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Abstract

The aim of this study is to investigate how Fluid-Structure interaction is included in
numerical earthquake analyses of dams. The base for this project is theme A from
the 12th international benchmark workshop on numerical analysis of dams, which
was held in October 2013. The focus of theme A was how to account for the �uid
structure interaction in numerical earthquake analyses of dams.

To highlight how engineers and researchers include this interaction in their analysis,
a literature review of the modeling choices and conclusions from all participants are
included. Since the workshop contains participants from seven countries, this review
aims to describe of how this analysis is carried out in practice.

Further, parametric numerical analyses are performed in this study, where the pur-
pose is to isolate some important parameters and investigate how these in�uence
the results in seismic analyses of dams. These analyses were performed through the
use of the �nite element method. The geometric model from the benchmark work-
shop was used and analysed with the commercial software Abaqus. The studied
parameters are the choice of �uid element, Rayleigh damping parameters, reservoir
boundaries and wave absorption in the foundation-reservoir interface.

The water has a major e�ect on a dam's seismic behaviour and should be included
in the analysis. The added mass approach gives similar results compared with a
more sophisticated method. This simpli�ed approach could be used in engineering
purpose where the time is limited and the accuracy is of lesser importance, since
the calculated stresses are conservative. Using acoustic �nite elements provides a
reasonable computation time, while also allowing for more advanced features, such
as bottom absorption and non-re�ecting boundaries

The de�nition of Rayleigh damping has proven to be a very challenging task, espe-
cially as it has a large impact on the results. The choice of boundary conditions for
the back end of the reservoir was the parameter that least in�uenced the results.
The conservative approach is to use a �xed boundary where all pressure waves are
re�ected. The re�ection coe�cient for the foundation-reservoir interface has a large
in�uence on the results, both for the participants that used this coe�cient in the
benchmark workshop and for the analyses presented in this study. The coe�cient
should therefore be used carefully.

Keywords: seismic, �uid-structure interaction, arch dam, concrete, �nite element
analysis
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Sammanfattning

Syftet med denna studie är att undersöka hur �uid-struktur interaktion inkluderas
i numeriska jordbävningsanalyser av dammar. Detta ämne var ett av de teman
som behandlades vid den 12:e internationella benchmark-workshopen för numerisk
analys av dammar som hölls i oktober 2014 i Graz, Österike.

För att visa hur ingenjörer och forskare tar hänsyn till denna interaktion har en
litteraturstudie på bidragen till workshopen genomförts. Då workshopen lockade
deltagare från universitet och konstruktions�rmor från sju länder, är målet att kunna
beskriva hur jordbävningsanlyser av dammar utförs i praktiken.

Dessutom har numeriska parameterstudier genomförts, med syfte att isolera enskilda
parametrars inverkan vid seismiska anslyser av dammar. Analyserna har utförts med
�nita elementmetoden och analyserna är utförda med den geometriska modellen
som användes i workshopen. Alla analyser har utförts i programmet Abaqus. De
analyserade parametrarna är, val av �uid-element, Rayleigh dämpningsparametrar,
randvillkor för reservoaren samt tryckvågsabsorption i gränsytan mellan reservoar
och berg.

Vattnet har en stor inverkan på dammen och de hydrodynamiska e�ekterna bör
inkluderas vid en jordbävningsanalys. Metoden med impulsiv massa ger liknande
resultat jämfört med mer so�stikerade metoder. Denna enklare metod kan använ-
das i samanhang där beräknings och modelleringstid är begränsad och noggrannhet
är av mindre intresse så länge resultaten är konservativa. För tillämpningar där
noggrannheten är viktigare kan akustiska element användas för att beskriva vat-
tnet. De akustiska element ger möjligheter för mer so�stikerade analyser där t.ex.
vågabsorption och icke re�ekterande gränser kan beaktas.

Att välja Rayleigh dämpning visade sig var en väldigt utmanande uppgift, där valet
hade stor påverkan på resultaten. Valet av randvillkor för reservoarens bortre ände
var den parameter som hade minst påverkan på resultaten. Det konservativa valet
är att välja en ��xed� gräns med full re�ektion av tryckvågor.

Re�ektionskoe�cienten för interaktionen mellan vatten och berg visade sig ha en
stor inverkan på resultaten, både för de deltagare i workshopen som valde att an-
vända denna koe�cient och för de analyser som presenteras i denna studie. Denna
koe�cient bör därför användas med försiktighet.

Nyckelord: jordbävning, �uid-struktur interaktion, valvdamm, betong, �nit ele-
ment analys
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Chapter 1

Introduction

1.1 Introduction

For large reservoirs, dam failure may have disastrous consequences both in eco-
nomical perspective and in lives lost. One important aspect of large dams overall
safety is the stability during an earthquake. Therefore specific attention is paid on
the structural integrity and entire safety under seismic loading conditions. For the
earthquake design of dams, the water has a very large impact on the behaviour of
the dam. The water provides an impulsive mass that reduces the structure’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 function. The
difference in pressure distribution, both regarding its size and shape, can be signifi-
cant between the total water pressure (hydrostatic + dynamic) and the hydrostatic
pressure.

Previous structural dynamic analyses of concrete dams during earthquakes demon-
strated that, depending on if and how the hydrodynamic effects of the water are
taken into account, the tensile stresses in a dam can vary significantly. Therefore,
fluid-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. Ad-
vanced numerical tools in general, and finite element methods (FEM) in particular
are today easily available through user friendly interfaces. However, the use of nu-
merical analyses requires a solid theoretical background of the applicability of the
methods to be used. Further, a careful interpretation of the results gained regard-
ing the underlying assumptions and their practical relevance. To bridge the gap
between numerical analyses, the interpretation of results and their theoretical as
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CHAPTER 1. INTRODUCTION

well as practical relevance, the International Commission on Large Dams (ICOLD)1
arranges benchmark workshops where companies and universities are welcome to
present their solution to pre described problems. At the 12th ICOLD benchmark
workshop that were held in October 2013 in Graz, Austria, one of the areas was the
fluid structure interaction in numerical earthquake analyses of dams. One of the
conclusions from the workshop was that there were big deviations both in approach
and results for the different participants. On this basis, the aim of this master
thesis is to explain the difference between common approaches and how different
assumptions affect the results.

There are several methods to take the fluid-structure interaction into account. The
level of detail in those methods varies from simple analytic methods to more ad-
vanced numerical methods with complex elements. Already back in 1933, Wester-
gaard (1933) introduced a simple analytical method for determining the hydrody-
namic pressure distribution on a dam. In recent years, developments in the field
of fluid-structure interaction have moved rapidly forward and today there are nu-
merous methods to take the water into account. All the above methods have their
limitations and it is important to know what types of methods that works well for
structural dynamic analysis of dams.

In a previous project for Elforsk AB2, Gasch et al. (2013) has performed research on
seismic analyses of nuclear facilities with focus on the interaction between structure
and water. This study was mainly a literature review of FSI-methods for numerical
analyses of nuclear facilities, but the project also presented two benchmark exam-
ples, intended to highlight differences between the different FSI methods. There
are of course significant differences between the applications of FSI for a nuclear
facility and a large concrete dam, in particular the difference between a basin and
an infinitely long reservoir, where no standing waves or wave propagation is present
in the reservoir. Although the differences, the Elforsk report (Gasch et al., 2013)
provides an extensive theoretical background to seismic analysis of FSI-problems.

The last major earthquake in Sweden occurred in the Oslo fjord in 1904 (Rönnquist
et al., 2012). The force has been deemed equivalent to a magnitude of about 6 on
the Richter scale. In Sweden earthquake assessments are performed for some large
structures, including high rise buildings, bridges and nuclear facilities. However,
earthquake evaluation is not performed for Swedish dams. Within Sweden, the skills
of earthquake design in general, and for dams in particular, are in an international
perspective relatively low. By collecting the knowledge and conclusions from the
ICOLD benchmark project and spread them in Sweden, the aim is to increase the
knowledge in this very important area. Experience in this field also has a bearing
on other types of dynamic processes.

1ICOLD is a non-governmental international organisation which provides a forum for the ex-
change of knowledge and experience in dam engineering.

2Elforsk is a cooperation between electricity companies, manufacturing companies and public
authorities in Sweden. The overall aim is to rationalise the research and development within the
energy industries.
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1.2. AIM

1.2 Aim

The aim of this study is to investigate how the fluid-structure interaction is included
in numerical earthquake analyses of dams. The base for this project is theme A from
the 12th international benchmark workshop on numerical analysis of dams, which
were held in October 2013. The main focus of theme A was how to account for the
fluid-structure interaction in numerical earthquake analyses of dams. To highlight
how engineers and researchers include this interaction in their analyses, a literature
review of the modelling choices and conclusions from all participants is included.
Since the workshop contains participants from seven countries, this review aims to
provide a description on how this analysis are carried out in practice.

Further, parametric numerical analyses are performed, where the purpose is to iso-
late 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. The geometric model from the benchmark workshop was
used and analysed with the commercial software Abaqus. The studied parameters
are; the choice of fluid element, Rayleigh damping parameters, reservoir boundaries
and wave absorption in the foundation-reservoir interface.

1.3 Structure of the thesis

To give an overview of the structure in the thesis, the contents of the respective
chapter are given below.

In Chapter 2 a short introduction to structural dynamics is given with focus on
earthquake analyse applications, such as dynamic solving techniques and damping.

The general FSI problem is introduced in Chapter 3. Simple FSI-methods specially
developed for the dam-foundation problem, such as the Westergaard and Zangar’s
added mass theories are explained, and the use of acoustic finite elements to describe
the fluid mechanics for a reservoir is then introduced. For the acoustic medium dif-
ferent approaches for boundary conditions and interaction properties are presented
and their theoretical background is explained.

Chapter 4 is a short presentation of arch dams. The static behaviour of an arch
dam, the loads acting on a dam and some analytical methods for analysis of arch
dams with varying sophistication are presented.

Chapter 5 contains a review and summary of the benchmark workshop. In this
chapter the model used in the benchmark workshop is presented. This presentation
includes geometric models of the arch dam, foundation and reservoir; time history
for the ground acceleration and the requested results. Further, a short description of
each participating team in the workshop, their respective model and their conclusion
is given. Some comparisons between the results from the participating teams are
made and some general conclusions are presented.

3



CHAPTER 1. INTRODUCTION

To further study the effect from some important parameters, numerical analyses are
performed. This analyses and the corresponding results are presented in Chapter 6.
The parameters are chosen based onthe results from the benchmark workshop and
are parameters that were treated differently between the participating team. For
the numerical analyses in this thesis the software Abaqus is used. Compared to the
benchmark workshop this study allows for further reductions of uncertainties in the
analysis, where the same software, load sequence and boundary conditions are used
for all analyses.

The conclusions from this study are presented in Chapter 7 together with suggestions
for further studies.

4



Chapter 2

Introduction to structural dynamics
for seismic analysis

In this chapter a short introduction to the basic theoretical aspects of structural
dynamics is presented. The aim of this section is to provide an introduction to some
concepts and terms that can be useful when analyzing structural dynamic problems.
However, it’s well beyond the scoop of this thesis to give an extended review of the
literature. For those interested, there is an extensive amount of literature on this
subject, see for example (Chopra, 2012).

2.1 Basic structural dynamics

2.1.1 Multi-Degree-of-Freedom Systems

The most basic dynamic system is the mass-spring system. This system could be
visualised by a rigid body with the mass m, attached to a spring with the stiffness k.
The block is placed on a roller and can therefore only move in one direction (Chopra,
2012). The system could be set into free vibration by disturbing the system from its
static equilibrium position by giving the block an initial displacement u0 or an initial
velocity u̇0. This system is known as a Single Degree-of-Freedom (SDOF) system.
The free vibration of a SDOF-system can be described by the single coordinate u(t)
that defines the blocks position in the horizontal direction about its equilibrium
position (Chopra, 2012)

u(t) = u0 cos(ωnt) +
u̇0

ωn

sin(ωnt) (2.1)

where ωn is the natural circle frequency defined as.

ωn =

√
k

m
(2.2)

5



CHAPTER 2. INTRODUCTION TO STRUCTURAL DYNAMICS FOR SEISMIC ANALYSIS

The natural period is the time of one complete oscillation of a body or system and
is defined as

Tn =
2π

ωn

(2.3)

The natural frequency is the number of vibration the system executes in one second
and is denoted as:

fn =
1

Tn
=
ωn

2π
=

1

2π

√
k

m
(2.4)

Damping means that the energy of the vibrating system is dissipated by various
mechanisms, more than one damping mechanism could be present at the same time
(Chopra, 2012). Damping results in decay of the motion and could be visually
introduced to the SDOF-system by a damper.

The basic SDOF-system may be expanded by adding a second block to the mass-
spring system. The first and second blocks are connected by a spring, and if dampers
are introduced the system can be displayed as in Figure 2.1.

Figure 2.1: MDOF-system. Reproduced from Chopra (2012).

The equilibrium of the forces for each block can be written as (Chopra, 2012)

m1ü1 + c1u̇1 + k1u1 + c1(u̇1 − u̇2) + k1(u1 − u2) = 0 (2.5a)

m2ü2 + c2u̇2 + k2u2 = 0 (2.5b)

Eq. (2.5a) and (2.5b) can be written in matrix form as[
m1 0
0 m2

]{
ü1

ü2

}
+

[
c1 + c2 −c2

−c2 c2

]{
u̇1

u̇2

}
+

[
k1 + k2 −k2

−k2 k2

]{
u1

u2

}
=

{
0
0

}
(2.6)

Or in the more general form as

Mü + Cu̇ + Ku = 0 (2.7)

where,
M is the mass matrix.
ü is the vector of the accelerations for each DOF.
C is the damping matrix.
u̇ is the vector of velocity for each DOF.
K is the stiffness matrix (symmetrical matrix).
u is the vector of displacements for each DOF.

