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SUMMARY 

 

The ageing of a concrete gravity dam presents a new challenge for the development of a 

methodology that can adequately predict the stability of the dam under seismic excitations 

and identify those structures where remedial measures are to be taken. A numerical 

algorithm is presented for the seismic analysis of a concrete dam in the vicinity of an 

infinite reservoir with the application of damage mechanics considering fluid-structure 

interaction. The time dependent degradation of concrete owing to environmental factors 

and mechanical loading in terms of isotropic damage index is considered. The results 

obtained from the analyses can indicate the vulnerability of the dam to seismic excitation. 

This procedure can be very effective for practicing engineers to assess the structural safety 

and to decide the importance of retrofitting or decommissioning the dam. 

 

INTRODUCTION 

 

In seismic prone area, massive water retaining structures like concrete gravity dams pose a 

hazard to the community at the time of earthquake. Concrete gravity dams are large and 

complicated structures, which are expected to withstand earthquakes without unacceptable 

damages. Most of the concrete dams are designed in seismic prone areas to resist the 

unpredictable earthquakes. Due to ageing, the dams are subjected to severe environmental 

conditions that affect the strength of the concrete. Therefore, it is required to analyze the 

dam with some initial damage in it. The behavior of huge concrete gravity dams is also 
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affected on the presence of reservoir. Hence, safety assessment of dams is important for 

new as well as old dams considering the dam reservoir interaction in a coupled manner. 

An ideal mathematical model of a concrete gravity dam should include the dam and 

the reservoir. The dam-reservoir interaction if incorporated in the analysis, would give 

more realistic structural responses. The dam-reservoir system has been extensively 

modeled using finite element technique (Zienkiewicz et al. [1] and Saini [2]) to obtain the 

two-dimensional response due to horizontal ground motion, considering the 

compressibility of water. The dam-reservoir interaction was accounted by the substructure 

method (Zienkiewicz et al. [1]), coupled equation (Saini [2]), boundary element method 

(Hanna and Humar [3]) and finite difference scheme (Hung and Wang [4]). The far 

boundary of the reservoir has been modeled using infinite elements (Saini [2]), radiation 

damping effect (Sharan [5]; Gogoi & Maity [6]).  

Though various analysis procedures have been developed to determine the effect of 

damage on the responses of the dam due to seismic excitation, primary mechanisms or 

factors that can produce premature deterioration of concrete dams needs to be identified. 

The damage index used by El-Aidi & Hall [7,8], Cervera et.al. [9] and Ghaemian & 

Ghobarah [10]  in a dam-reservoir analysis is mainly evaluated based on relation between 

the strain energy of the damaged material and elastic energy of the undamaged material. 

The durability of concrete in dam is considerably affected by the accumulation of damage 

induced by the time variant external loading in conjunction with environmental loading 

processes such as moisture and heat transport, freeze-thaw action, dissolution processes 

such as calcium leaching, chemical expansive reactions (alkali-silica reaction) due to 

presence of silt deposited on the upstream face. Although considerable progress has been 

achieved in carrying out dynamic analysis by modeling concrete gravity dam considering 

the nonlinear behavior of concrete including cracks, environmental effects are still 

accounted for by more or less heuristic evaluations of the degradation process and its 

influence on the residual structural safety. Since the dam face is in constant touch with 

water, concrete degradation due to hygro-mechanical loading is inevitable and should be 

considered in the analysis procedure. 

The present work is focused on a damaged model of an ageing concrete gravity 

dam.  To emphasize the importance of dynamic analyses of an aged and damaged dam, 

comparisons are presented for responses of dams with and without damage, with and 

without fluid-structure interaction; subjected to horizontal component of Koyna 

earthquake, 1967. Two types of damage models:  orthotropic and isotropic have been 

selected to compare the responses of the dam when subjected to seismic excitation.  In the 

orthotropic model, the damage percentage along mutually perpendicular directions in the 

dam is not considered to be equal; whereas in an isotropic model it is considered to be 

equal. In this paper evolution of damage index within the elastic limit is derived 
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considering environmental factors due to exposure to water, mechanical loading and 

chemical reaction. The dam-reservoir model is analyzed with orthotropic and isotropic 

damage in dam and considering the reservoir as compressible. The infinite reservoir-

domain is truncated by boundary condition as proposed by Gogoi and Maity [6]. The 

displacements at the top of the dam and the pressure coefficient at the bottom of the dam-

reservoir interface are evaluated for a comparison.  

