one , the mass of the soil above the slip surface is no 

longer in equilibrium and will accelerate under unbalanced 

force . That means there will be relative motion between the 

soil above  the slip surface and rest of the slop sliding block 

methods estimate the accumulated displacement of the slop 

for those time intervals of ground motion when dynamic 

factor of safety becomes less than one . 
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iii. Analysis of Three –Dimensional Slopes
 [5]

: The dam 

may fail at any intermediate section so the factor of safety has 

to be considered in the following manners. 

For three typical cross-sections of the slope A-A, B-B, C-C , 

their respective minimum factor of safety are determined. 

The overall FOS of the three dimensional slope is given by,  

F= (F1A1+F2A2+ F3A3)/(A1+A2+A3 )        ..(3) 

Where,F1,F2,F3 = Minimum factor of safety of cross 

sections A-A, B-B, and C-C respectively 

A1,A2,A3 = Weight of soil in the failure zone in cross 

sections A-A, B-B, and C-C respectively. 

 
Fig. 2: Earth dam plan and sections at A-A,B-B and C-C. 

 

Stability problems may occur when old dams checked under 

earthquake motions of different excitations. Conventional 

seismic stability approach is based upon psedo-static method 

(Karmer 1996)[3].  

 

PSEUDO-STATIC METHOD 

Stability is determined in terms of factor of safety which is 

the minimum ratio of resisting forces over driving forces on 

all kinematically possible sliding surfaces. The factor of 

safety (FS) in Pseudo-static method is given by, 

cossin)(

tan]sincos)[(

hv

hvab

FFW

FFWlC
FS

  … (3) 

Where, 

 abl
 =  Length of the arc a-b  

 C  =  Cohesion in N/m2  

  =  Angle between the vertical and the 

line passing through the C.G. of the slice 

  =  Angle of internal friction 

 Fh  =  Horizontal seismic coefficient 

 Fv  =  Vertical seismic coefficient  

This analysis represents the effects of earthquake shaking by 

pseudo-static accelerations that produce inertial forces, Fh 

and Fv. 

 
Fig. 3: Harmonic Loading for D/S ampl. 0.15 g. 

From Figure 3, it is observed that due to the amplification of 

waves in the dam body, phase lag between horizontal and 

vertical seismic response quantities occurs. Due to this reason 

horizontal and vertical responses are not maximum atone and 

the same time. Horizontal inertial force is maximum at 1.05 

sec. and vertical inertial force is maximum at 0.90 sec. i.e. by 

a phase lag of 0.15 sec. During the harmonic loading it is 

observed that amplification of waves takes place from 7.6 to 

12 percent of the basic provided value, due to which 

horizontal and vertical inertial forces are also varied. 

 

PSEUDO-DYNAMIC METHOD 

The pseudo-static method discussed in previous section is a 

simple method but it considers earthquake forces in very 

approximate way. In this method, the phase difference due to 

the shear wave propagation in the soil medium is neglected 

and therefore uniform acceleration throughout the medium is 

assumed. To overcome such problems, pseudo-dynamic 

approach, which incorporates time dependent effect of 

applied earthquake load and effect of shear and primary 

waves, can be  applied to study effect of variation of 

parameters like soil friction angle, wall friction angle, time 

period of earthquake ground motion, seismic shear and 

primary wave velocities of backfill soil and seismic peak 

horizontal and vertical ground accelerations on the seismic 

earth pressures. 

Makdisi and Seed method 
[6]

 

(Makdisi and Seed, 1978) presented a simplified procedure 

for the seismic design of embankments. It assumes that 

failure occurs on a well defined slip surface and that the 

material behaves elastically at stress levels below failure but 

develops a perfectly plastic behaviour above yield. 

The method involves the following steps: 

 A yield acceleration i.e. an acceleration at which a potential 

sliding surface would develop a factor of safety of unit is 

determined. 

Earthquake induced accelerations in the embankment are 

determined using dynamic response analyses. From these 

analyses time-histories of average acceleration for various 

potential sliding masses can be determined. 

Evaluation of displacements by a simple double integration 

procedure when the induced acceleration exceeds the 

calculated yield surface for a given potential sliding mass. 

 

RESPONSE OF EMBANKMENT DAMS DUE TO 

GROUND SHAKING: 

 From  a detailed review of past experience records, it has 

became apparent that embankment dams have been closely 

related to the nature of the fill material. The following are 

reported basing on such comprehensive review (Federal 

Guideline for Dam safety2005) 

*Any well built compacted dam can withstand moderate 

earthquake shaking, with peak acceleration of 0.2g and even 

more, with no detrimental effects. 