6



2.1. BASIC STRUCTURAL DYNAMICS

Eq. (2.7) is valid for a general dynamic system with n degrees of freedom the stiffness
and mass will form an n ∗ n matrix. For an undamped MDOF-system Eq. (2.7) is
reduced to:

Mü + Ku = 0 (2.8)

2.1.2 Seismic response

When a mass is subjected to seismic excitation, the total displacement of the mass,
ut(t), can be divided into two parts (Gasch et al., 2013). The first part describes the
ground displacement, xg(t), and the second part describes the sum of the relative
displacement between the mass and the ground, u(t),

ut(t) = xg(t) + u(t) (2.9)

If Eq. (2.9) is applied to an undamped SDOF-system the force equilibrium is.

m(ü+ ẍg) + ku = 0 (2.10)

which can be rewritten as:
mü+ ku = −mẍg (2.11)

Eq. (2.11) describes the response of a SDOF-system due to the ground motion. If
the seismic excitation is applied to a MDOF-system, Eq. (2.11) can be rewritten in
matrix form as

mü + cu̇ + ku = −m {1}ẍg(t) (2.12)

where,
u is the relative displacement.
u̇ is the relative velocity.
ü is the relative acceleration.
{1} is a column vector of ones.
ẍg(t) is the ground acceleration.

From Eq. (2.11) the relative displacement u(t) can be solved. The relative dis-
placement can then be used to calculate the strains and corresponding stresses in
the structure. The stresses and strains in a structure during seismic excitation are
therefore dependent on both the ground movement and the response of the structure.

2.1.3 Modal analysis

The natural frequencies for a SDOF-system can be calculated according to Eq. (2.4).
For a MDOF-system the natural frequencies, ωn, and corespoding mode shapes , Φn,

7



CHAPTER 2. INTRODUCTION TO STRUCTURAL DYNAMICS FOR SEISMIC ANALYSIS

can be obtained by studying the free vibration described in Section 2.1.1. Written
in modal cordinates, Yn, and by proposing a harmonic soulution the free vibration
of a system can be writte as

u(t) = Yn sin(ωnt+ α) (2.13)

giving
ü(t) = −ω2Yn sin(ωt) = −ω2u(t) (2.14)

where Yn is the modal coordinates. Substituting Eq. (2.13) and Eq. (2.14) into
Eq.(2.8) gives

− ω2MYn sin(ωt) + KYn sin(ωt) = 0 (2.15)

Since sin(ωt) is constant, (2.15) can be simplyfied to

[K− ω2M]Φ = 0 (2.16)

which has nontrival solution if

det[K− ω2M] = 0 (2.17)

The natural frequencies of vibration are calculated by solving Eq. (2.17). When the
natural frequencies is known, the mode shapes can be calculated from Eq. (2.17).
A system with n degrees of freedom has n natural frequencies and n mode shapes.
This means that each frequency will have its own characteristic displaced shape
called the mode shape or eigenvector.

2.1.4 Effective mass

The effective modal mass provides a method for judging the significance of a vibra-
tion mode (Irvinie, 2013). Consider a dynamic system governed by Eq. (2.7) where
φ is the eigenvector matrix containing the mode shapes.

The system s generalized mass matrix, m̂ is given by

m̂ = φTMφ (2.18)

Let r be the influence vector which represents the displacements of the masses from
an unit ground displacement (Irvinie, 2013). The influence vector induces a rigid
body motion in all modes. Define a coefficient vector L as

L = φTMr (2.19)
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The modal participation factor Γn for mode n is

Γn =
Ln

m̂n,n

(2.20)

and the effective modal mass meff,n for mode n is

meff,n =
L2
i

m̂n,n

(2.21)

2.2 Solution methods

As for the generalised mass presented in Eq. (2.18), the generalised stiffness matrix,
k̂, and generalised damping matrix, ĉ, can be defined as

k̂ = φTKφ ĉ = φTCφ (2.22)

The generalised properties can be used to rewrite Eq. (2.12) in modal coordinates.
The modal equation of motion for mode n is

m̂nŸn(t) + ĉnẎn(t) + k̂nYn(t) = −φnm {1}ẍg(t) (2.23)

The total response of the structure is obtained by summing the contribution from
all modes.

u(t) =
N∑

n=1

φnYn(t) (2.24)

2.2.1 Response spectrum

A response spectrum gives the maximum displacement, velocity or acceleration due
to a certain ground motion as a function of a structure’s natural frequency and its
damping ratio. Sa(ξnωn) is the acceleration given by the response spectrum for ωn,
then the peak response, un,max for mode n can be calculated as

un,max = φn
Ln

m̂nωn

Sa(ξnωn) (2.25)

The total response of the structure can then be calculated as the square root of the
sum of squares (SRSS) for the maximum values of all modes.
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u =

√√√√ N∑
n=1

un,max (2.26)

2.2.2 Direct time integration method

Direct time integration uses a numerical time stepping procedure to solve the equa-
tions of motion at discrete time points. Compared to the modal superposition and
response spectrum methods the direct time integration method can be used for non-
linear systems. At the discrete time point i where the initial conditions u , u̇, ü
and the ground acceleration ẍg(ti) are known, the equilibrium equation of motion is
written as

müi + cu̇i + kui = −m {1}ẍg(ti) (2.27)

By using numerical time stepping method one can calculate the response at time
i+ 1 that satisfies:

müi+1 + cu̇i+1 + kui+1 = −m {1}ẍg(ti+1) (2.28)

Direct time integration methods can fundamentally be classified as either explicit
or implicit. The explicit methods uses the differential equation at time t to predict
a solution at time t+ ∆t while the implicit methods solves the differential equation
at time t + ∆t vased on the solution at time t. Examples of numerical methods
that are used are Central difference method (Explicit), Newmark’s method, Average
acceleration method and Wilson’s method (Implicit).

In order to illustrate the use of numerical integration methods Newmark’s methods
are shortly explained. Newmarks family of methods assumes that between any given
two points, ti and ti+1 the acceleration is ”something in between” the acceleration
at ti and the acceleration at ti+1:

u̇i+1 = u̇i + A∆t where A = (1− γ)üi + γüi+1 (2.29)

and

ui+1 = ui + u̇i∆t+B
∆t2

2
where B = (1− 2β)üi + βüi+1 (2.30)

Eq. (2.29), (2.30) and (2.11) gives the equation system.(2.31) from which the re-
sponse at time i+ 1 can be solved.

u̇i+1 = u̇i + ((1− γ)üi + γüi+1) ∆t (2.31a)

10
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ui+1 = ui + u̇i∆t+ ((1− 2β)üi + βüi+1)
∆t2

2
(2.31b)

müi+1 + cu̇i+1 + kui+1 = −mẍg(ti+1) (2.31c)

Depending on the assumption of acceleration the choice of the parameters , γ and
β varies. Some common methods and corresponding parameters are presented in
Table 2.1.

Table 2.1: Parameters for Newmark’s method.

Method Type β γ
Trapezoidal Implicit 1/4 1/2
Linear acceleration Implicit 1/6 1/2
Central difference Explicit 0 1/2

2.3 Rayleigh Damping

One very common way to introduce damping in FEM is by introducing Rayleigh
damping (Andersson and Malm, 2004). Rayleigh damping is a material damping
where the assumption is that the element damping is proportional to the mass and
stiffness matrix.

c = αM + βK (2.32)

The parameters α and β are used to control the material damping. The relation
between the damping ratio and the frequency are given by

ξ =
α

2ωn

+
βωn

2
(2.33)

Eq. (2.33) is plotted in Figure 2.2. For two known damping ratios ξi and ξj, corre-
sponding to the two frequencies ωi and ωj the constants α and β can be evaluated by
a pair of simultaneous equations. If Eq. 2.33 is written for ωi and ωj, the constants
can be obtained from {

α
β

}
= 2

ωiωj

ω2
i − ω2

j

[
ωi −ωj

1/ωi −1/ωj

]
·
[
ξi
ξj

]
(2.34)

If ξi=ξj, Eq. (2.34) can be reduced to.{
α
β

}
=

2ξ

ωi + ωj

[
ωiωj

1

]
(2.35)
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← Mass proportional

← Stiffness proportional

Combined →

ω
i

ω
j

ξ
i

ξ
j

Figure 2.2: Relation between damping and ratio and frequency for Rayleigh damp-
ing.

The Rayleigh damping depends on the frequency of motion. It is directly applicable
for cases of narrow-band excitation, and of course for systems which has the property
that the damping varies with frequency like Rayleigh damping does. In other cases,
the choices of the Rayleigh parameters are not obvious and the parameters have to
be chosen carefully. Normally ωi and ωj are chosen as frequency corresponding to
the first and third or first and fifth modes (Andersson and Malm, 2004).

Spears and Jensen (2012) have proposed an approach for selection of Rayleigh damp-
ing coefficients to be used in seismic time-history analyses that is consistent with
given Modal damping. The approach uses the difference between the modal damp-
ing response and the Rayleigh damping response along with the effective mass of the
model being evaluated to match overall system response levels. The proposed pro-
cedure is performed in an iterative way where the first step is to plot the cumulative
effective mass versus frequency from a modal analysis of the structure. The minimum
natural frequency where the Rayleigh damping curve equals the prescribed modal
damping is defined. This natural frequency occurs where the cumulative effective
mass plot reaches approximately 5% of the total model mass. The remainder of the
evaluation is iterative. First, the maximum natural frequency where the Rayleigh
damping curve equals the prescribed modal damping is approximated. This initial
value is taken as the frequency where the cumulative effect mass is approximately
50%. Next, the Rayleigh damping coefficients are calculated for the locations where
the modal damping is approximated.
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Figure 2.3: Rayleigh damping optimising process.

A Rayleigh damped acceleration response spectrum and a modal damped acceler-
ation response spectrum is generated from the time history to be used for analysis
(Spears and Jensen, 2012). For each effective mass point, the modal damped re-
sponse is subtracted from the Rayleigh damped response and the difference is multi-
plied by the effective mass value. All of these values are then summed. If the result
is negative, then the Rayleigh damping coefficients are unacceptable and the selected
maximum natural frequency needs to be increased Spears and Jensen (2012). If the
result is positive, then the Rayleigh damping coefficients are conservative and the
selected maximum natural frequency can be decreased. The final desired result is a
slightly positive value. With this result, an optimisation of the Rayleigh damping
coefficients has been achieved. This optimising process is illustrated in Figure 2.3.

If ξRayleigh,n is the value of Rayleigh damping and ξModal,n the modal damping for
the natural frequency corresponding to mode n, the Rayleigh damping parameters
should be chosen in such way that Eq. (2.36) is fulfilled (Spears and Jensen, 2012).

N∑
n=1

(Sa(ξRayleigh,n, ωn)− Sa(ξModal,n, ωn))meff,n ≥ 0 (2.36)
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Chapter 3

FSI for earthquake analysis of dams

3.1 Fluid flow

In this section the governing equations of fluid mechanics are shortly introduced.
A derivation of the equations presented in this section are available in Gasch et al.
(2013) where further references are given.

Viscosity is a fluid material property that describes how a fluid responds to a shear
stress. A fluid flow where the viscosity is small compared to other fluid forces and
can be ignored, the flow is classified as inviscid. Further, a flow where the density
of the fluid is constant the flow is classified as incompressible.

The flow of a fluid can be described by the Navier-Stokes equations. The Navier-
Stokes equations are derived from Newton’s 2nd law of motion for force equilibrium
on a fluid control volume where body forces, pressures, and viscous forces are applied.
With the velocity vector written as V = (u, v, w) Navier-Stokes equation in the x-
direction can be written as (Gasch et al., 2013)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= −1

p

∂p

∂x
+ νO2u+

1

ρ
FBx (3.1)

where,
O2 is the Laplacian operator
p is the pressure
ρ is the density
FBx is the body force in the x-direction

Eq.(3.1) can be used in the other directions and together they represent the complete
set of the Navier-Stokes equations. Depending on the application, some assumptions
can be made to simplify Eq. (3.1). The Navier-Stokes equation states the conser-
vation of momentum. To be able to describe the complete fluid motion additional
information must be introduced. Generally, the conservation of mass must remain
constant over time and this introduces the need of a continuity equation. For a fluid
element the continuity equation is given as.
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∂ρ

∂t
+ O · ρV = 0 (3.2)

where V is the fluid element velocity. For reservoir applications where the density
of the water is constant the continuity equation is reduced to

OV = 0 (3.3)

3.2 FSI problem formulation

Consider a computational domain, denoted by Ω, with an external boundary Γ. The
domain includes the structural domain ΩS and the fluid domain ΩF , i.e. Γ = ΩS∪ΩF

(Huo et al., 2012).

Figure 3.1: Schematic view of the FSI-statement. Reproduction from (Huo et al.,
2012).