MATHEMATICAL MODELING 

Modeling of Infinite Reservoir 

Assuming the water to be frictionless, the hydrodynamic pressure generated in the 

reservoir in excess of the hydrostatic pressure during motions of small amplitude is 

governed by the wave equation.  

2

2

1
( , , ) ( , , ) 0p x y t p x y t

c
       (1) 

where 
2
 is the Laplacian operator in two dimensions, C is the velocity of sound in water 

and dots represent differentiation with respect to time. Eqn (1), together with the 

appropriate boundary conditions (Fig. 1), defines completely the hydrodynamic aspects of 

the problem.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) At the free surface ( f): 

Considering the effects of surface waves of the fluid, the boundary condition of the free 

surface is taken as  

Fig.1 Geometry of dam-reservoir system 
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(b) At the dam-reservoir interface ( s): 

Considering the dam to vibrate with an acceleration of tiae  in which, ω is the circular 

frequency of vibration; and 1- = i , the condition along the dam-reservoir interface may 

be specified as: 

ti
f aety

n

p
,,0        (3) 

Where ρf is the mass density of water, n is the outwardly directed normal to the elemental 

surface along the interface, and a is the acceleration of the dam-reservoir interface in the 

direction of n. 

 

(c) At the water-reservoir bed interface ( r): 

Assuming reservoir floor to be rigid, the condition adopted is 

0 = t)(x,0,
n

p
        (4) 

 

(d)  At the truncation surface ( t): 

In the finite element analysis, difficulties arise when the domain becomes infinite. The 

researchers have proposed different types of truncation boundary conditions for finite 

element analysis. The far boundary condition proposed by Gogoi and Maity [6] seems to 

be very effective and straightforward for implementation in finite element algorithm. Thus, 

the boundary condition at the truncation surface will be:  

 
H

p
- = 

x

p
 = 

n

p
       (5) 

where, p is the hydrodynamic pressure of the water reservoir and ζ is given in Reference 

[6] 

 

FINITE ELEMENT IMPLEMENTATION 

 

The water domain is discretized as an assemblage of finite elements, assuming pressure to 

be the nodal unknown. By the use of the Galerkin process, the discretized form of eqn. (1) 

is obtained as 

}]{[}{}]{[}]{[ aS - = pG + pA + pE
f

      (6) 

where {p} represents the vector of nodal pressures for the water domain. Expressions for 

the matrices [E], [A] [G] and [S] are as given below. The derivation in similar approach 

may be found in Zienkiewicz and Newton [11]. 
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Here, [T] is the matrix that transforms the generalized acceleration of a point on the fluid-

structure interface to the acceleration in the direction normal to the interface. In the above 

equation,  and  represent the surface and volume of the reservoir respectively. The 

subscripts f, s, r and t represent the free surface, solid-fluid interface, bed-reservoir 

interface and truncation surface respectively. It is important to note that owing to the 

implementation of the proposed far-boundary condition, the form of the discretized 

equation remains unchanged and there is no extra computation required except for the 

modification of a few elements of the matrix [G]. For any prescribed acceleration at the 

fluid-structure interface, eqn. (6) may be used to solve the hydrodynamic pressure in the 

fluid domain.  

 

Modeling of Aged Concrete Dam 

The equation of motion for the dam-reservoir (Fig.1) can be given as 

hg FMaKuuCuM       (8) 

where M is the mass matrix, K is the stiffness matrix of the structure, u, u and u  are 

displacement, velocity and acceleration vectors respectively, ag is the vector of ground 

acceleration, Fh is the vector of nodal point forces associated with hydrodynamic pressures. 

The damping matrix C represents viscous damping in the structure. After the reservoir 

interaction force, Fh is determined, the dynamic response of the structure can be obtained 

from eqn. (8).  

The structural system considered for the present investigation, has been analyzed using 

two dimensional plane strain formulations. Since the problem involved here is a long body, 

whose geometry and loading do not vary in the longitudinal direction, it can be analyzed 

by this idealization appropriately.  

