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Abstract 

A vibration control system is proposed in the present paper for arch dams. In the 

suggested method, the body of arch dam is divided into regular segments by 

vertical and horizontal splitters. Then the segments are connected to each other by 

means of springs, dampers and suitable water-stops. To investigate the efficiency 

of the proposed method, a set of dynamic analyses performed on Karun 4 arch 

dam subjected to Naghan earthquake induced ground accelerations. The main 

objective of analyses was to compare the seismic behavior of an existing dam in 

two cases. In The first case, the dam is commonly built and in the second one, the 

dam is segmented according to the method proposed in this study. Results showed 

that the suggested method reduces the dynamic responses of the dam and improve 

its seismic performance. 

Keywords: Arch dam, Vibration control system, Segmentation, Karun 4,  

                   Seismic performance. 

 

 

1.  Introduction 

Concrete arch dams can be used in sites consisting of high strength rocks and 

stones. In the literature, many research works have been focused on the subjects 

related to various aspects of analysis and design of concrete arch dams 

including shape optimization, dam-reservoir interaction, nonlinear dynamic 

analysis, crack detection, fracture mechanics, wave propagation, etc. However, 

as far as the authors are aware, an effective method for vibration control of arch 

dams is not presented as yet. In this study, an ingenious method is proposed to 

reduce the dynamic responses of dam and to improve its seismic performance 

using vibration controlling.  
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Nomenclatures 
 

A Tributary surface area 

[C] Damping matrix 

[K] Stiffness matrix 

[M] Mass matrix 

Pn Normal hydrodynamic pressure 
t

nu&&  Total normal acceleration 

 

Greek Symbols 

α Rayleigh damping factor 

αp Westergaard pressure coefficient 

β Rayleigh damping factor 

λT
 Vector of normal direction cosines 

ρw Mass density of water 

ωn Frequency of nth mode 

ξn Damping ratio of nth mode 

 

Study of structural vibration begins with the mathematical modelling of 

vibrating systems which leads to development of principles governing the 

behaviour of system [1]. Available methods for structural vibration control can be 

categorized as follows: (a) Seismic isolation, (b) Passive control, and (c) Active 

and semi-active control. 

In seismic isolation method, the supports of the structural are isolated from the 

other structural components using various types of isolation systems including 

elastomeric isolators, lead-rubber bearings, sliding isolation devices, friction 

pendulum bearings, etc. In almost all cases, the isolators are installed is such a 

way that the base of the structure becomes isolated from the other parts. For this 

reason, this type of vibration control is usually called base isolation. This method 

is commonly used for bridges and multi-story buildings as well as old masonry 

ones which have relatively low flexibility and strength. In the case of concrete 

arch dams, concerning the dam-reservoir interaction, the use of this method to 

control the structural vibration of dam is not justifiable [2]. 

The underlying principle of passive control method is dissipating some amount 

of input energy of structural system. This method includes the use of metal 

dampers, frictional dampers, viscoelastic dampers, tuned mass dampers, etc. [3]. 

In active control method, structural responses including displacements, 

velocities and accelerations are recorded by a number of sensors and transferred 

to a processor. After processing the input data, suitable structural behaviour is 

determined and applied on the structure using an external energy source.  

 Because of some factors affecting the dynamic responses of arch dam shell 

including the shape of valley, support settlement and fluid-structure interaction 

problems, the prediction of theses responses is rather complicated. For this 

reason, the use of this method for arch dams is impractical. Systems with variable 
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stiffness and damping, active bracing systems and active mass dampers can be 

placed in this category [4]. 

Concerning the above discussion, it can be concluded that common methods 

of structural vibration control are not so suitable for concrete arch dams. In this 

paper, a method is proposed to control the responses and consequently to improve 

the seismic performance of this type of concrete dams. 

 

2.  Proposed Method for Structural Vibration Control of Arch Dams  

The aim of utilizing the proposed method is increasing the structural damping in 

conjunction with reducing the stiffness to increase the flexibility of dam shell. 