The physics within each domain is known and can be solved independently with
equations and numerical procedures appropriate for each domain. The actual FSI-
problem then becomes to describe the interface between the domains, defined as:

Γs = Ω̄s ∩ Ω̄f (3.4)

In its most simple point of view, Eq. (3.4) can be regarded as a contact problem,
meaning that the boundary conditions of one domain is applied as a load in the
other domain and vice versa.

The boundary between a fluid and a solid can be described with a non slip condition,
meaning that the fluid is stuck to the surface. To maintain the no-slip condition
along the structure interface, Γs, one of the following conditions can be imposed
(Gasch et al., 2013).

• The velocities on the interface have to be equal in both domains.
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• The location of the nodes along the interface must coincide.

• The normal stress, or normal force, has to be equal on both sides of the
interface.

Although, the no-slip condition is almost universally used for all viscous flows, it can
sometimes be simplified by using non-penetration conditions at the interface. The
non-penetrating conditions can be used for simple analyses of inviscid flow where
the effect of the boundary layers is of little interest. In that case the fluid velocity
parallel to the surface is assumed to be unrestricted, but the normal velocities of
the interface are still equal for both domains (Gasch et al., 2013).

3.3 Mesh description

3.3.1 Lagrangian mesh formulation

In structural engineering and solid mechanics the most common coordinate system
is the Lagrangian formulation. In the Lagrangian mesh description every material
point is described by a unique Lagrangian coordinate Gasch et al. (2013). As the
structure deforms the material points move but are still described by the same
Lagrangian mesh coordinates.

The Lagrangian mesh description allows easy implementation of boundary condi-
tions, tracking of free surfaces and interfaces between different solids and different
materials. Therefore it is very economical to use in structural engineering and solid
mechanics Souli and Benson (2010). It also simplifies the tracking of the stress-
history for a point which is of great interest when dealing with materials where the
constitutive relations are history-dependent.

3.3.2 Eulerian mesh formulation

The major drawback with the Lagrangian framework is dealing with large deforma-
tions Souli and Benson (2010). Since the nodes are coupled to the same material
point, the element becomes distorted with an increasing level of displacement. When
dealing with a fluid flow where the material points gets highly distorted, the use of
the Lagrangian framework in a finite element context is inappropriate.

In computational fluid dynamics the mesh is usually described with a fixed mesh
where the material points moves with respect to the grid (Gasch et al., 2013). The
mesh is described with the spatial coordinates, and these coordinates are called
Eulerian coordinates. As the spatial coordinates are fixed the mesh remains unde-
formed as the structure or fluid deforms. A material point can therefore belong to
different elements during different stages of the calculation.

17



CHAPTER 3. FSI FOR EARTHQUAKE ANALYSIS OF DAMS

Using a fixed mesh eliminates the problems with large deformations but instead
introduces problem when dealing with moving bounderies, interfaces between two
materials or two structures and the tracking of material points as they move through
the mesh (Belytschko et al., 2000).

3.3.3 ALE mesh formulation

Another option is to introduce a mesh description that involves both the Lagrangian
and the Eulerian mesh, a so called a Arbitary Lagrangian-Eulerian (ALE) formu-
lation (Gasch et al., 2013). Within the ALE framework the Lagrangian technique
can be used to describe the mesh at boundaries and interfaces, while the remaining
mesh can be moved arbitrary to keep the elements in order. This approach is very
powerful to use in fluid-structure interaction problems where neither the Lagrangian
nor the Eulerian framework are optimal to use (Souli and Benson, 2010). A common
approach is to use an Eulerian mesh for the fluid and a Lagrangian mesh for the
structure. The FSI-problem then becomes to couple the two meshes.

The simplest approach is to couple the meshes at the boundaries of the surface by
superposing the Eulerian and Lagrangian nodes (Gasch et al., 2013). This is not
always possible and the coupling algorithms can become very complex when the two
meshes need to overlap each other. Other challenges that are introduced by the
ALE formulation is to determine how the mesh should move and to keep track of
the energy and kinematics of the system as the mesh moves.

3.4 Simplified FSI

For FSI problems involving small displacements, small deformations and potential
flow the added mass approach can be used (Souli and Benson, 2010). The added
mass has been developed as a simplified approach to account for hydrodynamic
pressure on a structure. Mass points are attached to the structure to change the
dynamic properties of the structure. This technique eliminates the fluid field from
the system, reducing the FSI problem to the structural domain.

3.4.1 Westergaard simple added mass

An analytical model to account for the hydrodynamic pressure on a dam with a
vertical upstream face during an earthquake, was defined by Westergaard (1933).
According to Westergaard the hydrodynamic forces exerted on a dam due to the
ground motion is equivalent to inertia forces of a volume of water attached to the
dam. This volume of water is moving back and forth with the dam while the rest
of the reservoir remains inactive. Westergaard proposed that the volume has a
parabolic shape as shown in Figure 3.2 and that the mass attached to the point i
can be calculated as
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mai = Aiαi (3.5)

where Ai is the area associated with node i. With zi is being node the height above
the base of the dam and H is the depth of water the pressure coefficient αi is.

αi =
7

8
ρ
√
H(H − zi) (3.6)

Figure 3.2: Westergaard added-mass representation

3.4.2 Weestergaard generalised added mass

While simple Westergaard approach is limited to plane vertical surfaces, Kuo (1982)
developed a more generalised approach that can be used on arch dams where the
contact surface is curved in one or two directions. The general formulation is based
on the same parabolic pressure distribution as in Eq. (3.5), but the general approach
takes into account that the pressure acts normal to the surface. For a double curved
three dimensional dam-face the pressure direction varies between different points.
Written in Cartesian coordinates the added mass at a point i needs to be described
as added masses in all three orthogonal directions.

The normal directions cosine, λi to the surface at point i is

λi =

λxλy
λz

 (3.7)
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For the area , the added mass becomes.

mai = αiAiλ
T
i λi = αiAi

 λ2
x λxλy λxλz

λyλx λ2
y λyλz

λzλx λzλy λ2
z

 (3.8)

Where the added mass components, mxz , correspond to the force on the body in
the x-direction due to a unit acceleration in the z-direction.

3.4.3 Zangar added mass

Zangar (1952) developed a method to determine the increase in water pressure due
to a horizontal earthquake. His method is built on an electrical analogue where
he experimentally determines the hydrodynamic pressure for horizontal seismic ex-
citations and varying slopes on the upstream surface of the dam. The electrical
analogue methods consist of creating a tray geometrically similar to the dam and
reservoir area. By placing a linear varying electric potential along the upstream
face of the dam, and a constant potential along the bottom of the reservoir. The
streamlines can then be observed by filling the tray with an electrolyte. The layout
of the electric analogy tray is shown in Figure 3.3

Figure 3.3: Layout of the electric analogy tray. Figure from Zangar (1952).

From the streamlines the corresponding flownet could be obtained. Once the flow
net is obtained the proper pressure in the net could be obtained (Zangar, 1952).
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Figure 3.4: Typical flow net. Figure from Zangar (1952).

Using the above assumption, Zangar has found that the relationship between the
added mass and the depth of the reservoir is

mzi = CρHAi (3.9)

Where C is a coefficient, which is dependent on the depth of the reservoir and the
slope of the upstream surface given by

C =
cm
2

[
y

2

(
2− y

h

)
+

√
y

h

(
2− y

h

)]
(3.10)

where,
h is the height of dam above the base in feet.
y is the depth at which the pressure increase is being determined.
Cm is the maximum value of C for a specified upstream slope.

3.5 Acoustic fluid elements

Acoustics is a science that deals with mechanical waves in gases, liquids, and solids
(Reynolds, 1981). For applications such as seismic analyses of dams where the pres-
sure waves in a fluid are of main interest and the fluid flow is negligible, acoustic
equations can be used to describe the fluid dynamics. The notations in this sec-
tion are consistent with ABAQUS (2012). If the body forces are neglected, the
momentum equation of water in a reservoir with no or limited flow can be written
in acoustic form as

∂p

∂x
+ ρf ü

f = 0 (3.11)
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where,
p is the acoustic pressure.
ρf is the density of the fluid.
x is the spatial position of the fluid particle
üf is the fluid particle acceleration.

With the assumptions of a inviscid, linear, and compressible fluid, the constitutive
behaviour is

p = −KfOuf (3.12)

Kf is the bulk modulus of the fluid and is related to the density of the fluid, and,
the speed of sound in the fluid, cf , by

Kf = ρfc
2
f (3.13)

The acoustic wave equation is then obtained by dividing Eq. (3.11) by ρf and
combining the result with the time derivatives of Eq. (3.12). Eq. (3.14) gives the
equation of motion for the fluid in terms of the fluid pressure.

1

Kf

p̈− ∂

∂x

(
1

ρf

∂p

∂x

)
= 0 (3.14)

3.5.1 Physical boundary conditions in acoustic analysis

Acoustic fields are strongly dependent on the conditions at the boundary of the
acoustic medium. The boundary of an region of acoustic medium can variy and
a set of boundery conditions used in a dam-fluid interaction problem is presented
bellow.

The boundary conditions of the acoustic medium can be formulated in terms of a
surface load T (x).

T (x) = n · üf (3.15)

n is the normal vector to the boundary. This term has dimensions of acceleration
and is equal to the inward acceleration of the particles of the acoustic medium.

Prescribed pressure

The simplest boundary condition is to prescribe the pressure. The pressure at the
prescribed surface is then p and the change in pressure δp = 0.
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Prescribed pressure normal derivative

An alternative boundary condition is to prescribe the normal derivative of the pres-
sure (ABAQUS, 2012).

T (x) = T0 (3.16)

This condition also prescribes the motion of the fluid particles and can be used
to model acoustic sources, rigid walls (baffles), incident wave fields, and symmetry
planes.

Acoustic-Structure interface

In the dam-fluid interface, the motion of an acoustic medium is directly coupled
to the motion of a solid. 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:

n · us = n · uf (3.17)

where us is the displacement of the structure. The normal derivative of the pressure
is:

T (x) = n · üs (3.18)

Reactive acoustic boundary

The reactive acoustic boundary is a prescribed linear relationship between the fluid
acoustic pressure and its normal derivative. This interface can conceptually be
treated as a spring and dashpot interposed between the fluid and the solid where
the pressure wave normal to the surface is (ABAQUS, 2012).

− n · u̇f =
1

k
ṗ+

1

Z
p (3.19)

where 1/Z and 1/k are parameters at the boundary that acts as a spring and dashpot
in series distributed between the acoustic medium and the rigid wall. The surface
load for this case is:

T (x) = − 1

Z
ṗ− 1

k
p̈ (3.20)

If 1
Z

= 0 and 1
k

= 0, no change of pressure occurs in the acoustic medium meaning
that the pressure wave is totally reflected.
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Acoustic-structural boundary with impedance

For an acoustic-structural boundary, where the displacements are linearly coupled
but not necessarily identically equal due to the presence of a reactive intervening
layer. This layer induces an impedance condition between the relative normal ve-
locity between the acoustic fluid and the solid structure and the acoustic pressure.
For the dam application such a layer can for example be the bottom sediments in
the reservoir-foundation interface, absorbing a part of the pressure wave.

n ·
(
u̇s − u̇f

)
=

1

k
ṗ+

1

Z
p (3.21)

The corresponding surface load is then:

T (x) = n · üs − 1

Z
ṗ− 1

k
p̈ (3.22)

In this case, if the parameters 1
Z

= 0 and 1
k

= 0 Eq. (3.22) is reduced to Eq. (3.18).

Radiation

Often, acoustic media extend sufficiently far from the region of interest that they
can be modeled as infinite in extent. 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.

The radiation boundary condition is applied by specifying the corresponding impedance:

T (x) = − 1

Z
ṗ (3.23)

where the damping coefficient 1
Z

is related to the fluid bulk modulus and the fluid
density by.

1

Z
=

1√
ρfKf

=
1

ρfcf
(3.24)

3.6 FSI for dam-reservoir

In this section different available choices for the dam-foundation-reservoir-interaction
problem are presented. The four boundaries are schematically presented in Figure
3.5. The interactions are

• The dam-reservoir interaction, ΓJ .

• The foundation-reservoir interaction, Γb.
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• The water surface, ΓS.

• The back end of the reservoir, Γe.

Figure 3.5: Schematic overview of the Acoustic-Structure interaction problem for a
Dam-Foundation-Reservoir problem. Figure from Kikstra et al. (2013).

3.6.1 Dam-reservoir interaction, Γs

The acoustic reservoir is coupled to the reservoir through a tie coupling, the tie
coupling looks the translational and rotational degrees of freedom from the reservoir
with the corresponding degrees of freedoms for the dam. An extended explanation
of different coupling algorithms is available in (Ross, 2006).

3.6.2 Foundation-reservoir interaction, Γb

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 different
pressure absorbing mechanism at the reservoir bottom. A short introduction to
absorption of pressure waves in a foundation-reservoir is given below.

Bottom absorption

Hydrodynamic pressure waves that incident the reservoir boundary is partly reflected
into the water, and partly absorbed by the boundary materials. This absorption is
represented by a reflection coefficient α, which is the ratio of the amplitude of the
reflected wave amplitudes compared to the incident wave.
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Figure 3.6 summarises the fundamental properties that are associated with the in-
terface between two materials as the initial wave ua incident the interaction. The
bulk modulus and mass density of the material are K and ρ respectively and the
speed of sound in the medium is c.