(7) 
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 For the plane strain formulations, a constant longitudinal displacement 

corresponding to a rigid body translation and displacements linear in a direction 

perpendicular to the cross-section of the dam, corresponding to rigid body rotations do not 

result in strain. The constitutive relation for elastic isotropic material can be written as  

 C          (9) 

where, 
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C       (10) 

 

 

Orthotropic Damage Model for Concrete 

The concept of damage is based on the material degradation that is induced by distributed 

micro cracks which leads to a reduction of the net area capable of supporting stresses. The 

loss of rigidity of the material follows as a consequence of micro cracks in defining a 

fictitious undamaged material related to the damaged one. The expressions for isotropic 

and orthotropic damage model are in reference Ghrib and Tinawi [12]. The effective plane 

strain material matrix can be expressed as 
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(11)  

If d1= d2 = d, the damaged isotropic model is expressed as 

 

CdCd

2
1        (12) 

Where C is the constitutive matrix of the undamaged model. The evaluation of damage 

index d is as in the reference Gogoi and Maity [13 ] 

 

SOLUTION SCHEME FOR COUPLING DAM AND RESERVOIR 

 

In fluid-structure interaction problem the fluid and the structure do not vibrate as separate 

systems under external excitations, but they act together in a coupled way. Therefore, these 

problems have to be dealt in a coupled way. The discrete structural equation with damping 

in the presence of fluid may be written as: 
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0fQpKuuCuM        (13) 

Where the coupling term arises due to pressure specified on the fluid-structure interface 

boundary and is 

  

s s

T T

u u pN npd N nN d p Qp       (14) 

n  is the direction vector of the normal to the interface. The discretised fluid equation may 

be written as: 

0quQGppApE T        (15) 

The system of eqn.(13) and (15) are coupled second-order ordinary differential equations, 

which define the coupled fluid-structure system completely. These coupled equations can 

be written in matrix form as: 

0 0

0 0T

M u C u K Q u f

Q S p G p H p q

 

 
   (16) 

The coupled response of fluid-structure system can be obtained under external excitation 

by solving eqn.(16). 

NUMERICAL RESULTS 

The Koyna dam has been chosen for the extensive analysis using finite element technique. 

The dimension and the material properties of the dam in the present case are: height of the 

dam (Hs)=103 m; width at the top of the dam is 14.8 m and at the base is 70.0 m, modulus 

of elasticity (E)= 3.15  10
7 

kN/m
2
; Poisson‟s ratio = 0.235 and mass density = 

2415.816kg/m
3
. Structural damping is considered as 5%. The increase in damage index 

with time degrades the concrete strength. The dam is discretized with 8-noded quadratic 

elements as shown in Fig. 2 and is analyzed using plain strain formulation. The fluid 

domain is discretized by two dimensional 4-noded isoparametric quadratic elements. The 

acoustic wave velocity of water, C is considered as 1438.7 m/sec. Full reservoir condition 

is considered in the analysis.The responses of the dam are compared with and without 

initial damage in it and with and without dam-reservoir interaction. The displacement at 

the top (point A) of the dam and the pressure coefficient „c‟ ( ff aHpc ) at the bottom 

(point B) of the dam-reservoir interface is evaluated.  

 

 

 

 

 

 

14.8 m 

103 m 

A 

Truncation boundary 

C 



Proceedings of the national workshop on „RESERVOIR PLANNING AND 

OPERATION‟, (19th December, 2007) organized by Civil Engineering Department, 

Assam Engineering College, Guwahati-781013 Under the DST sponsored project 

„Planning for Optimal Utilization of Water in Three Proposed Reservoirs in North-East 

India‟.                                                                                             Editor: Dr. Bibhash Sarma  

 

International Journal of Innovative Technology & Adaptive Management (IJITAM)  

ISSN: 2347-3622, Volume-1, Issue-3, December 2013 

 
 

www.ijitam.org 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analysis of the Dam without Reservoir 
The crest displacement of the dam due to a static horizontal load of 1000 kN applied at the 

top of the dam and damage index corresponding to for design life of 10 years, 50 years and 

100 years is plotted in Fig.3 for comparison. As expected, at design life of 10 years, there 

is a sudden increase in displacements after reaching its design lifetime. The effect of 

isotropic damage on the response of the dam due to horizontal component of Koyna 

earthquake (Fig. 4) is examined in the absence of reservoir. The analysis is carried out 

without any initial damage, after completion of construction, considering one year old 

concrete strength. In the second case, after 25 years an isotropic damage of 35.4% is 

estimated for a design life of 50 years. In the third case, after 25 years an isotropic damage 

of 19.1 % is estimated for a design life of 100 years. The results plotted in Fig. 5 show the 

effects of damage on displacements of the dam due to seismic excitation. For a lower 

design life, the percentage of damage and the displacements are comparatively higher. 