This leads to more dissipation of energy. It is obvious that increase of damping 

decreases the structural responses [5]. In this method, the body of arch dam is 

divided into regular segments by vertical and horizontal splitters (Figs. 1 and 2). 

The presence of gaps between these segments leads to dissipation of energy. The 

reason is increase of degrees of freedom of dam body which can lead to 

dissipation of input energy during the oscillatory cycles [6]. 

  
The segments are connected to each other by means of springs and dampers. 

The number and quantitative values of added dampers and springs must be chosen 

in such a way that leads to the overall stability of the strucutre (Fig. 3). Shearing 

connections are created between the segments to transfer the shearing forces 

through the body of dam (Figs. 4 and 5). The gap between segments must be 

sealed by suitable water-stops. 

It is worth mentioning here that the horizontal and vertical distances between 

the gaps (i.e. the size of segments) must be selected according to constructional 

availabilities. It must be noted that selection of smaller distances reduces the 

weight of each segment and makes it possible to use pre-fabricated segments. 

Prefabrication increases the speed of construction and consequently decreases the 

construction duration. 

The advantages of the suggested control method can be summarized as follows: 

• Dynamic responses of the arch dams which are controlled using the proposed 

technique are considerably lower than the responses of ordinary arch dams. 

This method leads to decrease of the oscillation frequencies and consequently 

decrease the probability of resonance occurrence.  

Fig. 1. Shell of Dam Divided into 

Regular Segments by Vertical 

and Horizontal Splitters. 

Fig. 2. The Presence of Gaps 

between the Segments Leads to 

Dissipation of Energy. 
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• Asymmetric support settlement induced damages as well as earthquake 

induced damages are reduced because of increased flexibility of the dam 

body due to utilizing proposed segmentation technique.  

• Prefabrication techniques can be used for dam construction which leads to 

increase of construction rate. 

 

 

3.  Dam-Water Interaction 

Interaction of an arch dam with the impounded water leads to an increase in the 

dam vibration periods. This is because the dam cannot move without displacing 

the water in contact with it. The fact that water moves with the dam increases the 

total mass that is in motion. This added mass increases the natural periods of the 

dam, which in turn affects the response spectrum ordinates and hence the 

effective earthquake inertia forces. It can also cause an increase in damping due to 

partial absorption of pressure waves at the reservoir boundary and radiation 

towards the upstream. These effects tend to change the earthquake response of the 

dam with respect to that for the dam with empty reservoir, with the net result 

depending on the characteristics and component of earthquake ground motion and 

on the dam-water interaction model used [7]. 

In this article, dam-water interaction during earthquake is modelled using 

added-mass concept which was first formulated by Westergaard [8].  

Fig. 3. The segments are 

Connected to each other by 

Means of Springs and Dampers 

in such a Way that Overall 

Stability Reached. 

Fig. 4. Shearing Connections are 

Created between the Segments 

to Transfer the Shearing Forces 

through the Body of Dam. 

Fig. 5. Detailed View of a 

Shearing Connection between 

Two Adjacent Segments. 
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3.1. Generalized Westergaard added-mass 

The added-mass representation of dam-water interaction during earthquake 

ground shaking was first introduced by Westergaard [8]. In his analysis of a rigid, 

2D, gravity dam with a vertical upstream face, Westergaard showed that the 

hydrodynamic pressures exerted on the face of the dam due to the earthquake 

ground motion is equivalent to the inertia forces of a body of water attached to the 

dam and moving back and forth with the dam while the rest of reservoir water 

remains inactive. He suggested a parabolic shape for this body of water with a 

base width equal to 7/8 of the height. A general form of the Westergaard added-

mass concept which accounts for the 3D geometry can be applied to the 

earthquake analysis of arch dams [9]. The general formulation is based on the 

same parabolic pressure distribution with depth used by Westergaard (Fig. 6), 

except that it makes use of the fact that the normal hydrodynamic pressure Pn at 

any point on the curved surface of the dam is proportional to the total normal 

acceleration, t

nu&& : 

t

npn uP &&.α=                                                                                                              (1) 

