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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 12" 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 fluid
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 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 work-
shop 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.

The water has a major effect 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 simplified 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 finite elements provides a
reasonable computation time, while also allowing for more advanced features, such
as bottom absorption and non-reflecting boundaries

The definition 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 influenced the results.
The conservative approach is to use a fixed boundary where all pressure waves are
reflected. The reflection coefficient for the foundation-reservoir interface has a large
influence on the results, both for the participants that used this coefficient in the
benchmark workshop and for the analyses presented in this study. The coefficient
should therefore be used carefully.

Keywords: seismic, fluid-structure interaction, arch dam, concrete, finite element
analysis
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Sammanfattning

Syftet med denna studie dr att undersoka hur fluid-struktur interaktion inkluderas
i numeriska jordbdvningsanalyser av dammar. Detta dmne var ett av de teman
som behandlades vid den 12:e internationella benchmark-workshopen fér numerisk
analys av dammar som holls i oktober 2014 i Graz, Osterike.

For att visa hur ingenjorer och forskare tar hansyn till denna interaktion har en
litteraturstudie pa bidragen till workshopen genomférts. Da workshopen lockade
deltagare fran universitet och konstruktionsfirmor fran sju lander, 4r malet att kunna
beskriva hur jordbavningsanlyser av dammar utfors i praktiken.

Dessutom har numeriska parameterstudier genomforts, med syfte att isolera enskilda
parametrars inverkan vid seismiska anslyser av dammar. Analyserna har utforts med
finita elementmetoden och analyserna &ar utférda med den geometriska modellen
som anvindes i workshopen. Alla analyser har utférts i programmet Abaqus. De
analyserade parametrarna ir, val av fluid-element, Rayleigh ddmpningsparametrar,
randvillkor fér reservoaren samt tryckvagsabsorption i gransytan mellan reservoar
och berg.

Vattnet har en stor inverkan pa dammen och de hydrodynamiska effekterna bor
inkluderas vid en jordbédvningsanalys. Metoden med impulsiv massa ger liknande
resultat jimfort med mer sofistikerade metoder. Denna enklare metod kan anvin-
das i samanhang dar beraknings och modelleringstid ar begransad och noggrannhet
ar av mindre intresse sa ldnge resultaten dr konservativa. For tillimpningar dér
noggrannheten &r viktigare kan akustiska element anvindas for att beskriva vat-
tnet. De akustiska element ger mojligheter for mer sofistikerade analyser dér t.ex.
vagabsorption och icke reflekterande granser kan beaktas.

Att vilja Rayleigh ddmpning visade sig var en vildigt utmanande uppgift, dar valet
hade stor paverkan pa resultaten. Valet av randvillkor for reservoarens bortre édnde
var den parameter som hade minst paverkan pa resultaten. Det konservativa valet
ar att vilja en "fixed” grins med full reflektion av tryckvagor.

Reflektionskoefficienten for interaktionen mellan vatten och berg visade sig ha en
stor inverkan pa resultaten, bade for de deltagare i workshopen som valde att an-
vinda denna koefficient och for de analyser som presenteras i denna studie. Denna
koeflicient bor déarfor anvindas med f6rsiktighet.

Nyckelord: jordbidvning, fluid-struktur interaktion, valvdamm, betong, finit 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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well as practical relevance, the International Commission on Large Dams (ICOLD)*
arranges benchmark workshops where companies and universities are welcome to
present their solution to pre described problems. At the 12" 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. Omn 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 AB?, 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 (Rénnquist
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.

TCOLD 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

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 12" 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.
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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.



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 uy or an initial
velocity . 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 w(t)
that defines the blocks position in the horizontal direction about its equilibrium
position (Chopra, 2012)

u(t) = ug cos(wnt) + Z—Z sin(wnt) (2.1)

where w, is the natural circle frequency defined as.

Wy = \/g (2.2)
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The natural period is the time of one complete oscillation of a body or system and
is defined as

_27T

T, (2.3)

Wn
The natural frequency is the number of vibration the system executes in one second

and is denoted as:
1 W, 1 k
fo==—=—"1= — (2.4)

T, 2r 21V m
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.

u4(t) u(t)

Cy I_> Co I_>

— m —_ m
1 k2 2
Q

Q) (@) Q

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

The equilibrium of the forces for each block can be written as (Chopra, 2012)
mlﬁl + Clﬂl + k‘lul + C1(’[Ll — Ug) + kl(ul — Ug) =0 (25&)
mgﬁz + CQiLQ -+ k2u2 =0 (25b)

Eq. (2.5a) and (2.5b) can be written in matrix form as

o i [ (e [ - i) eo

Or in the more general form as

Mi+Ca+Ku=0 (2.7)

where,

M is the mass matrix.

i is the vector of the accelerations for each DOF.

C is the damping matrix.

a is the vector of velocity for each DOF.

K is the stiffness matrix (symmetrical matrix).

u is the vector of displacements for each DOF.
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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:

Mii + Ku = 0 (2.8)

2.1.2 Seismic response

When a mass is subjected to seismic excitation, the total displacement of the mass,
u(t), can be divided into two parts (Gasch et al., 2013). The first part describes the
ground displacement, z,4(t), and the second part describes the sum of the relative
displacement between the mass and the ground, u(t),

u(t) = w4(t) + u(t) (2.9)
If Eq. (2.9) is applied to an undamped SDOF-system the force equilibrium is.
m(ii + &) + ku =0 (2.10)

which can be rewritten as:
mii + ku = —mi, (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

mii + ca+ ku=-—m{1}7,(¢) (2.12)
where,
u is the relative displacement.
u is the relative velocity.
i is the relative acceleration.
{1}  is a column vector of ones.

