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ABSTRACT 

Gravity dams are solid concrete structures that maintain their stability against design loads from the geometric shape, 
mass and strength of the concrete. The purposes of dam construction may include navigation, flood damage reduction, 
hydroelectric power generation, fish and wildlife enhancement, water quality, water supply, and recreation. The design 
and evaluation of concrete gravity dam for earthquake loading must be based on appropriate criteria that reflect both the 
desired level of safety and the choice of the design and evaluation procedures. In Bangladesh, the entire country is di-
vided into 3 seismic zones, depending upon the severity of the earthquake intensity. Thus, the main aim of this study is 
to design high concrete gravity dams based on the U.S.B.R. recommendations in seismic zone II of Bangladesh, for 
varying horizontal earthquake intensities from 0.10 g - 0.30 g with 0.05 g increment to take into account the uncertainty 
and severity of earthquake intensities and constant other design loads, and to analyze its stability and stress conditions 
using analytical 2D gravity method and finite element method. The results of the horizontal earthquake intensity per-
turbation suggest that the stabilizing moments are found to decrease significantly with the increment of horizontal 
earthquake intensity while dealing with the U.S.B.R. recommended initial dam section, indicating endanger to the dam 
stability, thus larger dam section is provided to increase the stabilizing moments and to make it safe against failure. The 
vertical, principal and shear stresses obtained using ANSYS 5.4 analyses are compared with those obtained using 2D 
gravity method and found less compares to 2D gravity method, except the principal stresses at the toe of the gravity 
dam for 0.10 g - 0.15 g. Although, it seems apparently that smaller dam section may be sufficient for stress analyses 
using ANSYS 5.4, it would not be possible to achieve the required factors of safety with smaller dam section. It is 
observed during stability analyses that the factor of safety against sliding is satisfied at last than other factors of safety, 
resulting huge dam section to make it safe against sliding. Thus, it can be concluded that it would not be feasible to 
construct a concrete gravity dam for horizontal earthquake intensity greater than 0.30 g without changing other loads 
and or dimension of the dam and keeping provision for drainage gallery to reduce the uplift pressure significantly. 
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Stability and Stress 

1. Introduction 

Basically, a gravity concrete dam is defined as a structure, 
which is designed in such a way that its own weight re-
sists the external forces. It is primarily the weight of a 
gravity dam which prevents it from being overturned 
when subjected to the thrust of impounded water [1]. 
This type of structure is durable, and requires very little 
maintenance. Gravity dams typically consist of a non- 
overflow section(s) and an overflow section or spillway. 
The two general concrete construction methods for con- 
crete gravity dams are conventional placed mass concrete 
and RCC. Gravity dams, constructed in stone masonry, 
were built even in ancient times, most often in Egypt, 

Greece, and the Roman Empire [2,3]. 
However, concrete gravity dams are preferred these 

days and mostly constructed. They can be constructed 
with ease on any dam site, where there exists a natural 
foundation strong enough to bear the enormous weight of 
the dam. Such a dam is generally straight in plan, al- 
though sometimes, it may be slightly curve. The line of 
the upstream face of the dam or the line of the crown of 
the dam if the upstream face in sloping, is taken as the 
reference line for layout purposes, etc. and is known as 
the “Base line of the Dam” or the “Axis of the Dam”. 
When suitable conditions are available, such dams can be 
constructed up to great heights. The ratio of base width to 
height of high gravity dams is generally less than 1:1. 

A typical cross-section of a high concrete gravity dam  *Corresponding author. 
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Figure 1. Typical section of a high concrete gravity dam. 
 
is shown in Figure 1. The upstream face may be kept 
throughout vertical or partly slanting for some of its 
length. A drainage gallery is generally provided in order 
to relieve the uplift pressure exerted by the seeping water. 
Purposes applicable to dam construction may include 
navigation, flood damage reduction, hydroelectric power 
generation, fish and wildlife enhancement, water quality, 
water supply, and recreation. 

Many concrete gravity dams have been in service for 
over 50 years, and over this period important advances in 
the methodologies for evaluation of natural phenomena 
hazards have caused the design-basis events for these 
dams to be revised upwards. Older existing dams may 
fail to meet revised safety criteria and structural rehabili- 
tation to meet such criteria may be costly and difficult. 
The identified causes of failure, based on a study of over 
1600 dams [4] are: Foundation problems (40%), Inade- 
quate spillway (23%), Poor construction (12%), Uneven 
settlement (10%), High poor pressure (5%), Acts of war 
(3%), Embankment slips (2%), Defective materials (2%), 
Incorrect operation (2%), and Earthquakes (1%). Other 
surveys of dam failure have been cited by [5], who esti- 
mated failure rates from 2  10–4 to 7  10–4 per dam- 
year based on these surveys. 