Figure 3.6: Wave reflection at the interface between two materials. Reproduction
from Wilson (2002)

Velocity compatibility of particles on both sides of the interface requires that (Wil-
son, 2002).

dua
dt

+
dub
dt

=
duc
dt

(3.25)

The three velocities can be expressed in terms of pressures.

dua
dt

=
c1

K1

pa
dub
dt

=
c1

K1

pb
dub
dt

=
c2

K2

pc (3.26)

Pressure equilibrium at the interface requires that

pb = αpa and pc = (1− α)pa (3.27)

Where α indicates the fraction of pressure of the incident wave that is reflected back
from the interface. Eq. 3.25 can now be rewritten as

(1− α)
c1

K1

= (1− α)
c2

K2

(3.28)

where α can be expressed in terms of the properties of the two materials as:

α =
R− 1

R + 1
where R =

√
K2ρ2

K1ρ1

(3.29)

The reflection coefficient α, varies between 1 and -1, where α, = 1 represents a
nonabsorptive (rigid) boundary with 100% reflection, α= 0 corresponds to complete
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absorption with no reflection, and α= -1 characterises 100% reflection from a surface
with a phase reversal (Wilson, 2002).

If the value of α is known, then the material properties of material 2 can be written
in terms of the material properties of material 1 and the known value of α.

√
K2ρ2 =

1 + α

1− α
√
K1ρ1 (3.30)

This approach assumes a perfect interface and thereby neglecting the absorption
mechanism in the interface. One such mechanism can be wave absorption in layers
of sediments or in vegetation at the bottom of a reservoir. The value of α can be
messured by in-situ tests. Investigations show that the measured reflection coeffi-
cient can vary significantly. In Table 3.1 results from measurements by Ghanaat
and Redpath; (1995) for bottom sediments and rock at seven concrete dam sites are
presented. As can be seen in the table the reflection coefficient varies from -0.55 to
0.77. Even for the same type of bottom material the coefficient can vary.

Table 3.1: Measured reflection coefficient for several dams

Dam Name Bottom Material α
Folsom Bottom sediments with trapped gas, such as from de-

composed organic matter
-0.55

Pine Flat Bottom sediments with trapped gas, such as from de-
composed organic matter

-0.45

Hoover Bottom sediments with trapped gas, such as from de-
composed organic matter

-0.05

Glen Canyon Sediments 0.15
Monticello Sediments 0.44
Glen Canyon Rock jurassic navajo sandstone 0.49
Crystal Rock precambrian metamorphic rock 0.53
Morrow Point Rock biotite, schist mica schist, 0.55
Monticello Micaceous quartzite, and quartzite 0.66
Hoover And pebbly conglomerate 0.77

FEM implementation

There are three basic approaches to implement the bottom absorption in a coupled
acoustic-structure FEM application. The first approach is to use a model interface
with the material properties according to Eq. 3.30 and an acoustic-acoustic coupling
obeying Eq. (3.25). In a similar fashion the interface can be modeled with the real
silt thickness and rock material properties. This two approaches are schematic shown
in Figure 3.7.
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Figure 3.7: Schematic overview of the Acoustic-Structure interaction problem for a
Dam-Foundation-Reservoir problem. Reproduction from Wilson (2002)

An alternative method is to use the acoustic-structural boundary with impedance
described in Section 3.6. Combining Eq. (3.21) with the radiation settings according
to Eq. (3.24) and introducing the reflection coefficient, the boundary force becomes:

T (x) = n · üs − 1

ρfcf

1− α
1 + α

ṗ (3.31)

3.6.3 Water surface, Γs

Since the acoustic wave equations have no degrees of freedom for displacement of
material points no actual flow occurs in an acoustic simulation. This affects the
ability to describe the motion of a free fluid surface. In this section three methods
for this is presented.

Zero acoustic pressure

The most basic approach is to use a pressure boundary which prescribes zero acoustic
pressure on the free surface Gasch et al. (2013). This gives no actual displacement
of the free surface but is correct in the sense of wave propagation in the medium.

Membrane

Another method is to introduce a free surface interface element which gives the free
surface additional degrees of freedom, Gasch et al. (2013).

This is often introduced by a membrane element where the translation degrees of
freedom parallel to the free surface are either removed or given a very low stiffness.
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The translation degree of freedom normal to the free surface is given a stiffness
which corresponds to the hydrostatic pressure of the motion of the free surface. The
pressure of the free surface psurface varies according to Eq. (3.32).

psurface = patm − ρgz(x, t) (3.32)

where z(x, t) is the normal displacement from the original acoustic surface and patm is
the atmospheric pressure. . The acoustic node on the free surface can be prescribed
to follow the motion of the interface element making it makes it possible to visualize
the free surface motion.

Reactive acoustic boundary

To model small-amplitude ”sloshing” of a free surface in a gravity field, set 1/k =
1/ρfg and 1/Z = 0, where g is the gravitational acceleration.

3.6.4 Back end of the reservoir, Γe

Three main approaches can be used to model reservoir boundary condition (ABAQUS,
2012). The first approach is to model the complete reservoir with finite elements,
clearly this approach is not practical. The other two models consist in cutting the
model at an appropriate distance from the dam. This distance can either be great
enough so that the boundary effects are neglectable or a non- reflecting boundary
condition can be used where the acoustic waves are completely absorbed.

Reservoir length

The reservoir can be assumed to extend to infinity when the time needed by a water
pressure wave created at the dam-fluid interface to reach the back of the reservoir and
come back is longer than the duration of the earthquake. The minimum traveling
time for a direct acoustic wave is 2L/cw, where L si the length of the reservoir

To fulfill the assumption of an infinite reservoir the end boundary of the reservoir
must be placed far enough from the dam so that it does not affects the stress in the
dam. However, the model size and the computation effort increases with increasing
reservoir length. (Brahtz and Heilbron, 1933), Calayir and Karaton (2005), Sevim
et al. (2011) and Chopra (2008) mention that the effect of the radiating condition on
the solution is generally negligible if the reservoir length is taken three or more times
then the depth of the reservoir. Attarnejad and Lohrasb (2008) has investigated the
length effects on the behavior of the arch dam and their result shows that with
length to height ratio greater than about 4, the error is negligible and the reservoir
can be cut.
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Non-reflecting

For the non-reflecting boundary either a radiation boundary condition or infinite
acoustic finite element can be used. The radiation boundary condition is described
in Section 3.6. The infinite element divides the infinite exterior into elements with
pressure degrees of freedoms in the infinite direction. This extra degree of freedoms
allows for the use of an interpolation scheme to absorb the acoustic pressure in
a more sophisticated and accurate way. This increase accuracy has the cost of
increased computational effort but allows for the use of a shorter reservoir.
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Chapter 4

Structural behavior of an arch dam

An arch dam is a (relatively) thin curved dam that transfers most of the horizontal
hydrostatic pressure to the abutments by arch action. Arch dams are suited for
narrow river valleys with good bedrock, an approximation is that arch dams are
suitable for valleys with a width to height ratio (B/H) < 6 according to Bergh
(2013). In Sweden where most of the river valleys are wide there are only two large
arch dams. Some conceptual terms are presented in Figure 4.1.

Figure 4.1: Conceptual terms.

Arch dams are constructed as a system of monolithic blocks separated by vertical
joints. The joints are later grouted under high pressure to form a complete mono-
lithic structure in compression. However, these joints can take little to none tensile
stresses without opening. This is not a major issue for the normal application of
the dam, but server winter temperatures or earthquakes may cause these joints to
open.

To estimate the stresses in an arch dam is analytically a difficult and complex
problem. Several analytic methods such as thick and thin cylinder theory, the
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method of independent arches and the arch cantilever method. However, these are all
based upon different assumption or simplification, thereby, they have shortcomings
regarding describing the real stress state in an arch dam.

4.1 Loads

4.1.1 Dead load

The dead load is the weight of the dam including appurtenances such as gates.
For arch dams the building sequence strongly affects the way the dead loads are
transferred to the abutments. All dead loads imposed on the structure before the
shear locks are grouted are only carried in the vertical direction (Ghanaat, 1993).

4.1.2 Outer water pressure

The outer water pressure acts as a hydrostatic pressure normal to the dam face,
for a sloped surface the pressure has both a horizontal and a vertical component.
Reservoir and tail water loads to be applied to the dam are obtained from reservoir
operation studies and tail water curves (Office of design and construction engi-
neering, 1974). These studies are based on operating and hydrologic data such as
reservoir capacity, storage allocations, stream flow records, flood hydrographs, and
reservoir releases for all purposes.

4.1.3 Uplift water pressure

Uplift or pore pressures develop when water enters the interstitial spaces within
the body of an arch dam as well as in the foundation joints, cracks, and seams.
Without drains or a grout curtain the uplift pressure on a gravity dam is assumed
to vary linearly from the upstream head water pressure to the downstream pressure.
However, for an arch dam the uplift pressure distribution is more complex and
could be estimated by analytical methods from flow nets. Uplift pressures have
negligible effects on the stress distribution in thin arch dams, but their influence on
thick gravity-arch dams may be significant and should be included in the analysis
(Ghanaat, 1993)

4.1.4 Ice load

For dams in climates where thick ice can occur, ice pressure produces a horizontal
load on the dam that must be taken into account. Ice pressure is created by thermal
expansion of the ice and wind drag. The volume of the ice varies with the temper-
ature and as the temperature rise and falls during the winter the ice cracks. The
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cracks are then filled with water that freezes and the ice pressure increases. The
design ice load on a dam in Sweden varies between 50-250 kN/m, the maximum
value occurs when the ice thickness is approximately 0.5 m according to (Bergh,
2013).

4.1.5 Silt load

The silt load is due to deposits from the river accumulating close to the dam. The
magnitude of the load is calculated by assuming that the sediments’ results in an
active earth pressure towards the dam face (Bergh, 2013). The magnitude of the
pressure is calculated as.

psilt = Ka (ρs − ρw) gH (4.1)

where Ka is the active earth pressure coefficient, ρs is the density of silt and ρw is
the density of water. The active earth pressure coefficient is calculated as

Ka = tan2(ϕ) (4.2)

where ϕ is the friction angel of the deposed soil.

In Sweden the sediment content in the rivers is very small and the silt load is
therefore not considered for Swedish dams (Bergh, 2013).

4.1.6 Temperature load

Temperature loads may play an important part in the design and safety evaluation
of arch dams, especially in climates with severe temperature variations. Because of
restraint against volumetric change, stresses are introduced in the dam when the
concrete expands or shrinks due to variation in the air temperature. In general,
temperature distributions within a dam vary in a non-linear manner but they are
usually approximated by a combination of uniform and linear variations in practical
applications.

4.2 Methods of analysis of arch dams

According to Abraham (2012), the design of arch dams can be categorised into
three main categories with varying sophistication. One method from each category
is described in this section.
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4.2.1 Cylinder theory

The simplest and the earliest method for the design of arch dams is the cylinder
theory. In this theory, the stress in an arch dam is assumed to be the same as
in a cylindrical ring of equal external radius. Both thin cylinder theory and thick
cylinder theory have been used. Today the cylinder theory is more of historical
importance but gives a good introduction to the basic theory behind arch action.

Using the thin cylinder theory, for an arch with the height of 1 m and the midpoint
located at the depth H below the surface. The forces are shown in Figure 4.2.

Figure 4.2: Cylinder theory.

where P is the reaction force at the abutments. The equilibrium equation then
becomes.

2P = ρgH (2r + t)− 2
ρgHt

2
(4.3)

Replacing P with σmean/t gives

σmean =
ρgHr

t
(4.4)

4.2.2 Method of independent arches

This method considers the dam to be made up of a series of individual horizontal
arches without interaction between them. Those arches are assumed to carry all
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horizontal loads while the dead loads and other vertical loads are carried by vertical
action. In reality the water load is carried both in the horizontal and vertical
direction meaning that this method has some major shortcomings in describing the
real stress-state in the dam.

4.2.3 Trial load method

One other method is the trial load method where the assumption is that the arc
dam consists of two different structural systems, horizontal arch units and vertical
beams or cantilever units (Ghanaat, 1993). In the trial load method the loading
is divided between the two systems such as the arch and cantilever deflections for
any point in the dam are equal. This is accomplished by simultaneous applying self
balancing load to the arch and cantilever units.

Figure 4.3: Cantilever and arch elements. Figure from Ghanaat (1993).

The number of matching elements can be varied depending on the demand of ac-
curacy. The simplest trial load method is the where only the displacements of the
crown beams are matched with the deflections at the crown of the arches (Ghanaat,
1993). For the Radial deflection analysis, this matching is extended to several can-
tilevers. In a complete trial load analysis the external loads are divided as radial,
tangential and twist load in such way that all translational and rotational displace-
ment is matched for the arch and cantilevers units.

In Figure 4.4a the loads used for adjustments of radial displacements are illustrated.
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(a) Radial (b) Tangential (c) Twist

Figure 4.4: Trial load equilibrium for radial, tangential and twist adjustments. Fig-
ures from Ghanaat (1993).

The first step is to divide the external loads between the arch and cantilever in
such way that they will produce equal arch and cantilever deflections in the radial
direction. In Figure 4.4a the loads needed for this agreement are illustrated on the
intersecting volume A. The external loads are applied to the cantilever by a pair
of shear forces, Vc. The differences in these forces are balanced by introducing the
shear forces, Va on the arches.

The two shear pairs fulfil the equilibrium equation in the radial direction but also
produce moments on volume A. Those moments are balanced by differences between
the cantilever bending moments, Mc, and the arch bending moments, Ma, applied
on the faces of volume A to ensure equilibrium against rotation. The magnitudes of
the self-balancing loads are determined by an iterative trial process.