)()8/7( ZHHwp −= ρα                                                                                     (2) 

where ρw is mass density of water, αp  is Westergaard pressure coefficient, and 

H and Z are defined in Fig. 6. The normal pressure Pn at each point is then 

converted to an equivalent normal hydrodynamic force by multiplying by the 

tributary area associated with that point. Finally, the normal hydrodynamic force 

is resolved to its Cartesian components, from which a full 3×3 added-mass matrix 

at each nodal point on the upstream face of the dam is obtained [9]: 

λλα T

pa Am =                                                                                                         (3) 

where A is the tributary surface area and λT
 is a vector of normal direction 

cosines for each point. Note that while the added-mass terms are coupled with 

respect to the nodal degrees-of-freedom, they are uncoupled with respect to 

individual nodes. Such a 3×3 full nodal added-mass matrix can easily be 

incorporated in a computer program using consistent mass matrix (non-diagonal), 

but it should be diagonalized for those programs that employ diagonal mass matrix. 

 
Fig. 6. Definition of H and Z for Calculation                                                       

of Westergaard Pressure Coefficient, αp. 
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The basic assumptions of the generalized Westergaard method are: 

• Pressure at any point on the face of the dam is expressed by the Westergaard 

parabolic shape, and 

• The same parabolic shape is used for all three components of the earthquake 

ground motion.  

It should be noted that there is no rational basis for these assumptions, because 

they do not meet the conditions imposed in the original Westergaard analysis 

which included a rigid dam with vertical upstream face being subjected to the 

upstream component of ground motion only. The Westergaard method usually 

gives the largest added-mass values, as evident by its increasing the vibration 

periods the most. However, this does not automatically give the largest stresses, 

because response of the dam also depends on the characteristics of the earthquake 

ground motion. If vibration periods of the dam fall in descending region of the 

response spectrum, the larger Westergaard added-mass will shift the periods 

further into region of smaller effective earthquake forces and thus smaller 

stresses. The Westergaard added mass model may be used in the preliminary 

analysis and also in the final evaluation provided that the results show that the 

dam is safe with an adequate margin of safety with little or no damage [7]. 

 

3.2. FE modelling and analysis of Karun 4 arch dam 

Karun 4 is the highest arch dam in Iran. It is 230 meters high and is a double 

curvature concrete arch dam. Its horizontal cross sectional geometry is parabolic. 

To investigate the dynamic behaviour of the arch dams which are controlled 

using the method proposed in this article, the dynamic responses of ordinary and 

controlled arch dams are compared. Initially, Karun 4 arch dam is modelled using 

multi-purpose FEM package, ABAQUS and is analyzed under the earthquake 

loading. Naghan’s horizontal accelerogram is used as exciting ground 

acceleration. Then the proposed method of vibration control is applied to Karun 4 

arch dam (Fig. 7) and the analysis is repeated. Finally, the analytical results are 

compared to study the efficiency of the suggested technique. 

 

 
Fig. 7. Proposed Method of Vibration Control is applied to Karun 4 Arch Dam. 

 

Twenty nodded three-dimensional solid elements are used to model the dam’s 

curved shell. Young’s modulus was taken to be 24 GPa.   

In summary, the dams using the suggested method as controlling device have 

two main characteristics: 1) more flexibility and 2) more dissipation of energy due 

to increased damping, both in comparison with ordinary dams. It is expected that 

the dynamic responses of the segmented dam becomes lower that the ordinary’s.  
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In order to take the additional flexibility of segmented dam into account, the 

shape of Karun 4 is modelled and then its stiffness is reduced to 0.02. The same 

procedure is used to consider the increased damping, i.e. a damping ratio of 0.2 is 

applied to segmented model. 