2. Loads 

In the design of gravity concrete, it is essential to deter- 
mine the loads required in the stability and stress analy- 
ses. The forces which may affect the design are: 1) Dead 
load or stabilizing force; 2) Headwater and tailwater 
pressures; 3) Uplift; 4) Temperature; 5) Earth and silt 
pressures; 6) Ice pressure; 7) Earthquake forces; 8) Wind 
pressure; 9) Subatmospheric pressure; 10) Wave pressure, 
and 11) Reaction of foundation. 

The seismic safety of such dams has been a serious 

concern since damage to the Koyna Dam in India in 1967 
which has been regarded as a watershed event in the de- 
velopment of seismic analysis and design of concrete 
gravity dams all over the world. It is essential that those 
responsible must implement policies and procedures to 
ensure seismic safety of dams through sound professional 
practices and state-of-the-art in related technical areas. 
Seismic safety of dams concerns public safety and there- 
fore demands a higher degree of public confidence. The 
estimations and descriptions of various forces are pro- 
vided briefly in the following sections. 

2.1. Water Pressure 

Water pressure (P) is the most major external force acting 
on gravity dams. The horizontal water pressure exerted by 
the weight of water stored on the upstream and down- 
stream sides of the dam can be estimated from the rule of 
hydrostatic pressure distribution and can be expressed by 

21

2 wP γ H                (1) 

where, H is the depth of water and is the unit weight 
of water. 

wγ

2.2. Uplift Pressure 

Water seepage through the pores, cracks and fissures of 
the foundation materials, and water seepage through dam 
body and then to the bottom through the joints between 
the body of the dam and its foundation at the base exert 
an uplift pressure on the base of the dam. According to 
the [6], the uplift pressure intensities at the heel and toe 
of the dam should be taken equal to their respective hy- 
drostatic pressures and joined the intensity ordinates by a 
straight line. When drainage galleries are provided to 
relieve the uplift, the recommended uplift at the face of 
the gallery is equal to the hydrostatic pressure at toe plus 
1/3rd of the difference between the hydrostatic pressures 
at the heel and the toe, respectively. 

2.3. Earthquake Forces 

An earthquake produces waves, which are capable of 
shaking the earth upon which the gravity dams rest, in 
every possible direction. The effect of an earthquake is, 
therefore, equivalent to imparting acceleration to the 
foundations of the dams in the direction in which the 
wave is traveling at the moment. 

Generally, an earthquake induces horizontal accelera- 
tion (h) and vertical acceleration (v). The values of 
these accelerations are generally expressed as percentage 
of the acceleration due to gravity (g), i.e.,  = 0.10 g or 
0.20 g, etc. On an average, a value of  equal to 0.10 to 
0.15 g is generally sufficient for high dams in seismic 
zones. In extremely seismic regions and in conservative 
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designs, even a value up to 0.30 g may sometimes be 
adopted [7]. 

Earthquake loadings should be checked for horizontal 
as well as vertical earthquake accelerations. While earth- 
quake acceleration might take place in any direction, the 
analysis should be performed for the most unfavorable 
direction. 

The earthquake loadings used in the design of concrete 
gravity dams are based on design earthquakes and site- 
specific motions determined from seismological evalua- 
tion. At a minimum, a seismological evaluation should 
be performed on all projects located in seismic zones 1, 2, 
and 3 of Bangladesh [8], depending upon the severity of 
earthquakes. 

The seismic coefficient method of analysis should be 
used in determining the resultant location and sliding 
stability of dams. In strong seismicity areas, a dynamic 
seismic analysis is required for the internal stress analysis. 

2.3.1. Effect of Vertical Acceleration (v) 
A vertical acceleration may either act downward or up- 
ward. When it acts in the upward direction, then the 
foundation of the dam will be lifted upward and becomes 
closer to the body of the dam, and thus the effective weight 
of the dam will increase and hence, the stress developed 
will increase. 

When the vertical acceleration acts downward, the 
foundation shall try to move downward away from the 
dam body; thus, reducing the effective weight and the 
stability of the dam, and hence is the worst case for de- 
sign. The net effective weight of the dam is given by 

1v

W
W k g W k

g
   v

w

           (2) 

where, W is the total weight of the dam, kv is the fraction 
of gravity adopted for vertical acceleration, such as 0.10 
or 0.20, etc. 

In other words, vertical acceleration reduces the unit 
weight of the dam material and that of water to (1 – kv) 
times their original unit weights. 

2.3.2. Effects of Horizontal Acceleration (h) 
The horizontal acceleration may cause 1) hydrodynamic 
pressure, and 2) horizontal inertia force. 