Once a set of self-balancing loads has been selected, the deflections of the cantilever
are calculated. If the agreement between deflections of the arch and cantilever units
is not satisfactory, the self-balancing loads are modified and the process repeated.

The same procedures are used for the tangential and twist deflection, where the
self-balancing loads for tangential and twist adjustments are illustrated respectively
in Figure 4.4b and 4.4c

4.2.4 FEM

The most reliable and accurate method used is the finite element method (Abraham,
2012). Just as for the trial load method the dam is divided into element. Instead
of arch and cantilever units the dam is divided into an assembly of small elements.
These small elements are given a simple geometry that can more easily be analysed
then the complete structure. In other words, the solution of a complex structure is
replaced with the solution of system of simple structures. These finite elements are
connected to each other at finite points called nodes.

This finite element can be divided into element families presented in Figure 4.5
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Figure 4.5: Finite element families. Figure from ABAQUS (2012).

The elements are also defined by the number of degrees of freedom, number of
nodes, formulation and integration scheme (ABAQUS, 2012). The displacements of
the elements are calculated at the node points and are then interpolated to describe
the displacement for the continuum. From the nodal displacement, stresses and
strains are calculated from the strain-displacement and stress-strain relations.

For an arch dam two basic approaches to choose the finite element for the discretiza-
tion is used, continuum brick elements and shell elements (Ghanaat, 1993).
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Chapter 5

Literature review of workshop

The 12th ICOLD benchmark workshop where held in Graz, Austria in October
2013.The ICOLD Benchmark examples are engineering problems devoted to bridge
the gap between numerical analyses and their theoretical as well as practical rele-
vance (Goldgruber and Zenz, 2013).

Theme A in the 12th ICOLD benchmark workshop is to carry out the dynamic Fluid-
Structure interaction (FSI) analysis for a large arch dam. The participants were
asked to choose the order of details in modelling and the main goal of this example
was the applications of different FSI-approaches like added mass technique, acoustic
elements and fluid elements. For the acoustic elements and fluid elements, the use
of different boundary conditions is possible for the reservoir-foundation interaction
such as wave absorption on the bottom and the sides and different techniques for
the non-reflecting boundary at the end of the reservoir.

The formulator has encouraged the participants to use the same general basic as-
sumptions and boundary conditions. The spatial discretization of the structure,
foundation and reservoir, the material properties and the time-history of the ground
acceleration were given. Furthermore, the uses of Rayleigh damping were required
and the requested results were specified. The modelling of non-linear effects such as
block opening where not the focus of this benchmark workshop. However, the use
of a time-history gives the possibility for further non-linear studies.

5.1 The benchmark model

Models for the arch dam, foundation and reservoir to be used for the analysis were
given by the benchmark formulators. The dam is a 220 meter double curved sym-
metric arch dam. The dam width is 430 m at the crest and 80 m at the bottom.
The thickness at the centre section varies from 8 m at the top, to 55 m at the base.
The dam is shown in Figure 5.1.
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Figure 5.1: Arch dam.

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.

Figure 5.2: Foundation.

The reservoir is given a constant cross section. The reservoir is 500 m long (that is
approximately two times the dam height).
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Figure 5.3: Reservoir.

The material properties are defined as isotropic and homogenous with properties
according to Table 5.1.

Table 5.1: Material properties.

Density [kg/m3] Poisson’s ratio [-] Youngs/Bulk Modulus - [GPa]
Arch dam 2400 0.2 27
Foundation 0 0.167 25
Water 1000 - 2.2

Loading

Three loads are applied to the model in the following sequence. First, the gravity
load is applied to the dam and foundation. Thereafter, hydrostatic water pressure
applied. Assuming a full reservoir with the water level is at the crest height. The
third load is the hydrodynamic corresponding to the seismic loading caused by the
ground motion due to the earthquake. Time-histories for the ground acceleration in
three directions (x-,y-,z- direction) are given where the maximum transient acceler-
ation is approximately 0.1g. The time-history is artificially generated. The given
time-history and the corresponding response spectrum are shown in Figure 5.4.
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(a) Time-history (b) Response spectrum

Figure 5.4: Given time history and corresponding response spectrum for the ground
acceleration.

Requested results

The three sections given where the results should be presented are illustrated in
Figure 5.5.

Figure 5.5: Sections for evaluation. Figures from Goldgruber and Zenz (2013)

The following results were requested by the formulators of the benchmark workshop
topic (Goldgruber and Zenz, 2013).

• The evaluation of the first 10 eigen-frequencies of the structure, including the
interaction with the reservoir.

• The evaluation and plotting of the first 10 mode-shapes of the structure, in-
cluding the interaction with the reservoir.

42



5.2. PARTICIPANTS

• Hoop Stresses, vertical stresses and min./max. principal stresses for the static
load and the seismic loads for the three different section

• Evaluation of the radial deformations for the static load and the seismic loads
for the main section.

5.2 Participants

In this section the participants in the workshop and their respective models are
shortly presented. The participating teams are presented in Table 5.2 and a presen-
tation of their models is given below. Ten teams participate from seven countries
(Austria, France, Germany, Iran, Italy , Sweden and Switzerland)1. Further infor-
mation about the modeling techniques, assumptions, results and conclusion can be
found in the respective article, the participators are specified in Table 5.2. The
labelling of the participants consistent with the labelling used in Goldgruber and
Zenz (2013).

Table 5.2: List of participants

Organization Author
A Federal Waterways Engineering and Research

Institute-Karlsruhe
Georgios Maltidis

B TNO DIANA Gerd-Jan Schreppers
C RSE - Italy Giorgia Faggiani
D Stucky SA Anton D. Tzenkov
E Stucky SA Marion Chambart
G KTH Royal Institute of Technology Richard Malm
H AF Consult Switzerland Marco Brusin
I Graz University of Technology Shervin Shahriari
J RSE Italy Antonella Frigerio
K EDF - CIH Abdoul Diallo

5.2.1 Participating models

The choice of mesh, software, damping, rayleigh parameters, reservoir boundary and
bottom absorption for each participant are presented in Table 5.4-5.12.

1An 11thparticipator (Participant F) contributed to Theme A, this participant has however
chosen to be anonymous and has chosen not to publish the final article. The modeling technique,
results and conclusions are therefore unknown and this participator is therefore excluded.
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Participant A

The models used by participant A are specified in Table 5.3 (Maltidis and Stemp-
niewski, 2013). The Zangar and Westergaard added mass methods are compared
with a model where the water is included as acoustic finite elements. For the acous-
tic elements the boundary impedance and acoustic infinite elements are compared
to simulate the non-reflecting far boundary.

Table 5.3: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

1a Coarse ABAQUS Added mass
(Westergaard,
Zangar)

7.5% N/A N/A N/A

1b Coarse ABAQUS Acoustic
element

7.5% N/A Non-reflecting 0%

Special features:

• 7.5% critical damping

Their conclusion is that the Zangar and Westergaard methods yield similar re-
sults and that the acoustic element models with the two different non-reflecting
approaches give identical results.

Participant B

The models used by participant B are specified in Table 5.4 (Kikstra et al., 2013).
Participant B has compared two models with acoustic finite elements, one frequency
independent system with a compressible fluid description and one frequency depen-
dent system in which fluid compressibility and reservoir radiation boundary con-
ditions are included. In the frequency dependent case a Hybrid Frequency-Time
Domain (HFTD) solver is used.
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Table 5.4: Summary of used model.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

2a Coarse DIANA Acoustic
element

5% 0.5712
1.447 ∗ 10−3

p = 0 0%

2b Coarse DIANA Acoustic
element

5% 0.5712
1.447 ∗ 10−3

Non-reflecting 50%

Special features:

• HFTD-method

Their conclusion is that the HFTD-method yields the same results as a classic
Newmark’s method. The HFTD-method also introduces the possibility of taking
frequency dependent properties into account.

Participant C

The models used by participant C are specified in Table 5.5 (Faggiani and Masarati,
2013). Participant C has used three models. One base case where the meshes are
compared, one incompressible case with a reflecting far boundary of the reservoir
and one damped case with a non-reflecting far boundary and absorption in the
foundation-reservoir interface.

Table 5.5: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

3a Coarse
and
Fine

CANT-
SD

Acoustic
element

5% N/A Non-reflecting 0%

3b Coarse CANT-
SD

Acoustic
element

5% N/A Reflecting 0%

3c Coarse CANT-
SD

Acoustic
element

5% N/A Non-reflecting 50%

Their conclusion is that the reservoir boundary absorption could significantly reduce
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the earthquake response of the dam and that the use of a more refined mesh does
not lead to significant differences in the results.

Participant D

The models used by participant D are specified in Table 5.6 (Tzenkov et al., 2013).
Three models has been used, model 4a and 4b are analysed in the time domain while
in model 4c the HFTD approach is used and the fluid’s compressibility is included
in the analysis. In all models the construction sequence is included in the analyses.

Table 5.6: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

4a Coarse
and
Fine

DIANA Added mass,
(Westergaard)

5% N/A N/A N/A

4b Coarse DIANA Acoustic
element

5% N/A p = 0 0%

4c Coarse DIANA Acoustic
element

5% N/A Non-reflecting 0%

Special features:

• HFTD-method

• Construction steps included in the analysis.

Their conclusion is that the Westergaard added masses approach yield higher stresses
and displacements then the incompressible fluid and that the compressible fluid
analysis results in lower stresses compared to the incompressible fluid assumption.

Participant E

The models used by participant E are specified in Table 5.7 (Chambart et al., 2013).
The same modeling techniques as a participant 6 have used. An addition is the use
of the open-source software AKANTU and the results are compared with the results
obtained with DIANA.
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Table 5.7: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

5a Coarse
and
Fine

AKANTU Acoustic
element

5% 0.7263
2.346 ∗ 10−3

N/A N/A

5b Coarse DIANA Added mass,
(Westergaard)

5% 0.7263
2.346 ∗ 10−3

p = 0 0%

5c Coarse DIANA Acoustic
element

5% 0.7263
2.346 ∗ 10−3

Non-reflecting 0%

Special features:

• HFTD-method

• Construction steps included in the analysis.

• Edyn = 1.25 ∗ E

Their conclusion is that the Westergaard added masses approach yields higher
stresses and displacements than the incompressible fluid. Further the Westergaard
theory is not mesh dependent and the AKANTU software shows similar results.

Participant I

The model used by participant I is specified in Table 5.8 (Shahriari, 2013). The water
is included according to the full frequency dependent Westergaard formulation.

Table 5.8: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

6a Coarse ANSYS Added mass,
(Westergaard)

5% 0.5637*
5.5779 ∗ 10−3

N/A N/A

*The participant has specified that the first and seventh natural vibrating frequencies are
used for calculating α and β (Shahriari, 2013). From this information and
the presented results in the article the values of α and β are calculated

Special features:
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• Period and Frequency dependent added mass.

Their conclusion is that no higher frequency than the 7th angular frequency should be
used as the second frequency for calculation of the Rayleigh damping parameters.
The choice of a higher frequency would lead to underestimating of the system’s
damping and can lead to overestimating the stresses in the model, according to
participant.

Participant G

The models used by participant G are specified in Table 5.9 (Malm et al., 2013).
The Westergaard added mass method was compared with a model where the water
is included as acoustic finite elements. At the outer boundaries of the model infinite
elements are used. This element provides a quiet boundary that prevents reflection
of the pressure wave at the model edges. The use of infinite elements requires that
all accelerations are applied at the bottom surface of the foundation. To simulate
the non-reflecting far boundary of the reservoir acoustic infinite elements are used.

Table 5.9: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

7a Coarse ABAQUS Added mass,
(Westergaard)

4% 0.6631
1.3503 ∗ 10−3

N/A N/A

7b Coarse ABAQUS Acoustic ele-
ment

4% 0.6631
1.3503 ∗ 10−3

Non-reflecting 0%

Special features:

• Infinite elements.

• Time-History of the acceleration applied on the bottom surface of the model.

Their conclusion is that the choice of frequencies when determining the Rayleigh
damping influence the results. Further the main differences between the results
from the two models are at the base nodes of the dam. Despite the symmetric shape
of the arch dam, the results at the left and right section differ.

Participant H

The models used by participant H is specified in Table 5.10 (Brusin et al., 2013).

48



5.2. PARTICIPANTS

Table 5.10: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

8a Coarse
and
Fine

FENAS
ECCON
IPP

Added mass,
(Westergaard)

5% 0.4083*
9.182 ∗ 10−3

N/A N/A

*The participant has specified that the first and second natural vibrating frequencies are
used for calculating α and β (Brusin et al., 2013). From this information and
the presented results in the article the values of α and β are calculated

Their conclusion is that the added mass technique is not mesh dependent and can
in combination with the direct-time dynamic analysis relatively quickly and easy
produce results useful for engineering practice.

Participant J

The models used by participant J is specified in Table 5.12 (Frigerio and Mazzà,
2013). The participant has used the acoustic element approach where wave absorp-
tion at the fluid boundary and in the reservoir-foundation interaction is used. The
participant has chosen to extend the reservoir models to avoid possible boundary
effects.

Table 5.11: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

9a Coarse COMSOL Acoustic
element

5% 0.94
2.65 ∗ 10−3

Non-reflection 0%,
50% and
100%

Special features:

• Extra long reservoir

Their conclusion is that the choice of the reflection coefficient highly impacts the
computed stresses in the dam.