** Dams constructed from clay soil or resting on clay or rock 

foundations have withstand extremely strong shaking ranging 

from 0.35 to 0.8g, from a magnitude 8.25 earth quake with no 

apparent damage. This conclusion based on the results of the 
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performance of 33 embankment dams that were shaken 

during the 1906 San Francisco earth quake. The dam Ht. 

ranges from 4.2 to 42 m. 

***Rock fill dams have withstood moderately strong shaking 

without any significant damage. If such dams are kept dry by 

means of an impervious facing, they can withstand extremely 

strong shaking with only  small deformations. 

****The strong shaking to which a concrete face rock fill 

dam has been subjected is to around 0.2g. In areas of 

moderate seismic shaking, these dams have been built with 

slopes of order of 1H:1.3V. Analysis of dams under these 

conditions show the dam should have an acceptable level of 

seismic performance. When the design earthquake is high 

magnitude 7.5 and capable of producing a peak ground 

acceleration of 0.5g, the desirable slope is on the order of 1H: 

1.65V. 

 

LIQUEFACTION:  

The occurrence of liquefaction has been long recognised as a 

major hazard during earthquakes including that in Gujarat in 

2011. Liquefaction of collapsible soil such as saturated loose 

sand/ silty sands are major issue when constructing in seismic 

alert active regions. In general, sands, gravels, and fine-

grained non plastic soils should be evaluated for susceptible 

to liquefaction. Existing dams that have been constructed on 

foundations of low cohesion less materials may be subjected 

to excessive deformation during event due to liquefaction. 

This phenomenon can be assessed based on relatively simple 

laboratory or field tests. 

Seismic Liquefaction Remediation of Earth dams: 

 Excavation and Replacement. 

 In situ densification or cementing 

 Berms / Butters 

 Drains 

 Additional free board. 

 

SEISMIC SAFETY :-A Case Study-
 [7]

 

Tehri dam is a multipurpose project situated at 300 28’ N & 

780 30’ E, constructed in the head reaches of Ganga basin in 

Uttar Pradesh State. The project comprises of   construction 

of two dams  

260m in ht. down stream of Tehri township after confluence 

of Alasknada and Bhagirathi  and 

103.5m in height and 22km. down stream of Tehri Dam.  

While Analysing on Seismic safety study, Soviet consultants 

indicated that (i) Tehri structures located within a single 

tectonic block. (ii) The peak ground acceleration at the 

middle level of the canyon which is about at the dam crest 

level will not exceed 0.5 g and (iii) the seismological and 

seismotectonic conditions of area were suitable for dam . 

The soviet consultants considered 15 seismogenic sources 

which include those identified by Indian consults. 

A state-of-art non-linear, sequential (static as well as 

dynamic) stress analysis by Finite Difference method using 

Elasto-Plastic model was carried out by Scientific Research 

Centre of Hydro Project institute, Moscow. The analysis 

takes into account the stress dependent properties of the 

material, the schedule of raising of the dam, the schedule of 

reservoir filling, the consolidation of clay core and 

development of construction pore pressure both during static 

as well as dynamic loading. It leads to determination of zone 

of sustained plastic strains representing likely plastic 

deformation. 

The Soviet consultants tested the dam section for 6.5M & 

8.0M response spectra. A 6.5M earthquake originating from 

Srinagar thrust with a ground acceleration of 0.5g and other 

for 8.0M earthquake originating from MBF with a ground 

acceleration of 0.4g. These accelerograms were for the mid 

height of canyon. The studies revealed that at the bottom of 

the canyon, their values would be 1.5 times less. But in the 

actual analysis, accelerograms with PGA of 0.5g and 0.4g 

were applied at the base of the dam. In addition to the non-

linear dynamic analysis, Soviets carried out slope stability 

analysis using accelerations varying with height of Dam 

obtained as response of Dam to applied history of ground 

motion using FEM analysis.  

Their studies suggested instead of an inclined core, a fairly 

vertical core was required to avoid formation of plastic  zones 

under dynamic load while at the same time ensuring that no 

excess transfer of load from shell to core occurs under static 

condition. 

 

CONCLUSION: 

Any earth dam may it be a smaller, medium or large one, it 

must be safe against not only seismic forces but also factors 

like sliding, piping and structural forces. Hence, the selection 

of suitable soil and compaction criteria plays a major role in 

the design and construction of the earthen dam. When the 

dam is safe against seismic failure, ultimately it will be safe 

against all the other failures. 
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