1) Hydrodynamic Pressure: Horizontal acceleration 
acting towards the reservoir causes a momentary increase 
in the water pressure, as the foundation and dam acceler- 
ate towards the reservoir and the water resists the move- 
ment owing to its inertia. According to [9], the amount of 
this hydrodynamic force (Pe) is given by 

20.726e m hP C k γ H              (3) 

where, Cm = maximum value of pressure coefficient for a 
given constant slope =  00.735 90θ , where  is the 

angle in degree, which the upstream face of the dam makes 
with the horizontal; kh = fraction of gravity adopted for 
horizontal acceleration (h) such as . h h

The moment of this force about the base is given by 
α k g 

e0.412eM P H               (4) 

2) Horizontal Inertia Force: In addition to exerting the 
hydrodynamic pressure, the horizontal acceleration pro- 
duces an inertia force into the body of the dam. This 
force is generated to keep the body and the foundation of 
the dam together as one piece. The direction of the pro- 
duced force will be opposite to the acceleration imparted 
by the earthquake. 

Since an earthquake may impart either upstream or 
downstream acceleration, it is needed to choose the dire- 
ction of this force in the stability analysis of dam struc- 
ture in such a way that it produces most unfavorable ef- 
fects under the considered conditions. For example, when 
the reservoir is full, this force will produce worst results 
if it is additive to the hydrostatic water pressure, thus 
acting towards the downstream (i.e., when upstream 
earthquake acceleration towards the reservoir is pro- 
duced). When the reservoir is empty, this force would 
produce worst results, if considered to be acting upstream 
(i.e., when earthquake acceleration moving towards the 
downstream is produced. 

The horizontal inertia force is given by 

h h hWk
W W
α k g

g g
            (5) 

where, kh is the fraction of gravity adopted for horizontal 
acceleration, such as 0.10 or 0.20, etc. 

This force should be considered to be acting at the 
center of gravity of the mass, regardless of the shape of 
the cross-section, and it acts horizontally downstream in 
worst cases, i.e., for reservoir full case. 

2.4. Silt Pressure 

Generally, silt gets deposited at the upstream face of the 
dam. If h is the height of silt deposited, then the force 
exerted by this silt in addition to external water pressure, 
can be represented by Rankine’s formula as 

silt sub

1

2
P γ 2

ah K             (6) 

where, Ka is the coefficient of active earth pressure of silt 
=    1 sin 1 sinφ  φ , where  is the angle of internal 
friction of soil (cohesion is neglected); and sub is the 
submerged unit weight of silt material. 

2.5. Wave Pressure 

Waves are generated on the surface of the reservoir by 
the blowing winds, ships, etc., which cause a pressure 
towards the downstream side. Wave pressure depends 
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upon the wave height (hw) and the total force due to wave 
action (Pw) can be expressed as 

219.62wP  wh               (7) 

This force acts at a distance 
3

8 wh



 below the reservoir 
surface. 

2.6. Ice Pressure 

The ice which may be formed on the water surface of the 
reservoir in cold countries may sometimes melt and ex-
pand. The dam face has then to resist the thrust exerted 
by the expanding ice. This force acts linearly along the 
length of the dam and at the reservoir level. Estimates of 
the thrust force vary according to the anticipated ice 
thickness, and range from 2.4  105 to 14.4  105 N/m2 of 
contact with the vertical face of the dam [10]. On an av- 
erage, a value of 500 kN/m2 may be allowed for ordinary 
conditions. 

2.7. Weight of the Dam 

The weight of the dam body and its foundation is the 
major resisting force. In two dimensional analysis of a 
gravity dam, the cross-section can be divided into rec- 
tangles and triangles. The resultant of all the downward 
forces will represent the total weight of the dam acting at 
the center of gravity of the dam. 

3. Profile of a Dam from Practical 
Considerations 

The elementary profile of a gravity dam (i.e., triangle 
with maximum water surface at apex) is only a theore- 
tical profile. Certain changes will have to be made in this 
profile in order to cater to the practical needs. These 
needs are: 1) providing a straight top width for a road 
construction over the top of the dam, and 2) providing a 
free-board above the top water surface so that water may 
not spill over the top of the dam due to wave action, etc. 

1) Top Width: The top width (T) of the high dam 
should be sufficient to provide carriage-way and to 
withstand earthquake shocks and wave actions, and this 
may be selected like large earthen dam as 

 1 3
1.65 1.5T H              (8) 

The most economical top width without considering 
earthquake forces varies between 6 and 10 m and is 
generally taken approximately equal to H . 

2) Freeboard: Nowadays a freeboard equal to 4% - 5% 
of the dam height is provided. The section of gravity dam 
should be chosen in such a way that it is the most 
economic section and satisfies all the conditions and 
requirements of stability. Hence, after the section of the 
dam has been arrived at, the stability analysis for the dam 
must be carried out. 

4. Low and High Concrete Gravity Dams 

The height of the dam to be constructed should be checked 
to ensure whether it is a low gravity dam or a high 
gravity dam. If the height of the dam is less than that 
given by   1w cf γ S  , where f is the permissible 
compressive stress of the dam material; Sc is the specific 
gravity of the dam material; then the dam will be a low 
gravity dam, otherwise it will be a high gravity dam 
(Figure 1). 