Participant K

The models used by participant K are specified in Table 5.12 (Diallo and Robbe,
2013). The participant has used three approaches; the generalised Westergaard
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added mass, incompressible finite elements and a substructure method where water
compressibility is taken into account. All analyses are performed with a modal
superposition and Rayleigh damping is therefore not used.

Table 5.12: Summary of used models.

Mesh Software Fluid element ξ α
β

Reservoir
boundary

Bottom
absorp-
tion

10a Coarse Code
Aster

Added mass,
(Westergaard)

5% N/A N/A N/A

10b Coarse Code
Aster

Acoustic
element

5% N/A Reflecting 0%

10c Coarse Code
Aster

Acoustic
element

5% N/A Non-reflecting 50%,
100%

Special features:

• SUB-models

• Modal damping

Their conclusions are that the added mass technique yields higher stresses and dis-
placements than the incompressible fluid and the use of the sub-model with wave
absorption significantly decreases the dynamic response of the dam.

5.2.2 Results

In this section some selected results from the benchmark workshop are presented.
In Table 5.13, the natural frequencies obtained by all participants are presented.
Participants 4 and 8 have lower values for the first two modes compared to the
other participants. This is probably due to the use of the added mass approach. For
the other model the first eigen-frequencies are around 1.5 Hz.
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Table 5.13: List of the first ten natural frequencies for all participants.

Participant Mode
1 2 3 4 5 6 7 8 9 10

A 1.47 1.54 1.55 2.11 2.33 2.46 2.61 2.97 3.25 3.37
B 1.57 1.60 2.36 2.94 3.04 3.72 3.88 4.56 4.78 4.80
C 1.54 1.55 2.05 2.22 2.41 2.83 2.98 3.37 3.40 3.79
D 1.57 1.62 2.36 2.94 3.04 3.72 3.87 4.56 4.76 4.80
E 1.43 1.47 2.21 2.61 2.81 3.27 3.56 4.09 4.37 4.37
G 1.51 1.54 1.90 2.22 2.42 2.96 3.01 3.28 3.59 3.76
H 1.26 1.32 2.01 2.36 2.50 3.00 3.17 3.65 3.70 3.88
I 1.28 1.33 1.91 2.37 2.38 2.91 2.98 3.61 3.62 3.85
J 1.54 1.55 2.09 2.22 2.33 2.51 2.83 2.96 3.19 3.37
K 1.57 1.62 2.35 2.95 3.03 3.72 3.85 4.56 4.88 5.13

The radial deformations for all participants are illustrated in Figure 5.6. The plot
is taken from (Goldgruber and Zenz, 2013). Participant E uses a higher value of
young’s modulus, which may explain the low values. For the other participants the
deformation shows the same shape and approximately the same values.
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(a) Participant A-E

(b) Participant F-K

Figure 5.6: Calculated radial displacements in the midsection for all participants.
Figure from Goldgruber and Zenz (2013)

The hoop stresses for all participants are presented in Figure 5.7. The result for the
stresses shows a wide distribution in the results and it is impossible to see any clear
influence from one individual parameter in these results.
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(a) Participant A-E

(b) Participant F-K

Figure 5.7: Calculated hoop stresses in the midsection upstream face for all partici-
pants. Figure from Goldgruber and Zenz (2013)

5.2.3 General conclusions

Below some general conclusions from the workshop regarding the choice of four
parameters are presented. The parameters are

• The fluid element.

• The damping.

• The reservoir boundaries.

• The reservoir-foundation interaction.
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Fluid element

The general conclusion is that the added mass (both Westergaard and Zangar) yields
higher stresses then the incompressible fluid.

Damping

For the participants that specified the Rayleigh parameter α and β the different
Damping-curves are plotted in Figure 5.8. Participant A,C and D used Rayleigh
damping, but did not specify the parameters and their exact damping can therefore
not be shown. For 15 Hz the damping varies in the span between 7% and 27 %.
Participant G and I both states that the choice of this parameter influences the
results and Participant I states that no higher the 7th natural frequency should be
used for calculation of the Rayleigh damping parameters.
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Figure 5.8: Rayleig damping used by the different teams.

Reservoir boundary conditions

Three methods where used for the far end of the reservoir, one where the pressure is
prescribed to zero, one fixed boundary where 100% of the acoustic wave is reflected
and one with 100% absorption of the acoustic wave. None of the participants has
commented how those different methods affect the stresses and displacements in the
dam.

Previous studies presented in Section 3.6 claims that the reservoir length should be
at least 3 times the dam height. Only Participants 9 has fulfilled this by choosing to
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use extend the reservoir. This may be a consciously choice by the other participants
or due to the use of the given model, neither of the participants has commented on
this nor has the use of this relative short reservoir been motivated by the formulators.

Reservoir-Foundation interaction

Participant B, C, J and K has included bottom absorption of pressure waves in the
reservoir-foundation interface. The general conclusion is that this feature reduces
the stresses in the dam; this reduction is significant for the span 0-50% absorption
and small for the span 50-100%.
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Chapter 6

Parametric numerical analyses

It is difficult to draw general conclusions from the results of the benchmark work-
shop. The relatively open problem led to different assumptions by the various par-
ticipants. In the workshop, the geometry, finite element mesh, load cases, material
properties, and analysis steps are given by the workshop formulators. However ad-
ditional assumptions where required regarding the structural damping and reservoir
boundaries. Furthermore, additional assumptions were made by some of the partic-
ipants and a set of different software where used. It is therefore impossible to isolate
the effect of individual parameters.

To study the effect of some important individual parameters, numerical studies
have been performed and the results are presented in this chapter. Compared to the
workshop, all studies in this chapter 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 parameter. The main focus of the analysis
in this chapter is on the time-history analysis of seismic loading where the water
is described by acoustic finite elements. All analyses are performed in the finite
element software Abaqus, and the geometric model from the benchmark workshop
that is presented in Chapter 5 is used.

Based on the results from the workshop, four aspects of the FSI-problem have been
pinpointed as interesting to study further. These four parameters is

• The fluid element type.

• The Rayleigh damping parameters.

• The reservoir boundary condition.

• The foundations-reservoir interface.

As described in Chapter 5, the task of the workshop consisted of two parts

• Frequency analysis to find the eigen-frequencies and natural vibrating modes
of the dam at full water level
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• Time-history analysis where maximum and minimum displacements, vertical
stresses and hoop stresses for three sections.

These two analyses are performed as well as a set of additionally static calculations.
The purpose of these static analyses is to highlight how assumptions about the
construction sequence and dam-foundation interaction techniques affect the stress
states and displacements of the dam.

6.1 FE Models

6.1.1 Mesh

The geometry and material properties of the model are described in Section 5.1. The
dam is modeled a single monolithic structure and quadratic interpolation is used for
all elements. The coarse mesh given by the formulators is used in the analyses. The
assembled mesh is shown in Figure 6.1 and the properties of the mesh is listed below.

• Reservoir.

– 2083 nodes and 356 elements. (A mix of 15-noded wedge elements (C3D15)
and 20-noded quadratic hexahedral elements (C3D20R))

• Foundation.

– 2340 elements. (20-noded quadratic hexahedral elements (C3D20R))

• Foundation.

– 2640 elements. (20-noded quadratic hexahedral elements (C3D20R))
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Figure 6.1: The numerical model used in the parametric studies.

Dam-Foundation interaction

The dam-foundation interaction is modeled with a tie constraint in Abaqus, meaning
that the dam and foundation are forced to have the same transitional displacements.

6.1.2 Loads

Dead load

The dead load is applied to the dam as a body force with a magnitude equal to the
weight of the structure times the constant of gravity. The water pressure acting on
the upstream face is applied as a hydrostatic pressure. The water level is assumed
to be at the dam’s crest, giving a maximum hydrostatic pressure at 220 m depth.

Westergaard generalised added mass

The Westergaard generalised added mass is described in Section 3.4.2. The added
masses are introduced in the model as a non-structural mass element in Abaqus.
A non-structural mass element is an element that has a mass and a direction but
no stiffness. A script is developed that calculates the associated area and normal
direction to each node of the upstream surface. The Westergaard pressure coefficient
is then calculated depending on the nodes vertical alignment and the added mass
for associated with each node is calculated according to Eq. (3.8). The script then
produces an input-file with the mass elements that can be loaded into Abaqus. Since
the added masses are only introduced to simulate the hydrodynamic behaviour of
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the dam they are not given any gravity load. The added masses are plotted in Figure
6.2.
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Figure 6.2: Added masses used to simulate the hydrodynamic pressure.

Acoustic elements

In this model, the water is introduced into the model as a geometric part, meshed
with acoustic finite elements. The reservoir is then attached to the dam and foun-
dation by using the tie constraint in Abaqus. In Abaqus, the acoustic elements
are inactive during static analyses, this means that the acoustic elements will lose
contact with the dam as the dam deforms during the static loading. This distortion
is avoided by the use of an ALE-technique for the acoustic elements.

6.1.3 Boundary conditions

In the static step and the modal analysis a fixed boundary condition for the trans-
lational degree of freedoms is used at all outer boundaries of the foundation, except
the top surface. In the dynamic step this restriction is replaced with the accelera-
tions representing an earthquake as specified in Figure 5.4 in Section 5.1.The vertical
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ground acceleration is applied at the bottom of the model while the horizontal ac-
celerations are applied on corresponding sides.

6.1.4 Damping

Rayleigh damping is applied on the dam and foundation, since the foundation is
defined without mass only the stiffness-proportional part of the damping is applied.
The Rayleigh-damping parameters are chosen to match a modal damping equal to
5%.

6.2 Static analysis

In this section static calculations are performed. The aim is to highlight how a
calculation that includes the building sequence and friction in the dam-foundation
interface, differs from a monolithic model where the dam is tied to the foundation.
For all models in this section the outer boundaries of the foundation are fixed. The
applied loads in this section are

• Dead load.

• Hydrostatic pressure.

• Silt load.

• Ice load.

Three models are compared, in the first model the dam is modelled as a single solid
structure and is tied to the foundation. This is done by introducing a tie contact
constraint in Abaqus, meaning that the dam and foundation will have the same
transitional displacement.

In the second model the dam is still modelled as a single solid structure. In this
model, the dam is placed upon the foundation. It is held in place by frictional forces
in the interface between the dam and the foundation. This is done by introducing
a general contact property in Abaqus, where the contact in the normal direction
is modelled as ”hard contact”. This means that the dam and the foundation can-
not penetrate each other. In the tangential direction, a friction contact model is
introduced. The friction coefficient is set to 0.75, which corresponds to an angle of
friction of approximately 37 degrees.

In the third model, the dam is modelled as 22 individual columns to reflect the way
the dam is built. The interactions between the blocks are modelled in the same way
as the interaction between the dam and the foundation. The columns are shown in
Figure 6.3. It should be noticed that an arch dam is built in several levels where
the columns are grouted together after each construction stage. A true reflection of
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the building sequences would include several calculation steps. In this study it is
assumed that the complete columns are built in two sequences, then the completed
columns are grouted together. This assumption is a simplification. But for the
purpose of this section, to highlight how the inclusion of the building sequence and
the dam-foundation interface influence the results, this assumption is satisfactory.

(a) Building sequence 1 (b) Building sequence 2

Figure 6.3: Building sequence.

The total radial displacements are shown in Figure 6.4a and the radial displacements
relative to the base movement are shown in Figure 6.4b. It is interesting to see that
the total displacement at the crest is almost the same at the crest of the dam for
all cases, despite that the movement at the base varies. For the midsection of the
dam, the tie model displaces in similar fashion as a fixed column. The tie interaction
prevents the base of the dam from displacing leading to an increasing displacement.
The deflected shape reflects the decreasing load at the crest and the curved shape
of the dam. When the tie constraint is replaced with a frictional constraint, the
deformation at the midsection of thincreases further. One interpretation of the
difference is that the tie-model carries most of the load in the vertical direction
while the friction-model carries the load in the horizontal direction. This can be
visualised by thinking of the deformation of the midsection of the tie-model, as a
standing arch column loaded from the sides. The corresponding deformations for
the friction-model can be compared to those of a cross-section at the middle of
a simply supported arch. The displacements of the blocks-model differ from the
friction model only at the crest.
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Figure 6.4: Radial displacement at the main section.

The total vertical stresses for the upstream surface at the main section are shown
in Figure 6.5b and the hoop stresses for the same section are shown in Figure 6.5a.
The tie constraint between the foundation and the bottom of the dam introduces
tensile stresses both in the vertical and horizontal direction. However, those tensile
stresses in the dam-foundation interface are physically impossible.
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(a) Hoop stress

−4 −3 −2 −1 0 1 2 3 4
0

50

100

150

200

250
Vertical stress (US), main section

Stress[MPa]

E
le

va
tio

n 
[m

]

 

 
Blocks
Friction
Tie

(b) Vertical stress

Figure 6.5: Stresses at the main section.

From this section it can be seen that the modeling of the building sequence and the
dam-foundation interface affects the stress state in the dam. To increase the accuracy
of the calculations in a design situation, this non linearity should be included in the
analyses.

63



CHAPTER 6. PARAMETRIC NUMERICAL ANALYSES

6.3 Frequency analysis

In the modal analysis the natural frequencies and corresponding mode shapes are
calculated for the dam. In this section the tie-model from the static analysis is
used, where the dam is modelled as a monolithic solid structure. The foundation-
reservoir interface is modelled with a tie constraint and the model is fixed at the
outer boundaries of the foundation. The analyses are performed for three cases

• A model with an empty reservoir.