However, it is seen that the peak responses are reached at a later time for a higher design 

life. 
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It is observed from Fig.6, that with an increase in damage, the natural frequency of 

the structure reduces. This behavior is mainly attributed to the reduced stiffness of the 

structure with increased damage. Increase in damage will thereby increase the time period 

of the structural system and correspondingly the deflection and stress of the dam will be 

more. Moreover, the decrement in frequency is high in case of isotropic damage model as 

compared to orthotropic one, as it affects the stiffness of the dam section in both horizontal 

and vertical direction. The decrease in the frequency for the model having damage 

variation along vertical direction is steeper than that of along horizontal direction. Since 

the cross sectional area along the dam height is more than that along its width, damage 

along the dam height has prominent and rapid decline on the dam‟s natural frequency. 
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Analysis of the Dam-Reservoir Coupled System 

The crest displacements of the Koyna dam under seismic excitation considering the effect 

of dam–reservoir interaction is plotted in Fig.7. The effect of dam-reservoir interaction is 

to increase the crest displacements. The ageing effect of the dam under seismic excitation 

considering dam-reservoir interaction is also studied. The crest displacements of the dam at 

1, 25 and 75 years are presented for isotropic damage under horizontal component of 

Koyna earthquake in Fig.8. The percentage of damage considering with a design life of 50 

years at 1, 25 and 75 years are 1.8, 34.5 and 71.4 respectively. It is observed from the 

graphical results in Fig. 8 that the coupled dam-reservoir system exhibits an increased 

displacement trend for higher percentage of damage. While comparing the maximum 

pressure coefficient at point B of the dam due to seismic excitation as seen in Fig. 9, it is 

observed that there is a decrease in pressure coefficient with an increase in damage 

Fig. 3 Static horizontal crest displacement due to horizontal load 
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percentage. This is because of the reduced stiffness of the dam structure, which causes less 

acceleration in the adjacent reservoir. 
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Fig. 4 Horizontal accelerogram of Koyna earthquake 

(1967) 

Fig. 5 Effect of damage on horizontal crest displacement due to seismic 

excitations  
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Fig. 6 Variation in frequency of dam with initial damage 
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Fig. 10 shows the principal stress at the neck of the dam (point C) without any damage 

considering reservoir effect. It is observed from the results that the principal stress 

increases while the interaction effect between dam and reservoir is not neglected. The 

development of principal stresses through different ages has been plotted in Fig. 11. The 

stresses are obtained due to horizontal component of Koyna earthquake. The damage 

Fig.7 Effect of dam-reservoir interaction on crest displacements    

due to seismic excitation (without damage) 
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percentage considered in the first, tenth and twenty-fifth years are 0.0%, 15.8% and 34.5% 

respectively. It is noticed that the stresses are more when there is no damage in the dam. 

This is because of higher stiffness of the dam at initial stage for which energy is not 

dissipated through damages. The variation in maximum principal stresses are obtained due 

to seismic excitation and plotted in Fig 12 to observe the variation of stresses for design 

life of 50 years and 100 years. Thus, if the design life of the dam and the environmental 

factors are known, the structural response at a certain age can be determined to evaluate its 

safety.  
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Fig.9 Effect of ageing on pressure coefficient at point B  

Fig.8 Ageing effect on crest displacements of dam with full reservoir due 

to seismic excitation 
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Fig. 10 Principal stress at point C  

Fig. 11 Effect of ageing on principal stress at point C 
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CONCLUSIONS 

 

A dynamic analysis procedure is presented to predict the ageing effect on the behavior of 

concrete gravity dams, which may be beneficial to assess the safety of dams during its 

lifetime. A time dependent isotropic damage index is determined for aged dams. The 

performance of the dam with increasing age is presented. The results reveal that the 

degradation process of the structure is dependent on the design life of the structure. For a 

higher design life, the degradation process will be slower.  

The behavior of dam during seismic excitation is influenced by the coupled effect 

of the dam-reservoir system and the initial damage. The magnitude of the crest 

displacement of dam increases when the reservoir effect is considered. It is important to 

note that with the increasing age, the displacement of the dam increases but the 

hydrodynamic pressure exerted by the reservoir on the dam and the stresses decrease 

significantly.  

The algorithm presented in this paper can be used to forecast the behavior of the 

existing dam and to estimate service life of a concrete dam, so that necessary action can be 

taken either for retrofitting or decommissioning the dam. More accurate behavior may be 

obtained if coupled effect of the foundation-dam-reservoir interaction with material non-

linearity is considered. 

 

 

 

Fig. 12 Effect of design life on principal stress at point C  
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