When the height of the dam exceeds the height of the 
low gravity dam (i.e., high dam), the upper height equal 
to low gravity dam can be designed as low gravity dam 
and its remaining height can be designed as follows [7]: 

The total base width required for high gravity dam can 
be given by 

3 2 4
high high

high 1
4

w wλ H λ H
B

f W

 
 

 
         (9) 

and the increase in length at u/s face of high gravity dam 
can be determined by 
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      (10) 

where, W is the total weight of dam portion and water 
above the base of the high dam, Blow is the base width of 
low gravity dam, Hhigh is the base width of high gravity 
dam, x is the increment of length at u/s face, Hlow is the 
height of maximum water level above the base of low 
gravity dam, Hhigh is the height of maximum water level 
above the base of high gravity dam, and Whigh is the total 
weight of dam portion and water above the base of high 
gravity dam. 

5. Design Criteria 

The design and evaluation of hydraulic structures for 
earthquake loading must be based on appropriate criteria 
that reflect both the desired level of safety and the choice 
of the design and evaluation procedures. The first re- 
quirement is to establish design earthquake ground mo- 
tions to be used as the seismic input by giving due con- 
sideration to the consequences of failure and the desig- 
nated operational function. Then the response of the 
structure to this seismic input must be calculated taking 
into account the significant interactions with the rock, 
soil, or pile foundation as well as with the impounded, or 
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surrounding and contained water. The analysis should be 
formulated using a realistic idealization of the struc- 
ture-water-foundation system, and the results are evalu- 
ated in view of the limitations, assumptions, and uncer- 
tainties associated with the seismic input and the method 
of analysis. 

The design of a gravity dam should be checked for two 
cases, i.e., 1) Reservoir Full Case, and 2) Reservoir 
Empty Case. When the reservoir is full, the major forces 
acting are: weight of the dam, external water pressure, 
uplift pressure, and earthquake forces in serious seismic 
zones. The minor forces are: silt pressure, ice pressure in 
cold countries and wave pressure. For the most conservative 
design and from purely theoretical point of view, a situa- 
tion may arise when all the forces may act together. For 
reservoir empty case, empty reservoir with a horizontal 
earthquake force produced towards the u/s has to be 
checked for non-development of tension at toe. In this 
study, water pressure due to maximum pool level, ex- 
treme uplift pressure without any reduction due to drain- 
age, tailwater pressure up to a certain height, and earth- 
quake forces, will be considered in the design of gravity 
dam. 

6. Modes of Failures and Structural Stability 
of Gravity Dams 

A gravity dam may fail due to 1) overturning/rotation 
about the toe; 2) crushing; 3) development of tension, 
causing ultimate failure by crushing; and 4) shear fail- 
ure called sliding. 

1) Overturning/Rotation about the Toe: If the resultant 
of all the forces acting on a dam at any of its sections 
passes outside the toe, the dam shall rotate and overturn 
about the toe. The factor of safety against overturning 
(F.S.O.) generally varies from 1.5 to 2. 

2) Compression or Crushing: A dam may fail by the 
failure of its materials, i.e., the compressive stresses 
produced may exceed the allowable stresses, and the dam 
material may get crushed. The vertical direct stress dis- 
tribution at the base is given by 

max

min

6
1

V
p

B B
  

 

e 
             (11) 

where, e is the eccentricity of the resultant force from the 
center of the base, the maximum value of which can be 
permitted on either side of the center of the base is equal 
to B/6; V is the total vertical force; and B is the base 
width of the dam. 

3) Tension: Masonry and concrete gravity dams are 
usually designed in such a way that no tension is devel- 
oped anywhere, because these materials cannot withstand 
sustained tensile stresses. For achieving economy in de- 
signs of very high gravity dams, certain amount of ten- 

sion may be permitted under severest loading condition. 
The maximum permissible tensile stress for high con-
crete gravity dams, under worst loadings, may be taken 
as 500 kN/m2. 

4) Sliding: Stability against sliding and shearing through 
a certain section through the dam across the foundation 
or along cracks in the foundation is of utmost importance. 
That is why it needs to be examined with special atten- 
tion [11,12]. Sliding or shear failure will occur when the 
net horizontal force above any plane in the dam or at the 
base of the dam exceeds the frictional resistance devel- 
oped at that level. The factor of safety against sliding 
(F.S.S.) is given by 

F.S.S.
μ V

H



              (12) 

where, V is the shear resistance in which V is the 
total vertical forces;  is the coefficient of friction be- 
tween the dam base and foundation, which varies from 
0.65 - 0.75; and H is the total external horizontal forces. 

In low dams, the safety against sliding should be 
checked only for friction, but in high gravity dams, for 
economic precise designs, the shear strength of the joint, 
which is an additional shear resistance, must also be con- 
sidered. If this shear resistance of the joint is considered, 
then the equation for factor of safety against sliding 
which is measured by shear friction factor (S.F.F.) be- 
comes 

S.F.F.
μ V Bq

H




             (13) 

where, q is the average shear strength of the joint which 
varies from about 1400 kN/m2 for poor rocks to about 
4000 kN/m2 for good rocks. 