 

4.  Results and Discussion 

4.1. Modal analyses and results 

Figure 4(a) shows the effect of nose shape on CD0 with cylindrical afterbody as a 

function of Mach number. The drag of cone-cylinder combination was the lowest 

at the considered Mach numbers. It is clear that the bluntness of nose causes the 

drag to increase. 

A set of modal analyses are performed on both ordinary and segmented 

models of Karun 4 arch dam to study their mode shapes and natural frequencies. 

In addition, the results of modal analysis are used to determine the two Rayleigh 

damping factors, α and β. 

The natural frequencies of oscillation for ordinary and segmented dams are given 

in Tables 1 and 2, respectively. The results are limited to first 6 modes of oscillation. 

 

Table 1. The Natural Frequencies of Oscillation for Ordinary Dam. 

Mode No. Frequency (Hz) Mode No. Frequency (Hz) 

1 1.7009 4 3.9571 

2 1.774 5 3.4700 

3 2.6616 6 3.7714 

 

Table 2. The Natural Frequencies of Oscillation for Segmented Dam. 

Mode No. Frequency (Hz) Mode No. Frequency (Hz) 

1 0.23815 4 0.41536 

2 0.24839 5 0.48961 

3 0.37489 6 0.53129 

 

It can be clearly concluded from comparing the Tables 1 and 2 that the 

proposed method has successfully reduced the natural vibration frequencies of the 

studied arch dam. Also as can be seen in these tables, the magnitude of reduction 

is significant which shows the efficiency of the proposed technique. Mode shapes 

of ordinary and segmented dams are presented in Figs. 8 and 9, respectively. 

 

4.2. Time-history analyses and results 

The response of arch dams to earthquakes can also be evaluated by the time-

history method of analysis. Time-history method is applicable to both linear and 

nonlinear response behaviour of dams. The linear time-history response analysis 

is advantageous because of its ability to analyze time dependent characteristics of 

the dynamic response. This provides additional information for safety evaluation 

of the dam such as whether or not high stresses occur simultaneously, have short 
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duration, and repeated many times. Linear time-history analysis uses acceleration 

time-histories as the seismic input, and computes complete response histories of 

the dam for the entire duration of the earthquake ground shaking. 

A time-history response analysis provides not only the maximum stress values, 

but also the sequencing, spatial extent and number of excursions beyond any 

specified stress value, all of which together with the rational interpretation are 

essential parts of a dam safety evaluation. The complete response history of the 

dam structure to earthquakes is obtained by the solution of the equations of 

motion. The equations of motion assembled for an idealized dam-water-

foundation system generally contain several hundreds to several thousands of 

ordinary differential equations. In general, these equations are coupled and can be 

solved simultaneously by direct integration method, or separately by the mode-

superposition method. Both methods are applicable to the linear dynamic 

response analysis, but only direct method is usually employed in the non-linear 

dynamic analysis [10]. 

 

Fig. 8. First 6 Mode Shapes of Natural Oscillation for the Ordinary Dam. 

(a) 1st mode shape (b) 2nd mode shape 

(c) 3rd mode shape (d) 4th mode shape 

(f) 6th mode shape (e) 5th mode shape 
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Fig. 9. First 6 Mode Shapes of Natural Oscillation for the Segmented Dam. 

