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Abstract. The aim of this study is to investigate how Fluid-Structure interaction may be 
included in numerical earthquake analyses of dams. The basis for this project is theme A 
from ICOLDs 12th international benchmark workshop on numerical analysis of dams, 
which was held in October 2013. The focus of theme A was on how to account for fluid 
structure interaction in numerical earthquake analyses of dams. In this study, parametric 
numerical analyses have been performed where the purpose was to isolate some 
important parameters and investigate how these influence the results in seismic analyses 
of dams. These analyses were performed through the use of the finite element method 

are the choice of Rayleigh damping parameters, reservoir boundaries and wave 
absorption in the foundation-reservoir interface. 
 The use of acoustic elements has proven to be a powerful approach for FSI analyses of a 
dam-reservoir-
computation time, while allowing for more advanced features such as bottom absorption 
and non-
be a challenging task, where it has a significant impact on the results. The method 
proposed by Spears and Jensen has a physical meaning in the sense that this method 
excites the same e ective mass for the Rayleigh damped case as for the modal damped 
case. If a constant modal damping is desired or prescribed in a standard, this method 
provides a reasonable and sound method to choose the Rayleigh damping parameters for 
a complex structure. A more straightforward method is to choose the two frequencies in 
such a way that the span between the frequencies covers about 80% of the e ective mass. 
The choice of reservoir boundary conditions 

parameter showed to be the one that least a ected the results in the time-history analysis. 

results and this coe cient should be used carefully.  
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1 INTRODUCTION 
For large reservoirs, dam failure may have disastrous consequences both in 

economical perspective and in lives lost. One important aspect of large dams overall 

structural integrity and entire safety under seismic loading conditions. For the earthquake 
design of dams, the water has a very large impact on the behavior of the dam. The water 
provides an impulsive mass that reduces the s  natural frequencies; the water also 
gives increased damping, especially for the higher natural frequencies, which counteracts 
the movement caused by earthquakes. The water also causes a dynamic variation in the 
pressure distribution on the dam face due to the propagation of pressure waves. The 
pressure distribution in the dynamic response may vary and deviate from the hydrostatic 
linear distribution. The difference in pressure distribution, both regarding its size and 

hydrostatic pressure. 
Previous structural dynamic analyses of concrete dams during earthquakes 

demonstrated that, depending on if and how the hydrodynamic effects of the water are 
-

structure interaction (FSI) must be taken into account when evaluating dams for seismic 
loading.  

In recent years, the advances in computational engineering have been large. 

today easily available through user friendly interfaces. However, the use of numerical 
analyses requires a solid theoretical background of the applicability of the methods to be 
used and a careful interpretation of the results gained regarding the underlying 
assumptions and their practical relevance. For this reason, parametric numerical analyses 
have been performed in this study, where the purpose is to isolate some important 
parameters and investigate how these influence the results in seismic analyses of dam-
foundation-reservoir-systems. 

2 STRUCTURAL DAMPING 
In codes and standards, damping is often specified as modal damping. When a non-

linear seismic concrete cracking or block opening, a direct time integration method is 
necessary. For such analysis modal damping is not applicable, instead Rayleigh damping is a 
very common way to introduce damping in a time integration problem. Rayleigh damping is 
a material damping where the assumption is that the damping matrix C is proportional to the 
mass and sti ness matrices M and B according to eq. (1): 

(1)

n are given by 

. (2)

i j are chosen where the damping 

. (3)
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One common method is to match the damping at the first and third natural frequency of 
the structure. For a  structure  with one  or  two  very  dominant frequencies,  this 
approach can closely  approximate  the behavior  of  a  prescribed  modal  damping. For a
more complicated structure such as an arch dam, with many significant modes over a large
range of natural frequencies, this approach can differ significantly from the modal damping.  

To choose the matching frequencies for a seismic time-history analyses, Spears and 
Jensen [1] have proposed an approach for selection of Rayleigh damping coe cients to 
be used so that it is consistent with a given modal damping. The approach uses the 
di erence between the modal damping response and the Rayleigh damping response 
along with the e ective mass of the model being evaluated to match overall system 
response levels. The proposed procedure is performed in an iterative way where the aim is 
to minimize the differences between the exited mass for modal damping and Rayleigh 
damping. This optimizing process is schematically illustrated in Figure 1. 

Figure 1: Schematically illustration of the Rayleigh damping optimizing process. 

3 RESERVOIR BOUNDARY CONDITION 

of 
 This can be utilized in a FSI analysis by the use of acoustic 

freedom is pressure [2].  
 The use of acoustic elements for the water introduces new interfaces where boundary 

or interaction conditions must be specified.
conditions at the boundary of the acoustic medium. For a dam-foundation-reservoir-
interaction problem the interfaces can be summarized as 
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 The dam-reservoir interaction. 
 The water surface. 
 The back end of the reservoir. 
 The foundation-reservoir interaction. 