6.1. Principal and Shear Stresses 

The vertical stress intensity, pmax or pmin determined us-
ing Equation (11) is not the maximum direct stress pro-
duced anywhere in the dam. The maximum normal stress 
will, indeed, be the major principal stress that will be 
generated on the major principal plane. The principal ( ) 
and shear ( ) stresses at the toe and heel of gravity dam 
can be expressed [7] by 

 2 ' ' 2
toe sec tanv eσ p α p p δ            (14) 

 2
heel sec tanv eσ p φ p p θ   2          (15) 

 ' '
( toe) tanv eτ p p p δ                (16) 

   heel tanv eτ p p p θ                (17) 

where, δ is the angle which the downstream face of the 
dam makes with the vertical, θ is the angle which the 
upstream face makes with the vertical, pv is the intensity 
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of uplift pressure, p is the minor principal stress at the 
heel, pe is the hydrodynamic pressure exerted by the head 
water, and  is the hydrodynamic pressure exerted by 
the tailwater during an earthquake. 

'
ep

In a gravity dam, stability is secured by making it of 
such a size and shape that it will resist overturning, 
sliding and crushing at the toe. The dam will not overturn 
provided that the moment around the turning point, 
caused by the water pressure is smaller than the moment 
caused by the weight of the dam. This is the case if the 
resultant force of water pressure and weight falls within 
the base of the dam. However, in order to prevent tensile 
stress at the upstream face and excessive compressive 
stress at the downstream face, the dam cross section is 
usually designed so that the resultant falls within the 
middle at all elevations of the cross section (the core). 
For this type of dam, impervious foundations with high 
bearing strength are essential. 

6.2. Stability Analysis 

The stability of a gravity dam can be approximately and 
easily analyzed by two dimensional gravity method and 
three dimensional methods such as slab analogy method, 
trial load twist method, Finite Element Method (FEM), 
or by experimental studies on models. In this study, the 
stability of the dam will be analyzed by two dimensional 
gravity method and Finite Element Method (FEM), using 
ANSYS 5.4. 

The steps involved in the analysis of gravity dam by 
analytical two dimensional gravity method are: 1) consider 
unit length of the dam; 2) work out the magnitude and 
directions of all the vertical and horizontal forces acting on 
the dam and their algebraic sum; 3) determine the 
moment arm of all these forces about the toe; 4) 
determine the moments of all these about the toe and find 
out the algebraic sum of all those moments; 5) find out 
the location of the resultant force by determining its 
distance from the toe; 6) find out the eccentricity of the 
resultant, which must be less than B/6 in order to ensure 
that no tension is developed anywhere in the dam; 7) 
determine the vertical stresses at the toe and heel; 8) 
determine the maximum normal stresses at the toe and 
heel; and 9) determine the factor of safety against 
overturning, sliding and crushing. The assumptions made 
in the two dimensional gravity method are: 1) the dam is 
considered to be composed of a number of cantilevers, 
each of which is 1 m thick and acts independent of the 
other; 2) no loads are transferred to the abutments by 
beam action; 3) the foundation and the dam behave as a 
single unit; 4) the materials in the dam body and 
foundation are isotropic and homogeneous; and 5) the 
stresses developed in the dam and foundation are within 
elastic limits and no movement of the foundation is 
caused due to transference of loads. 

The finite element method (FEM) is a numerical method 
for determining responses (deformation, strain, stress, 
etc.) of a body under external loads. The finite-element 
method (FEM) uses a concept of “piecewise approxima- 
tion”. In theory, the elements can be of different shapes 
and sizes. Until developing FEM it was almost difficult 
to calculate point to point responses (approximately) of a 
body of any geometric shape and any complex type of 
loading conditions. In this method, the entire dam body is 
divided by using equivalent system of small triangular 
element for obtaining responses within and boundary 
(node) of the element. This method determines first the 
global deformations at the nodes of the element then de- 
termines successively other responses such as strains, 
stresses, etc. Nowadays, this method is available as a 
commercial FE programming or software (ABAQUS, 
ANSYS, STADD.pro, SAP, etc.) for solving large prob- 
lems. Most of the FE programming used for either gen- 
eral purpose or special purpose follows the same basic 
procedure of finite element method. 