• A model where the water is included as Westergaard added masses.

• A model where the reservoir is modelled with acoustic finite elements.

The first ten natural frequencies are presented in Table 6.1 and the corresponding
mode shapes are shown in Figure 6.6a-j.

Table 6.1: Calculated natural frequencies.

Model No water Acoustic elements Added mass
1 1.87 1.52 1.21
2 2.01 1.54 1.30
3 2.84 2.05 1.85
4 3.50 2.27 2.33
5 3.56 2.53 2.38
6 4.22 2.94 2.44
7 4.39 3.19 2.72
8 4.79 3.32 2.77
9 5.13 3.72 2.85
10 5.37 3.90 2.93

The acoustic model yields natural frequencies that coincide well with the results
presented in Chapter 5. The added mass model gives lower values then the corre-
sponding models from the benchmark workshop. This indicates that the added mass
model in this study overestimates the additionally excited mass, both compared to
the other benchmark models and the acoustic model in this study.
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(a) Mode 1 (b) Mode 2

(c) Mode 3 (d) Mode 4

(e) Mode 5 (f) Mode 6

(g) Mode 7 (h) Mode 8

(i) Mode 9 (j) Mode 10

Figure 6.6: Calculated mode shapes

The model with the empty reservoir has higher natural frequencies then the two
models where the water is included. Further, the added mass approach yields lower
frequencies than the model with acoustic elements. The first ten modes excite ap-
proximately two-thirds of the total mass. The percentage of effective mass compared
to the total mass that each of the first modes excite is presented in table 6.2 where
the direction is consistent with Figure 6.1.
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Table 6.2: Percentage of the total mass that is excited for the first ten modes.

Added mass Acoustic elements
Mode X Y Z X Y Z

[%] [%] [%] [%] [%] [%]
1 0 19 0 0 41 0
2 29 0 2 65 0 0
3 15 0 3 0 3 52
4 1 5 0 0 4 14
5 14 1 9 0 2 0
6 0 0 0 0 13 0
7 0 42 1 0 0 0
8 0 0 0 0 0 0
9 0 0 0 0 0 0
10 4 0 5 0 0 0
Sum 63 67 20 65 63 66

The cumulative sum of the effective mass, summarised for the three directions for
the two models are plotted in Figure 6.7. Most of the mass for those models are
excited during the frequency range 0-6 Hz.
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Figure 6.7: Cumulative effective mass.

6.4 Time-history analysis

In this section, results from the time-history analysis of the earthquake response of
the dam is presented. Simple sensitivity analyses are carried out by a changing one
factor at a time-approach. The factors studied are
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• Choice of fluid element.

• Choice of Rayleigh damping parameters.

• Choice of reservoir boundary conditions.

• Reflection coefficient at the foundation-reservoir interaction.

Whether to include the water or not, and the selection of fluid element are the two
most fundamental choices in seismic analyses of dams. Therefore the significance of
the water and the choice of fluid element are investigated. This is done by comparing
the response of three models, one without water, one where the water are included
as Westergaard added mass and one model where the water is described by acoustic
finite elements.

The Rayleigh damping parameters are studied since this choice was handled differ-
ently by the participating teams. All participants in the ICOLD benchmark work-
shop except two choose to use 5 % damping. However the method for determining
the Rayleigh damping parameters differed and as can be seen in Figure 5.8, the ac-
tual damping differ between the participants. This difference may play a significant
role in the diversity in the results. Three methods to choose the Rayleigh damping is
compared, the calculations are performed on a model with acoustic water elements.

For the acoustic reservoir boundary at the far end the participants in the workshop
have used different methods. The physical relevance of those boundary conditions
are not explained and none of the participants has motivated their choice. This
motivates for further studies on the choice of this boundary condition.

Several of the participants used a reflection coefficient at the foundation-reservoir
interaction. The general conclusion regarding this coefficient was that it has a large
effect on the results. It is therefore interesting to study this parameter individually.

The monolithic solid dam model is used and the dam is attached to the foundation
with a tie constraint. The loads in this section are applied in three steps

• Dead load.

• Hydrostatic load.

• Ground acceleration due to the earthquake.

In step 1 and 2 the outer boundaries of the foundations is fixed. 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.
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6.4.1 Fluid element

On of the most fundamental parameters is the selection of the fluid element to use in
the analysis. The two most common approaches are Westergaards added mass and
acoustic finite elements. These two elements are compared with a model without
water.

The time-history of the radial displacements at the crest of the main section for the
three approaches are presented in Figure6.8a and the relative displacements (crest
displacements-base displacements) are presented in Figure 6.8b
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Figure 6.8: Time-history of the radial displacements at the crest of the main section.

Both the added mass model and the model with acoustic elements show significantly
higher stresses and displacements than the model with an empty reservoir. The
envelopes of maximum and minimum radial displacement are plotted in Figure 6.9.
The presented displacements are relative displacements, meaning that the all values
are relative to the base of the dam.

Opposite to the conclusion from Section 5.2, the added mass model yields smaller
radial displacements than the acoustic element model. Compared to similar models
presented in Section 5.2 the radial displacement for the acoustic model is high. This
difference may be explained by the use of additional boundary conditions and other
choice of damping parameters, as introduced and investigated later in this chapter.
For this study the Rayleigh damping is choosen acording to the non-conservative
approach presented in Section 6.4.2 is used.

68



6.4. TIME-HISTORY ANALYSIS

−0.1 −0.05 0 0.05 0.1 0.15 0.2
0

20

40

60

80

100

120

140

160

180

200

220
Radial displacement (US), main section

Displacement [m]

E
le

va
tio

n 
[m

]

 

 

Added mass
Acoustic elements
No water
Static

(a) Upstream

−0.1 −0.05 0 0.05 0.1 0.15 0.2
0

20

40

60

80

100

120

140

160

180

200

220
Radial displacement (DS), main section

Displacement [m]

E
le

va
tio

n 
[m

]

 

 

Added mass
Acoustic elements
No water
Static

(b) Downstream

Figure 6.9: Radial displacement for the midsection for different fluid elements.

The envelopes of hoop stresses are shown in Figure 6.10. The added mass and
acoustic element show similar stresses with slighter higher stresses for the acoustic
elements at the upstream surface. Opposite the hoop stresses for the downstream
surface are higher for the added mass model. As for the radial displacements the
hoop stresses for the acoustic element model used in this chapter is higher than the
similar models presented in Section 5.2.
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Figure 6.10: Hoop stresses for the midsection for different fluid elements.

The envelopes of vertical stresses are shown in Figure 6.11. For the vertical stresses
the added mass approach yields higher stresses than the model with acoustic ele-
ments.
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Figure 6.11: Vertical stresses for the midsection for different fluid elements.

6.4.2 Damping parameters

The Rayleigh damping parameters are studied since this choice was handled differ-
ently by all participating teams. However, the method for determining the Rayleigh
damping parameters differed and this may play a significant role in the differences
between the participator’s results. Previous work by Goldgruber et al. (2013) shows
that for damping in the span of 3-7 %, the difference in the stresses and displace-
ments for an arch dam is not significant. Therefore, a critical damping of 5 % is used
in all analyses, the focus is instead on 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 Hz 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 which is described in
Section 2.3

The matching frequencies and corresponding Rayleigh damping parameters used
in the analyses are given in Table 6.3 and the corresponding Rayleigh damping is
illustrated in Figure 6.12.
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Table 6.3: Rayleig damping for the three models.

Low-frequency High-frequency α β
[Hz] [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 Hz & 10 Hz 1 10 0.5712 0.0014469
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Figure 6.12: Rayleigh damping for the different choices of α and β.

In Figure 6.13 the response spectrum for the ground accelerations are shown. Com-
pared to the modal response spectrum the conservative approach yields higher ac-
celerations especially for signals with frequencies below 5 Hz. The non conservative
approach however yields lower accelerations in the whole frequency span. This ap-
proach, i.e. choosing mode 1 and 3, thereby strongly overestimates the damping,
and therefore underestimates the structural response.
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Figure 6.13: Response spectrum for different damping.

In Table 6.4 the total excited mass compared to the modal mass is given. As for
the response spectrum the conservative approach excites more mass than the modal
damping and the non conservative approach excites less than the modal damped
case. Since the iterative process minimises this sum, the difference between the
iterative process and the modal is neglectable.

Table 6.4: Difference in excited effective mass

Direction X Y Z
∗108 [kg] ∗108 [kg] ∗108 [kg]

Mode 1 & 3 -2.01 -1.91 -1.80
Spears and Jensen 0 0 0
Frequency 1 Hz & 10 Hz 1.24 1.72 2.65

In Figure 6.14 the maximum and minimum envelopes of hoop stress are plotted for
the upstream and downstream face of the main section. The total maximum and
minimum values are presented in Table 6.5.
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Figure 6.14: Hoop stresses for the midsection for different Rayleigh damping.

The differences in hoop stress between the conservative and the non conservative
approaches are significant. The maximum tensile stresses for the upstream and
downstream edge are almost twice as high as the conservative approach.

Table 6.5: Maximum and minimum hoop stress for the main section.

US max US min DS max DS min
[MPa] [MPa] [MPa] [MPa]

Frequency 1 Hz & 10 Hz 6.67 -18.70 5.88 -7.69
Spears and Jensen 5.02 -16.29 4.17 -6.37
Mode 1 & 3 4.63 -14.79 3.01 -5.70

The maximum and minimum envelopes of vertical stresses are plotted in Figure
6.15. The difference in vertical stresses is not as large as the hoop stresses, but
they are still significant, for the tensile stresses the more conservative approach
yields approximately 40% higher tensile stresses. In this case, the difference in the
maximum compressive stresses is smaller than for the tensile stresses..
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Figure 6.15: Vertical stresses for the midsection for different Rayleigh damping.

The envelopes for the maximum and minimum radial displacement are plotted in
Figure 6.16 and the maximum values are presented in Table 6.6. The conservative
and non conservative approach shows similar results, however the displacements at
the crest are bigger for the conservative approach while for most of the cross section
the differences are small.
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Figure 6.16: Radial displacements for the midsection for different Rayleigh damping.
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Table 6.6: Maximum and minimum radial displacement for the main section.

US max US min DS max DS min
[mm] [mm] [mm] [mm]

Frequency 1 Hz & 10 Hz 275 -95 274 -95
Spears and Jensen 238 -68 238 -68
Mode 1 & 3 213 -61 213 -61

6.4.3 Reservoir boundary condition

To investigate the influence of the end boundary of the reservoir on the results, three
models with different boundary conditions are compared. The models are

• One model with a fixed end boundary where 100% of the acoustic wave is
reflected.

• One model with a free back surface meaning that the acoustic pressure is zero.

• One model with 100% absorption of the acoustic wave.

In this section, Spears and Jensens approach is used for the Rayleigh damping.

In Figure 6.17 and 6.18 the internal and external energies for the three models are
illustrated. The total external energy increases with time, due to the rigid body
motion of the model.
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Figure 6.17: Internal energy for the three different reservoir boundary conditions.
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Figure 6.18: External work for the three different reservoir boundary conditions.

In Figures 6.19 - 6.21 the maximum and minimum envelopes of hoop stresses, ver-
tical stresses and radial displacements for the upstream and downstream face of
the mains section are shown respectively. The total maximum and minimum val-
ues for the three models are shown in Table 6.5-6.6.The non-reflecting boundary
yields the lowest stresses and displacements for all sections. Generally, there is a
small difference between the models and no clear conclusion can be drawn from the
comparison.
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Figure 6.19: Hoop stresses for the midsection for different reservoir boundaries.
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Table 6.7: Maximum and minimum hoop stress for the main section.

US max US min DS max DS min
[MPa] [MPa] [MPa] [MPa]

Free 5.13 -15.50 6.39 -9.74
Fixed 5.02 -16.29 4.17 -6.37
No reflection 3.28 -14.27 4.42 -6.43
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Figure 6.20: Vertical stresses for the midsection for different reservoir boundaries.
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Figure 6.21: Radial displacements for the midsection for different reservoir bound-
aries.
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Table 6.8: Maximum and minimum radial displacement for the main section.

US max US min DS max DS min
[mm] [mm] [mm] [mm]

Free 224 -60 224 -60
Fixed 238 -68 238 -68
No reflection 200 -44 199 -44

6.4.4 Bottom absorption

The effects of bottom absorption are investigated by comparing the results for dif-
ferent values of the reflection coefficient α, described in Section 3.6. Comparisons
are made between α = 1, 0.9, 0.5 and 0.

In Figures 6.22 and 6.23, the internal and external energies for the three models
are illustrated. A significant damping effect can be seen for the case with 50 %
and 100 % wave absorption. The amplitudes of the internal energy are significantly
decreased while both 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. However, the major fraction of the wave that is
not reflected will propagate in the foundation. The energy loss shown in the model
is therefore in some meaning false. Since the stresses and displacements in the dam
are of concern this is a suitable method.
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Figure 6.22: Internal energy.
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Figure 6.23: External work.