3.1 The dam-reservoir interaction 
For the dam-reservoir interaction the standard approach is to couple the acoustic 

reservoir to the motion of the upstream dam face. On such an acoustic-structural 
boundary the acoustic and structural media have the same displacement normal to the 
boundary, but the tangential motions are uncoupled. 

3.2 The water surface 
The acoustic elements have no degrees of freedom for displacement of nodal points and 
therefore no limitation a ects the 
ability to describe the motion of the reservoir surface and thereby also the ability to 
account for surface wave. To simulate this motion, there are a number of available 
methods.  For example a flexible structural element with stiffness corresponding to the 
hydrostatic pressure can be attached to the water surface or a boundary condition that 
absorbs pressure waves corresponding to the kinetic energy of a sloshing wave can be 
used. However, the simplest and most commonly used method is to neglect the effects of 
surface waves and prescribe zero acoustic pressure on the free surface. 

3.3 The back end of the reservoir 

In most cases, the reservoir size is su ciently larger than the dam. Since the region of 

elements. In such cases it is convenient to truncate the computational region and apply a 
boundary condition to simulate waves passing exclusively outward from the 
computational region into the infinite reservoir. This is achieved by cutting the model at 
an appropriate distance from the dam. This distance can either be large enough so that the 
boundary e ects are negligible or a non-
the acoustic waves are completely absorbed.  

3.4 The foundation-reservoir interaction 
For the foundation-reservoir interaction the same coupling as for the dam-reservoir 

interaction can be used. However, it is often of interest to introduce damping of the 
pressure waves caused by di erent pressure absorbing mechanism at the reservoir bottom. 

cient i, which is the ratio 
of the amplitude o  amplitude incident wave. Figure 2
summarizes the fundamental properties that are associated with the interface between two 
materials as an initial pressure wave ua with the corresponding pressure pa reaches the 
interface.  
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Figure 2:  [3] 

The hydrodynamic pressure waves that impact the reservoir boundary are 
into the water with the speed ub and pressure pb, and partly absorbed by the boundary 
materials. The pressure equilibrium at the interface is  

where i  from 
cient i, varies between 1 and -1, where i=1 represents a 

non-absorptive i = 0 corresponds to complete 
i =-1 characterizes a surface with 

a phase reversal [3][3. cient can 
 [4] performed measurements of the bottom 

reflection at seven concrete dam sites and foun cient varies from 
-0.55 to 0.77 and even for the same type of bottom material the coe cient can vary 
significantly. 

4 TIME-HISTORY ANALYSIS 
To study the effect of the parameters introduced above, numerical studies have been 

performed and the results are presented in this section. The basis for this project is theme 
A from ICOLDs 12th international benchmark workshop on numerical analysis of dams 
[5], which was held in October 2013.  The focus of theme A was on how to account for 
the fluid structure interaction in numerical earthquake analyses of dams. With the results 
from the workshop as a starting point, parametric numerical analyses have been 
performed. Compared to the workshop, all studies in this section use the same model with 
the same software, the same loading sequence and loads. This approach allows for 
isolation of individual parameters and study of the effects of each individual parameter.  

  

4.1 Numerical model 
  All studies in this chapter are carried out on a model of a fictive arch dam with the 

corresponding foundation and reservoir, given by the ICOLD benchmark workshop 
formulators [5]. The dam is a 220 meter double curved symmetric arch dam that is 430 m 
broad at the crest and 80 m at the bottom. The thickness at the center section varies from 
8 m at the top, to 55 m at the base. The foundation model is 1000 m wide, 1000 m long 
and 500 m high with a straight river with the same geometry as the dam. The reservoir is 
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500 m long (that is approximately two times the dam height) with a constant cross 
section. The finite element model of the arch dam is shown in Figure 3.

. 

Figure 3: The numerical model used in the parametric studies. 

The material properties used 
according to table 1. Furthermore, all structural materials are assumed to be in the elastic 
range during all simulations. 
Abaqus/Standard 6.12. 

Density 
[kg/m3]  [-]  

Youngs/Bulk -
Modulus  

[GPa]
Arch dam 2400 0.2 27
Foundation 0 0.167 25
Water 1000 - 22

Table 1: Material properties  

4.2 Loading 
Three loads are applied to the model in the following sequence.  

1. Gravity load is applied to the dam and foundation.  
2. Hydrostatic water pressure is applied assuming a full reservoir with the water 

level is at the crest height.  
3. The third load is the seismic loading caused by the ground motion due to the 

-histories were given in [5] for the 
ground acceleration in three directions (x, y and z-directions), the maximum 
transient acceleration is approximately 0.1g. The given time-history and the 
corresponding response spectrum are shown in Figure 4. 
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Figure 4: Given time history and corresponding response spectrum for the ground acceleration. 
   