7. Results and Discussion 

The section of gravity dam should be chosen in such a 
way that it is the most economic section and satisfies all 
the conditions and requirements of stability. Hence, after 
a design section of the dam has been arrived at, the 
stability analysis for the dam must be carried out. In this 
study, water pressure due to maximum pool level, ex- 
treme uplift pressure without any reduction due to drain- 
age, tailwater pressure up to 6 m height (reservoir full 
case), and earthquake forces are considered in the design 
of gravity dam. The earthquake forces can be taken as 
equivalent to 0.15 g for horizontal forces and 0.10 g for 
vertical forces, considering the earthquake might occur in 
seismic zone 2 of Bangladesh. The uplift is considered as 
equal to the hydrostatic pressure at either ends. The unit 
weights of concrete and water are assumed to be 24.00 
kN/m3 and 9.81 kN/m3, respectively. Assuming allowable 
concrete compressive strength of 3000 kN/m2, the 
limiting height of low gravity dam is calculated to be 90 
m. Thus, in order to consider the dam as high dam, the 
preliminary height of the high dam is increased to 95 m. 
A freeboard of 5 m equals to about 4% - 5% of the dam 
height is considered. Finally, the total height of the dam 
including freeboard is considered to be 100 m for stabi- 
lity and stress analyses. The u/s face is flattened to keep 
developed tension at the toe within allowable limit. For 
stability and stress analyses, the resulting high concrete 
gravity dam with design external forces is shown in 
Figure 2. 

The stability analyses are performed for horizontal 
earthquake intensities varying from 0.10 g - 0.30 g with 
0.05 g increment, keeping the vertical earthquake intensity 
constant at 0.10 g and unchanging other loads which may 
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Figure 2. High concrete gravity dam with external forces. 
 
likely to occur in Bangladesh. For example, the stability 
and stress analyses are described in the following para- 
graph in the case of 0.15 g horizontal earthquake intensity 
and other constant design loads (i.e., the main case for 
which the dam to be constructed in seismic zone 2 of 
Bangladesh). 

The total vertical and horizontal forces are calculated 
and the moments of all the forces about toe of the dam 
are taken. The value of eccentricity is found to be 20.04 
m, which is less than B/6, i.e., 24.5 m, and hence, no ten- 
sion will be developed in any portion of the dam. The 
vertical stress pv at toe of the dam is found to be 1267.36 
kN/m2, which is less than allowable concrete compressive 
stress of 3000 kN/m2; and 126.92 kN/m2 at heel, which is 
less than the allowable concrete tensile stress of 500 
kN/m2. The principal stress at toe  (toe) is found to be 
2178.93 kN/m2, which is less than 3000 kN/m2; and 
–412.75 kN/m2 at heel  (heel), which is less than 500 
kN/m2. Neglecting small hydrodynamic pressure exerted 
by the tailwater (Negligence is on the safer side), the 
shear stresses  at toe and heel are found to be 1049.53 
kN/m2 and 632.42 kN/m2, respectively, which are less 
than 3000 kN/m2. All the stresses calculated at toe and 
heal of the dam are found to satisfy the conditions of safe 
design. The factors of safety against overturning and 
sliding, and shear friction factor are found to be 1.53, 
1.001, and 3.87, respectively, which are greater than 1.5, 
1.0, and 3.0, respectively, indicating the design is safe 
against these failures. An average value of the frictional 
coefficient,  = 0.7 (0.65 – 0.75) is considered to calcu- 
late the factor of safety against sliding and shear friction 
factor. For the set of loading conditions shown in Figure 
2 and for economic dam section, the u/s face of the dam 
can be flatten up to a slope of 64H:75V in order to make 
it safe, but it cannot be flatten more than 64H:75V slope 
because the principal stress at the heel will be more than 
the allowable limit of 500 kN/m2. If it is not possible to 
provide safe design by flattening the u/s face, either the 
top width of the dam or the d/s slope of the dam needs to 
be enlarged, but from economic and stability points of 

view, it is not feasible to widen the top width of the dam. 
The results for varying horizontal earthquake intensities, 
keeping other loads unchanged, are summarized in Table 1. 

A static finite element analysis was also carried out 
with the same dam section and loading conditions used in 
2D gravity method to investigate the stresses and defor- 
mations under the expected design loads. To simulate the 
process of activity of concrete gravity dam under given 
loading conditions, the assumptions made in the finite 
element analysis are: 1) the dam materials are homoge- 
neous and isotropic; 2) since the nature of loading on the 
dam makes the dam problem as plain strain problem, 
therefore, it is analyzed as a plane strain problem; 3) the 
modulus of elasticity and Poisson's ratio were taken as 
8.3 GPa [the modulus of elasticity was calculated based 
on supplied empirical formula 57500×  1 2'

cf  [13] and it 
was found 8.3 GPa for '

cf  = 3000 kN/m2] and 0.18 
(Poisson’s ratio for plain concrete generally varies from 
0.15 - 0.20), respectively; and 4) no vertical and hori- 
zontal displacements are assumed to be occurred due to 
applied loads. 

The finite element analysis was carried out using gen-
eral purpose finite element software (ANSYS 5.4) for 
linear elastic analysis of concrete gravity dam. ANSYS 
FE programming consists of preprocessor, solution, and 
post processor parts. The FE modeling of a body is car- 
ried out in preprocessing part and post processing proce- 
dure is used to generate and interpret results. Six-noded 
quadratic triangular plane strain solid elements were used 
to discretize the entire gravity dam to achieve more ac- 
curate results. All nodes of elements have two degrees of 
freedom. The integration points in the case of reduced 
integration are 3 for six-noded quadratic triangular plane 
strain solid element.  