In Figure 6.24 the maximum and minimum envelopes of hoop stress are plotted for
the upstream and downstream face of themain section. The total maximum and
minimum values of the hoop stress are shown in Table 6.9. Already for a small
decrease in the reflection coefficient (from α = 1 to α = 0.9) leads to a 75% decrease
of the maximum tensile hoop stresses. If the reflection coefficient is decreased to
α = 0.5 the tensile hoop stresses are almost eliminated. The difference between
α = 0.5 and α = 0 are however negligible.
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Figure 6.24: Hoop stresses for the main section due to different degrees of bottom
absorption.
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Table 6.9: Maximum and minimum hoop stress for the main section.

US max US min DS max DS min
[MPa] [MPa] [MPa] [MPa]

α = 100 3.28 -14.27 4.24 -6.43
α = 90 2.43 -13.35 3.61 -6.05
α = 50 0.81 -11.16 2.23 -5.01
α = 0 0.48 -10.43 2.24 -5.01

The maximum and minimum envelopes of vertical stresses for the main section are
plotted in Figure 6.25. The same tendency as for the hoop stresses, the largest
decrease in stresses is obtained for the span α = 0.5 − 0.9 while the difference
between α = 0.5 and α = 0 are small.
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Figure 6.25: Vertical stresses for the main section due to different degrees of bottom
absorption.

The envelopes of maximum and minimum radial displacement are plotted in Figure
6.26 and the maximum values are shown in Table 6.10. The same behaviour is also
observed regarding the radial displacements, where the largest reduction occurs in
the interval 0.5 ≤ x ≤ 0.9.
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Figure 6.26: Radial displacements for the main section due to different degrees of
bottom absorption.

Table 6.10: Maximum and minimum radial displacement for the main section.

US max US min DS max DS min
[mm] [mm] [mm] [mm]

α = 100 200 -44 200 -44
α = 90 183 -30 183 -30
α = 50 156 0 156 0
α = 0 145 0 144 0

In Table 3.1 ,the measured reflection coefficients for several dams were presented.
The absolute reflection for the dams varies between 5-70%. Therefore, a reflection
coefficient of α = 0.9 can probably be used as a conservative approach without field
investigations. Due to the sensibility of this coefficient, further reductions of the
absorption coefficient should be made with caution. If the structural integrity of the
dam depends on a lower value of the reflection coefficient, field investigations are
required to find a site specific value of the reflection coefficient.
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Chapter 7

Comments and conclusions

The analyses showed that including the construction stages affects the response, both
stresses and displacements, for the static calculations. Even for this very simple ap-
proach with only two construction sequences. Further, including the construction
sequence with multiple stages would give an even bigger difference compared with
a model where the dam is modelled as a single monolithic structure. For increased
accuracy, the construction sequences should be included in the numerical analysis of
arch dams. The use of a tie constraint in the dam-foundation interface introduces
unrealistic tensile stresses in the dam, especially near the base of the upstream face.
The use of a friction interface releases those stresses. For an arch dam designed
to transfer the stresses to the abutments, the true dam-foundation interaction is
probable somewhere between the friction interface ant the tie constraint. The in-
troduction of water in the model reduces the structure’s natural frequencies. The
water provides an impulsive mass that increases the total mass of the system. The
added mass technique gives lower frequencies compared to a model where the water
is included with acoustic finite elements. This means that the added mass approach
overestimates the excited mass, compared to the acoustic model.

The water has a major effect on the seismic behaviour of a dam and should be in-
cluded in the analysis. The added mass approach gives similar results compared with
a more sophisticated method. This simpler approach could be used in engineering
purpose where the time is limited and the accuracy is of lesser importance, as long
as the results are conservative. For more precise analyses, in research applications
or for optimising of the structure, a more advanced description of the water should
be used. The use of acoustic elements has proven to be a powerful approach for FSI
analyses of a dam-reservoir-foundation system. The acoustic finite elements provide
a reasonable computation time, while allowing for more advanced features such as
bottom absorption and non-reflecting boundaries.

The use of Rayleigh damping has proven to be a very challenging task, where it
has a large impact on the results. As described in Chapter 5 the choice of Rayleigh
damping parameters varies between the participants. Participant 4 states that no
higher than the 7th natural frequencies should be used while other participants
have used higher frequency. The method proposed by Spears and Jensen has a
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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 a such way that
the span between the frequencies covers about 80% of the effective mass.

The choice of foundation boundary conditions is based on the assumption of an
infinite reservoir. For an earthquake duration of 20 seconds (as the one used in
the benchmark model) the reservoir must reach well beyond 10 km in the upstream
direction for this assumption to be true. A conservative approach here is to use a
fixed boundary condition where the pressure waves are reflected at the upstream
boundary of the reservoir. However, this parameter showed to be the one that least
affected the results in the time-history analysis presented in Chapter 6. Previous
studies have shown that the reservoir-model should be at least three times the height
of the dam. In the benchmark workshop and this study a reservoir length of ap-
proximately two times the dam height has been used for the model. The use of a
longer reservoir by some of the participants has not shown to affect the results.

The reflection coefficient showed to greatly influence the results, both for the par-
ticipants of the workshop that used this coefficient and for the analyses presented
in Chapter 6. Large uncertainties are present regarding the size of the reflection
coefficient as presented earlier in Table 3.1. Hence, this coefficient should be used
carefully.

7.1 Further studies

As discussed previously, all analyses in this thesis use the assumption of an infinite
reservoir. For shorter reservoirs or curved reservoir this assumption is not valid
and alternative assumptions and boundary conditions must be used. The shorter
reservoir may also introduce basin-like behaviour such as sloshing and standing
waves.

With the use of infinite elements, it would be interesting to investigate if the model
can be shortened further without affecting the results.

One other interesting topic for further studies, is the influence of non-linear be-
haviour of the dam. Construction joints may open or cracks may arise due to
induced tensile stresses during a sesimic excitation. This may have a large impact
on the size of the hydrodynamic forces and hence should be studied further.
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Appendix A

Bottom absorption

A.1 Main section
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Figure A.1: Radial displacement for the upstream face of the main section for dif-
ferent fluid elements.
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Figure A.2: Radial displacement for the downstream face of the main section for
different fluid elements.
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Figure A.3: Hoop stress for the upstream face of the main section for different fluid
elements.
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A.1. MAIN SECTION
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Figure A.4: Hoop stress for the downstream face of the main section for different
fluid elements.
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Figure A.5: Vertical stress for the upstream face of the main section for different
fluid elements.
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Figure A.6: Vertical stress for the downstream face of the main section for different
fluid elements.
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Figure A.7: Radial displacement for the upstream face of the left section for different
fluid elements.
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A.2. LEFT SECTION
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Figure A.8: Radial displacement for the downstream face of the left section for dif-
ferent fluid elements.
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Figure A.9: Hoop stress for the upstream face of the left section for different fluid
elements.
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Figure A.10: Hoop stress for the downstream face of the left section for different fluid
elements.
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Figure A.11: Vertical stress for the upstream face of the left section for different fluid
elements.
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A.3. RIGHT SECTION
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Figure A.12: Vertical stress for the downstream face of the left section for different
fluid elements.
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Figure A.13: Radial displacement for the upstream face of the right section for dif-
ferent fluid elements.
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Figure A.14: Radial displacement for the downstream face of the right section for
different fluid elements.
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Figure A.15: Hoop stress for the upstream face of the right section for different fluid
elements.
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A.3. RIGHT SECTION
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Figure A.16: Hoop stress for the downstream face of the right section for different
fluid elements.
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Figure A.17: Vertical stress for the upstream face of the right section for different
fluid elements.
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Figure A.18: Vertical stress for the downstream face of the right section for different
fluid elements.
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Appendix B

Damping

B.1 Main section
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Figure B.1: Radial displacement for the upstream face of the main section for differ-
ent Rayleigh damping.
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Figure B.2: Radial displacement for the downstream face of the main section for
different Rayleigh damping.
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Figure B.3: Hoop stress for the upstream face of the main section for different
Rayleigh damping.
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B.1. MAIN SECTION
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Figure B.4: Hoop stress for the downstream face of the main section for different
Rayleigh damping.
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Figure B.5: Vertical stress for the upstream face of the main section for different
Rayleigh damping.
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Figure B.6: Vertical stress for the downstream face of the main section for different
Rayleigh damping.
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Figure B.7: Radial displacement for the upstream face of the left section for different
Rayleigh damping.
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B.2. LEFT SECTION
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Figure B.8: Radial displacement for the downstream face of the left section for dif-
ferent Rayleigh damping.
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Figure B.9: Hoop stress for the upstream face of the left section for different Rayleigh
damping.
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Figure B.10: Hoop stress for the downstream face of the left section for different
Rayleigh damping.
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Figure B.11: Vertical stress for the upstream face of the left section for different
Rayleigh damping.
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B.3. RIGHT SECTION
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Figure B.12: Vertical stress for the downstream face of the left section for different
Rayleigh damping.
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Figure B.13: Radial displacement for the upstream face of the right section for dif-
ferent Rayleigh damping.
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Figure B.14: Radial displacement for the downstream face of the right section for
different Rayleigh damping.
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Figure B.15: Hoop stress for the upstream face of the right section for different
Rayleigh damping.
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B.3. RIGHT SECTION
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Figure B.16: Hoop stress for the downstream face of the right section for different
Rayleigh damping.
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Figure B.17: Vertical stress for the upstream face of the right section for different
Rayleigh damping.
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Figure B.18: Vertical stress for the downstream face of the right section for different
Rayleigh damping.
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Appendix C

Back absorption

C.1 Main section
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Figure C.1: Radial displacement for the upstream face of the main section for differ-
ent reservoir boundaries.
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Figure C.2: Radial displacement for the downstream face of the main section for
different reservoir boundaries.
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Figure C.3: Hoop stress for the upstream face of the main section for different reser-
voir boundaries.
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C.1. MAIN SECTION
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Figure C.4: Hoop stress for the downstream face of the main section for different
reservoir boundaries.
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Figure C.5: Vertical stress for the upstream face of the main section for different
reservoir boundaries.
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Figure C.6: Vertical stress for the downstream face of the main section for different
reservoir boundaries.
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Figure C.7: Radial displacement for the upstream face of the left section for different
reservoir boundaries.
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C.2. LEFT SECTION
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Figure C.8: Radial displacement for the downstream face of the left section for dif-
ferent reservoir boundaries.
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Figure C.9: Hoop stress for the upstream face of the left section for different reservoir
boundaries.
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Figure C.10: Hoop stress for the downstream face of the left section for different
reservoir boundaries.
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Figure C.11: Vertical stress for the upstream face of the left section for different
reservoir boundaries.
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C.3. RIGHT SECTION
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Figure C.12: Vertical stress for the downstream face of the left section for different
reservoir boundaries.
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Figure C.13: Radial displacement for the upstream face of the right section for dif-
ferent reservoir boundaries.
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Figure C.14: Radial displacement for the downstream face of the right section for
different reservoir boundaries.
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Figure C.15: Hoop stress for the upstream face of the right section for different reser-
voir boundaries.
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C.3. RIGHT SECTION
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Figure C.16: Hoop stress for the downstream face of the right section for different
reservoir boundaries.
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Figure C.17: Vertical stress for the upstream face of the right section for different
reservoir boundaries.
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Figure C.18: Vertical stress for the downstream face of the right section for different
reservoir boundaries.
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Appendix D

Bottom absorption

D.1 Main section
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Figure D.1: Radial displacement for the upstream face of the main section due to
different degree of bottom absorption
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Figure D.2: Radial displacement for the downstream face of the main section due to
different degree of bottom absorption
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Figure D.3: Hoop stress for the upstream face of the main section due to different
degree of bottom absorption
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D.1. MAIN SECTION
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Figure D.4: Hoop stress for the downstream face of the main section due to different
degree of bottom absorption

−6 −4 −2 0 2 4 6
0

20

40

60

80

100

120

140

160

180

200

220
Vertical stress (US), main section

Stress [MPa]

El
ev

at
ion

 [m
]

 

 

100
90
50
0
Static

Figure D.5: Vertical stress for the upstream face of the main section due to different
degree of bottom absorption
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Figure D.6: Vertical stress for the downstream face of the main section due to dif-
ferent degree of bottom absorption
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Figure D.7: Radial displacement for the upstream face of the main section due to
different degree of bottom absorption
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D.2. LEFT SECTION
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Figure D.8: Radial displacement for the downstream face of the main section due to
different degree of bottom absorption
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Figure D.9: Hoop stress for the upstream face of the main section due to different
degree of bottom absorption
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Figure D.10: Hoop stress for the downstream face of the main section due to different
degree of bottom absorption
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Figure D.11: Vertical stress for the upstream face of the main section due to different
degree of bottom absorption
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D.3. RIGHT SECTION
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Figure D.12: Vertical stress for the downstream face of the main section due to dif-
ferent degree of bottom absorption
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Figure D.13: Radial displacement for the upstream face of the main section due to
different degree of bottom absorption
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Figure D.14: Radial displacement for the downstream face of the main section due
to different degree of bottom absorption
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Figure D.15: Hoop stress for the upstream face of the main section due to different
degree of bottom absorption
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Figure D.16: Hoop stress for the downstream face of the main section due to different
degree of bottom absorption
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Figure D.17: Vertical stress for the upstream face of the main section due to different
degree of bottom absorption
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APPENDIX D. BOTTOM ABSORPTION

−5 0 5
80

100

120

140

160

180

200

220
Vertical stress (DS), right section

Stress [MPa]

El
ev

at
ion

 [m
]

 

 

100
90
50
0
Static

Figure D.18: Vertical stress for the downstream face of the main section due to dif-
ferent degree of bottom absorption
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