 In step three, this 
restraint is replaced with ground accelerations. The accelerations in the z-direction are 
applied at the bottom of the foundation model and the accelerations in the x and y-
direction are applied on the sides facing respective direction. 

4.3 Rayleigh damping 
The most conservative and the most non-conservative approach are chosen for 

comparison. Those approaches are compared with a reference model where the damping 
is calculated according to the iterative method proposed by Spear and Jensen [1]. Critical 
damping of 5 % is used in all analyses; the focus is to investigate how the damping is 
applied to the model. In this section three approaches are compared 

 A conservative approach where the Rayleigh damping is matched at 1 and 10 Hz. 
 A non-conservative approach where the damping is matched at mode 1 and 3. 
 The iterative process proposed by Spears and Jensen [1] 

The matching frequencies and corresponding Rayleigh damping parameters used in the 
analyses are given in Error! Reference source not found. and the corresponding 
Rayleigh damping is illustrated in Figure 5.

Table 2: Rayleigh damping for the three models 
Low-frequency  

[Hz]  
High-frequency 

[Hz]

Mode 1 & 3 1.52 2.05 0.5491 0.0044546
Spears and Jensen 2.05 6.64 0.9837 0.0027487
Frequency 1 and 10 Hz 1 10 0.5712 0.0014469

In Figure 5 the response spectrum for the ground accelerations are shown. Compared 
to the modal response spectrum the conservative approach yields higher accelerations 
especially for signals with frequencies below 5 Hz. The non-conservative approach 
however yields lower accelerations in the whole frequency span. This approach, i.e. 
choosing mode 1 and 3, thereby strongly overestimates the damping, and therefore 
underestimates the structural response. 
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Figure 5: Rayleigh damping and Response spectrum for the di

The di erences in stresses between the conservative and the non-conservative 

conservative approach, as is shown in Figure 6 that shows the maximum and minimum 
envelopes of hoop and vertical stresses. 

Figure 6: Hoop and vertical stresses for the midsection for di erent Rayleigh damping. 

4.4 Back end boundary condition 

the reservoir, three models with di erent boundary conditions are compared. The models 
are 

 One model with a free back surface meaning that the acoustic pressure is zero. 
 One model with 100% absorption of the acoustic wave. 

In Figure 7 the maximum and minimum envelopes of hoop stresses and vertical
stresses for the upstream face of the main section are shown respectively. The non-

. Generally, there is a small di erence 
between the models and no clear conclusion can be drawn from the comparison. 
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Figure 7: Hoop- and vertical stresses for the midsection for di erent reservoir boundaries. 

4.5 Bottom absorption 
The effects of bottom absorption are investigated by comparing the results for different 
v fficient i, described above. Comparisons are made between 
i = 1, 0.9, 0.5 and 0. In Figure 8 the external energies for the three models are illustrated. 

ect can be seen for the case with 50 % and 100 % wave 

amplitudes and total values are smaller for the external energy. This decrease in external 
energy means that that energy dissipates from the model as the acoustic waves hit the 
foundation-reservoir interface. For a real reservoir, some of the wave energy can be 
absorbed by interface layers such as sediments or vegetation at the reservoir bottom. 

ed will propagate in the 
foundation. The energy loss shown in the model is therefore in some meaning false. Since 
it is the stresses and displacements in the dam that are of concern this is, however, 
deemed as a suitable method. 

Figure 8: External work. 

In Figure 9 the maximum and minimum envelopes of hoop and vertical stresses are 
plotted for the upstream face of the main section. Already for a small decrease in the 

cient from i =1 to i = 0.9, a 75% decrease of the maximum tensile hoop 
stresses can be observed cient is decreased to i =0.5 the tensile 
hoop stresses are almost eliminated. The di erence between i= 0.5 and i=0 are negligible. 
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Figure 9: Hoop and vertical stresses for the main section due to di erent degrees of bottom absorption. 

5 CONCLUSION 

The use of acoustic elements has proven to be a powerful approach for FSI analyses of a 
dam-reservoir-foundation system. 
computation times, while allowing for more advanced features such as bottom absorption 
and non-  to be included. The choice of Rayleigh damping 
coefficients has proven to be a challenging task, where it has a significant impact on the 
results. The method proposed by Spears and Jensen [5] has a physical meaning in the 
sense that this method excites the same effective mass for the Rayleigh damped case as 
for the modal damped case. If a constant modal damping is desired or prescribed in a 
standard, this method provides a reasonable and sound method to choose the Rayleigh 
damping parameters for a complex structure. A more straightforward method is to choose 
the two frequencies in such a way that the span between the frequencies covers about 
80% of the effective mass. The choice of reservoir boundary conditions was based on the 

condition where the pressure waves ar
reservoir. However, this parameter showed to be the one that least affected the results in 
the time- fficient describing bottom 

ce the results and this coefficient should be used 
carefully.  
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