The entire gravity dam was divided as three regular 
shaped parts for calculating self weight of the dam. The 
self weight of each part was assumed to act at its own 
center of gravity. The other loads, such as, weight and 
pressure of water at the u/s and d/s sides of the dam, hy- 
drodynamic pressures of water at the u/s and d/s sides 
and uplift pressure of water at the bottom of the dam 
were applied as surface loads on the element’s side. The 
horizontal earthquake intensities were perturbed from 
0.10 g - 0.30 g with 0.05 g increment, keeping other loads 
unchanged. The horizontal earthquake loading of differ- 
ent intensities and vertical earthquake loading were ap- 
plied at the point of self load of each part of the dam. 

A post processing procedure was used to generate re- 
sults directly from ANSYS 5.4 finite element program. 
This program determines displacements at global coor- 
dinates and strains and stresses at local –x and –y coor- 
dinate systems as well as it can automatically determine 
the principal stresses. For example, the contour plot of shear 
stress () in the case of horizontal earthquake intensity of 
0.15 g is shown in Figure 3. 
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Figure 3. Contour plot of shear stress (). 
 

The variation of shear stress in the dam body can also 
be found with different color codes (Figure 3). The ver- 
tical, principal and shear stresses obtained using finite 
element analysis for varying horizontal earthquake inten- 
sities from 0.10 g - 0.30 g with 0.05g increment were com- 
pared with those obtained from the analytical 2D gravity 
method as shown in Table 1. Table 1 shows that for 
each intensity of horizontal earthquake acceleration the 
vertical stresses pv obtained from ANSYS 5.4 vary sig- 
nificantly from the stresses obtained using analytical 2D 
gravity method; because the vertical stresses in the case 
of ANSYS 5.4 were found always negative at the toe, 
whereas no negative values were found using 2D gravity 
method. However, the vertical stresses found at the toe 
and heel of the dam for 0.10 g - 0.30 g using these two 
methods respectively are within the concrete allowable 
compressive stress. Similarly, the principal and shear 
stresses at the toe and heel obtained from ANSYS are 
also found to vary significantly with those obtained from 
the 2D gravity method (Table 1). The principal stresses 
at the toe of the dam were found to exceed the allowable 
concrete tensile stress slightly for 0.10 g - 0.15 g only. 
The principal stresses can be made safe by further flat- 
tening the u/s side of the dam, i.e., by further increasing 
the self weight of the dam. The shear stresses obtained 
using these two methods for 0.10 g - 0.30 g are found to 

satisfy the allowable concrete compressive stress suc- 
cessfully and ANSYS results are found to vary in similar 
fashion with those obtained using 2D gravity method, 
specifically at the toe of the dam (Table 1). 

The vertical, principal and shear stresses found using 
ANSYS are more conservative than those obtained using 
2D gravity method, except the principal stresses at the 
toe of the gravity dam for 0.10 g - 0.15 g. This significant 
variation of results could be happened, because in ana-
lytical procedure all surface loads are assumed to act as 
concentrated load at its own center of gravity and the 
determination of stresses at the toe and heel is based on 
average values, while in FE analysis it is the determina- 
tion of point to point stresses of the entire dam under 
actual loading conditions and thus the FE analysis can be 
regarded much more reliable than any other methods. 
Only the principal stresses found at the toe of the dam 
using FE analyses for 0.10 g - 0.15 g and using 2D 
gravity method for 0.30 g were found to exceed the 
allowable concrete stress throughout the analyses. The 
principal stresses found at the toe of the dam using FE 
analyses for 0.10 g - 0.15 g can be made safer by just 
flattening the u/s face of the dam, but it might not be 
possible to make it safe in the case of 2D gravity method 
for 0.30 g. Moreover, it was very difficult to achieve the 
required factor of safety against sliding, specifically for 
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0.30 g horizontal earthquake intensity. Although, it suggests 
apparently that smaller dam section may be enough for 
stress analyses using FEM (Table 1), it would not possible 
to achieve the required factors of safety with smaller dam 
section. Thus, further dynamic analyses using this/other FE 
methods may be carried out to obtain more reliable infor- 
mation to make necessary comments on the stability of 
the dam. 

The stabilizing moments are determined using analytical 
2D method dealing with the U.S.B.R. recommended ini- 
tial dam section and found to decrease significantly with 
the increment of horizontal earthquake intensity, indicat- 
ing endanger to the dam stability, thus larger dam section 
is designed to increase the stabilizing moments and to 
make it safe against failure. The factors of safety against 
overturning and sliding, and shear friction factor were 
determined to examine whether these factors are safe 
against these failures. It is observed that the factor of 
safety against sliding is satisfied at last than other factors 
of safety, resulting huge dam section to make it safe 
against sliding and making impossible to provide at least 
1:1 ratio of dam base width to dam height, using analy- 
tical 2D gravity method (Table 1). 