 Mass and stiffness matrices were automatically generated by the FE software 

package ABAQUS. Detailed information about the calculation of mass and stiffness 

matrices can be found for example in [6] and [11], among others. Damping is 

assumed to be proportional to a combination of the mass and the stiffness matrices 

as given by the sum of the two alternative expressions shown in Eq. (4): 

][][][ KMC βα +=                                                                                                 (4) 

(a) 1st mode 

shape 

(b) 2nd mode 

(c) 3rd mode shape (d) 4th mode shape 

(f) 6th mode shape (e) 5th mode 
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This is called Rayleigh damping, after Lord Rayleigh, who first suggested its 

use. The two Rayleigh damping factors, α and β, can be evaluated by the solution 

of a pair of simultaneous equations if the damping ratios ξm and ξn associated with 

two specific frequencies (modes) ωm and ωn are known. Because detailed 

information about the variation of damping ratio with frequency seldom is 

available, it usually is assumed that the same damping ratio applies to both 

control frequencies; i.e. ξm = ξn = ξ. In this case, the proportionality factors are 

given as follows [6]: 

)/(2 jiji ωωωξωα +=                                                                                           (5) 

)(2 ji ωωξβ +=                                                                                                     (6) 

It is worth mentioning here that various damping devices such as metallic, 

frictional, and viscous dampers can be used to increase the total structural 

damping which is approximately equal to viscous damping [5]. In the present 

study, viscous dampers are selected. A common value of 0.05 is used as damping 

ratio for ordinary dam while a damping ratio equals to 0.20 is selected for 

segmented model in order to consider the increased flexibility. Using the results 

of modal analysis, the values of Rayleigh damping factors are: 

α = 0.65203, β = 0.00365;    for ordinary Karun 4 dam, assuming ξ = 0.05 

α = 0.36602, β = 0.10384;    for ordinary Karun 4 dam, assuming ξ = 0.20. 

 

4.2.1. Results of ordinary dam analysis 

Envelop contour of displacements under Naghan’s ground acceleration is given in 

Fig. 10. It can be seen from this figure that the maximum displacement is 1 cm 

which is related to middle vertical section of the crest. Time-histories of principal 

stresses at the middle vertical section of the crest and at the middle horizontal 

section of dam’s curved shell are shown in Fig. 11. Von Mises stress contour is 

presented in Fig. 12 and the envelop diagram of principal stress for all elements of 

the dam is presented in Fig. 13. It can be seen from this figure that the maximum 

principal stress is 2.7 MN/m
2
. 

 

 
 

Fig. 10. Envelop Contour of Displacements                                                 

under Naghan’s Ground Acceleration - Ordinary Dam. 
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Fig. 11. Time-History of Principal Stress in the Ordinary Dam:                               

(a) At the Middle Vertical Section of the Crest,                                                

(b) At the Middle Horizontal Section of Dam’s Curved Shell. 

 

 

Fig. 12. Von Mises Stress Contours for the Ordinary Dam. 

 

 
Fig. 13. The Envelop Diagram of Principal Stress                                            

for all Elements of the Dam - Ordinary Dam. 

 

4.2.2. Results of segmented dam analysis 

Time-histories of principal stresses at the middle vertical section of the crest and 

at the middle horizontal section of dam’s curved shell are shown in Fig. 14. Von 

Mises stress contour is presented in Fig. 15 and the envelop diagram of principal 

(a (b



408       M. H. Aminfar et al.                        
 

 
 
Journal of Engineering Science and Technology             August 2011, Vol. 6(4) 

 

stress for all elements of the dam is presented in Fig. 16. It can be seen from this 

figure that the maximum principal stress is 0.145 MN/m
2
. Finally, envelop 

contour of displacements under Naghan’s ground acceleration is given in Fig. 17. 

It can be seen from this figure that the maximum displacement is 2.66 cm which 

is related to middle vertical section of the crest. 

 

Fig. 14. Time-History of Principal Stress in the Segmented Dam:                  

(a) At the Middle Vertical Section of the Crest,                                                       

(b) At the Middle Horizontal Section of Dam’s Curved Shell.  

 

 

Fig. 15. Von Mises Stress Contours for the Segmented Dam. 

 

 
Fig. 16. The Envelop Diagram of Principal Stress                                            

for all Elements of the Dam - Segmented Dam. 

(a) (b
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Fig. 17. Envelop Contour of Displacements                                                      

under Naghan’s Ground Acceleration - Segmented Dam. 