Based on the 2D gravity method, the volume of concrete 
required per meter length of the gravity dam to make it 
safe against failure for varying horizontal earthquake 
intensities and unvarying other loads is found to increase 
exponentially as shown in Figure 4. During factor of 
safety determination, it is observed that the factor of 
safety against sliding is satisfied much later than other 
factors of safety, allocating huge dam section to make it 
safe against sliding. Therefore, sufficient base width, silt 
pressure, adequate strong rock foundation, drainage gal- 
lery to reduce uplift pressure, and construction joints to 
increase frictional resistance need to be ascertained to 
improve factor of safety against sliding as well as pro- 
visions should be made for shrinkage and temperature 
stresses. The shrinkage and temperature stresses will 
cause the concrete to crack unless remedial measures are 
undertaken [7]. These stresses may be avoided by using 
minimum amount of concrete, low lift of concrete (gen- 
erally 1.5 m), construction joints, special low heat ce- 
ment, and cooling aggregates and concrete surface, etc. 

Initially, the section of the dam is selected arbitrarily 
based on the U.S.B.R. recommendations. This arbitrary 
selection of the gravity dam profile is much more com- 
plex than actual profile, because in actual profile at least 
the height and top width of the dam are fixed based on 
the requirements. Thus, the selection technique of the 
dam profile as well as the stability analysis procedures 
can be applied to the actual dam design. The detailed 
factors of safety and stresses analyses are described and 
comparison between the two methods has been made 
(Table 1). Finally, it may be concluded that it would not 
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Figure 4. Volume of concrete (m3) required per meter 
length of gravity dam for stability against varying hori- 
zontal earthquake intensity. 
 
be feasible to construct a concrete gravity dam in seismic 
zone 2 of Bangladesh for kh values greater than 0.30 
without changing other loads and/or dimension of the 
dam, and without keeping provision for drainage gallery 
to reduce the uplift pressure significantly at the base of 
the dam. 

8. Conclusions 

The section of gravity dam should be chosen in such a 
way that it is the most economic section and satisfies all 
the conditions and requirements of stability. The preli- 
minary dam section is selected based on the U.S.B.R. 
recommendations, and the stability and stress conditions 
of the high concrete gravity dam are approximated and 
analyzed for varying horizontal earthquake intensity and 
unvarying other loads, using two-dimensional gravity 
method and finite element method. The horizontal earth- 
quake intensities are perturbed from 0.10 g - 0.30 g with 
0.05g increment, keeping other loads unchanged, to cal- 
culate the total horizontal and vertical forces and mo- 
ments at the toe of the gravity dam, and to examine the 
stability and stress conditions of the dam using the two 
methods. Dealing with the U.S.B.R. recommended initial 
dam section, the stabilizing moments are found to de- 
crease significantly with the increment of horizontal 
earthquake intensity, indicating endanger to the dam sta- 
bility, thus larger dam section is designed to increase the 
stabilizing moments and to make it safe against failure. 
The results of the horizontal earthquake intensity perturb- 
bation suggest that the stability of the gravity dam en- 
dangers with the increment of horizontal earthquake in- 
tensities unless the dam section is enlarged significantly. 
The FE analyses were carried out using the same dam 
section and loading conditions used in 2D gravity 
method. The vertical, principal and shear stresses using 
ANSYS 5.4 are found more conservative than those ob- 
tained using 2D gravity method, except the principal 
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stresses at the toe of the gravity dam for 0.10 g - 0.15 g. 
Only the principal stresses found at the toe of the dam 
using FE analyses for 0.10 g - 0.15 g and using 2D 
gravity method for 0.30 g, were found to exceed the 
allowable concrete stress throughout the analyses. The 
principal stresses found at the toe of the dam using FE 
analyses for 0.10 g - 0.15 g can be made safer by flattening 
the u/s face of the dam, but it might not be possible to 
make it safe in the case of 2D gravity method for horizontal 
earthquake intensity of 0.30 g. Moreover, it was very 
difficult to achieve the required factor of safety against 
sliding, specifically for 0.30 g horizontal earthquake 
intensity. Although, one can feel apparently that smaller 
dam section is required for stress analyses using FEM, it 
would not possible to achieve the required factors of 
safety with smaller dam section. It is also observed that 
the factor of safety against sliding is satisfied at last than 
other factors of safety, resulting huge dam section to 
make it safe against sliding. Therefore, sufficient base 
width, adequate strong rock foundation, drainage gallery 
to reduce uplift pressure, silt pressure, and construction 
joints need to be ascertained to improve factor of safety 
against sliding. Finally, it can be concluded that it would 
not be feasible to construct a concrete gravity dam for kh 
values greater than 0.3 without changing other loads and 
or dimension of the dam and keeping provision for 
drainage gallery to reduce the uplift pressure signifi- 
cantly. 
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