 

5.  Conclusions 

This paper presents a technique for vibration control of concrete arch dams. In the 

proposed method, the curved shell of dam is segmented by horizontal and vertical 

splitters. The presence of gaps between these segments leads to dissipation of 

energy. The segments are connected to each other by means of springs and 

dampers in such a way that overall stability reached. Shearing connections are 

created between the segments to transfer the shearing forces through the body of 

dam. General remarks of this research can be summarized as follows: 

� Dynamic responses of segmented dam under the seismic loading are 

considerably reduced in comparison with the ordinary dam responses because 

of two main reasons: 

a) increase of energy dissipation due to the presence of dampers installed 

between the segments. 

b) decrease of stiffness which results in increase of difference between the 

natural frequency of the dam and the earthquake frequency contents. 

This decreases the occurrence probability of resonance phenomenon.  

For Karun 4 arch dam, the ratio of maximum principal stress for ordinary 

dam to which for segmented dam is 18.62 (2.7/0.145 MN/m
2
). It can be 

concluded that the suggested method can considerably reduce the responses 

and consequently improve the seismic performance of arch dams. 

� The values of displacements in segmented dams are higher than the values 

related to ordinary dams. This leads to more dissipation of energy in 

segmented dams in comparison with the ordinary ones. Additional flexibility 

of segmented dams improves the behaviour of arch dam under the 

asymmetric support settlements. 

� It is possible to use pre-fabricated segments provided that relatively small 

distances are selected between the segments. This obviously leads to 

decrement of segment weight. Prefabrication increases the speed of 

construction and consequently decreases the construction duration. 

� It can be clearly concluded from comparing the Tables 1 and 2 that the 

proposed method has successfully reduced the natural vibration frequencies of 
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the studied arch dam. Also as can be seen in these tables, the magnitude of 

reduction is significant which shows the efficiency of the proposed technique. 

 

References 

1. Taylor, D.P.; and Constantinou, M.C. (1996). Fluid dampers for applications 

of seismic energy dissipation and seismic isolation. Proceedings of the 11
th 

World Conference on Earthquake Engineering, Acapulco, Mexico. 

2. Soong, T.T.; and Dargush, G.F. (1997). Passive energy dissipation system in 

structural engineering. New York: John Wiley & Sons Inc. 

3. Aiken, I.D.; and Whittaker, A.S. (1993). Development and application of 

passive energy dissipation techniques in the USA. Proceedings of 

International Post-Smart Conference on Isolation, Energy Dissipation and 

Control, Capri, Italy. 

4. Soong, T.T.; and Constantinou, M.C. (1994). Passive and active vibration 

control in civil engineering. Springer-Verlag, New York, USA. 

5. Chopra, A.K. (1995). Dynamics of structures: Theory and application to 

earthquake engineering. Prentice-Hall, Inc., New Jersey, USA. 

6. Clough, R.W.; and Penzien, J. (2003). Dynamics of structures. (3
rd

) Ed., 

Computers and Structures, Inc., Berkley, USA. 

7. Federal Energy Regulatory Commission Division of Dam Safety and 

Inspections (1999). Engineering guidelines for the evaluation of hydropower 

projects-Chapter 11: Arch dams. Washington D. C., USA. 

8. Westergaard, H.M. (1933). Water pressure on dams during earthquakes. 

Transactions of the American Society of Civil Engineers, 98, 418-433. 

9. Kuo, J. (1982). Fluid-structure interactions: Added mass computations for 

incompressible fluid. Report No. UCB/EERC-82/09, University of California, 

Earthquake Engineering Research Centre, Berkeley, USA. 

10. Chopra, A.K. (1994). Arch dam design. US Army Corps of Engineers, 

Manual No. 1110-2-2201, Washington D. C., USA. 

11. Bathe, K.J. (1995). Finite element procedures. (2
nd

 Ed.) Prentice-Hall, Inc., 

New Jersey, USA. 