Z4(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, w,,, and corespoding mode shapes , ®,,,
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can be obtained by studying the free vibration described in Section 2.1.1. Written
in modal cordinates, Y,,, and by proposing a harmonic soulution the free vibration
of a system can be writte as

u(t) =Y, sin(w,t + «) (2.13)
giving

ii(t) = —w?Y, sin(wt) = —w?u(t) (2.14)

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

— WMY,sin(wt) + KY, sin(wt) = 0 (2.15)

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

K — w*M]® =0 (2.16)

which has nontrival solution if

det[K — w?M] = 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
¢ is the eigenvector matrix containing the mode shapes.

The system s generalized mass matrix, m is given by

m = ¢T Mg (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 = ¢TMr (2.19)
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The modal participation factor I',, for mode n is

Ly
I, =— (2.20)
My n
and the effective modal mass meg , for mode n is
L2
Moty = -3 (2.21)
Mpn

2.2  Solution methods

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

k=¢"K¢p &=0¢"Co (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

Y (t) + e Yo (t) 4 kn Yo (t) = —pom {1}7,(t) (2.23)

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

ut) =Y ¢.Ya(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. S,(&,wy,) is the acceleration given by the response spectrum for w,,
then the peak response, u,, q, for mode n can be calculated as

L
= ¢, — 2.2
Upn max ¢nm Sa (gnwn) ( 5)

nwn

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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(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 ¢ where the initial conditions u , , i
and the ground acceleration Z,(t;) are known, the equilibrium equation of motion is
written as

mii; + ci; + ku; = —m {1}2,(¢;) (2.27)

By using numerical time stepping method one can calculate the response at time
© 4 1 that satisfies:

mﬁi+1 + Cﬁi+1 + kUi+1 = —1m {1}$g(t2+1) (228)

Direct time integration methods can fundamentally be classified as either explicit
or implicit. The explicit methods uses the differential equation at time ¢ to predict
a solution at time t + At while the implicit methods solves the differential equation
at time ¢ + At vased on the solution at time ¢. 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, t; and ¢, the acceleration is "something in between” the acceleration
at t; and the acceleration at ¢;,1:

’llprl = ul + ANt where A= (1 — ’)/)Ul + 77./‘/2#1 (229)
and
. At? . .
Uip1 = U; + W At + BT where B = (1—-2p)ii; + P41 (2.30)

Eq. (2.29), (2.30) and (2.11) gives the equation system.(2.31) from which the re-
sponse at time ¢ 4+ 1 can be solved.

Uit = Ui + (1 — )il + yitir1) At (2.31a)

10
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At?

mﬂi+1 + Cﬂi+1 + k‘uiH = —mig(tﬂ_l) (231C)

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

Table 2.1: Parameters for Newmark’s method.

Method Type I5; v

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=aM+ K (2.32)

The parameters o and ( are used to control the material damping. The relation
between the damping ratio and the frequency are given by
o | Puwn

$= o T

(2.33)

Eq. (2.33) is plotted in Figure 2.2. For two known damping ratios ; and &;, corre-
sponding to the two frequencies w; and w; the constants a and 3 can be evaluated by
a pair of simultaneous equations. If Eq. 2.33 is written for w; and w;, the constants

can be obtained from
Q@ Wi, w; —W; &
_ g Wity i i| |6 2.34
PR (A R .
If &=¢;, Eq. (2.34) can be reduced to.

-5t
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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 w; and w; 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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2.3. RAYLEIGH DAMPING

1. Frequency analysis 2. Modal response spectrum

Calculate the natural frequencies,
n=1,2,...N, and the corresponding _) Generate a modal response spectrum for the

effective mass.

chosen modal damping. Compute the spatial
acceleration corresponding to the natural
frequencies wn, n=1,2,...N and the modal
damping {n,modal-

v

3. Choose the initial Rayleigh damping

Choose two initial matching frequencies wj and wj and calculate
the Rayleigh damping parameters, a and .

4. Rayleigh response spectrum
The Rayleigh damping is to low Generate a response spectrum for the calculated The Rayleigh damping is to high

Rayleigh damping. Compute the spatial acceleration
Choose higher matching frequency wj, and calculate —) g L) 2 5 Choose a lower matching frequency wj, and calculate

new Rayleigh damping parameters, a and p. ) to the natural freq wn, n=1.2,...N new Rayleigh damping parameters, a and .
and the damping {n Rayleigh-

v

5. Calculate the difference

For each mode, calculate the difference between the
modal damping and Rayleigh damping and multiply
that value with the effective mass for the mode

v

If the sumis <0 | |6 Sumall differences P! If the sum is >0
Sum the difference for all modes.

v

If the sum is =0

v

7. The Rayleigh damping is optimised

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 {Rayieigh,n 15 the value of Rayleigh damping and &uioda,, 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
Z (Sa(gRayleigh,ny wn) - Sa(fModal,na wn)) meﬁ,n Z 0 (236>

n=1
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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 2"! 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)

ou ou ou ou 10p 9 1
U v+ we— = ——— + YV u+ ~Fp, 3.1
8t+uax+vﬁy+w82 p8x+y u+p B (3.1)

where,
v? is the Laplacian operator
P is the pressure
p is the density

Fg, 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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dp
— . pr— -2
5 +V-pV=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

vV =0 (3.3)

3.2 FSI problem formulation

Consider a computational domain, denoted by €2, with an external boundary I'. The
domain includes the structural domain 25 and the fluid domain Qg, ie. I' = QgUQ R

(Huo et al., 2012).
()
F
s

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:

[,=Q,NnQ (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, I'y, one of the following conditions can be imposed
(Gasch et al., 2013).

e The velocities on the interface have to be equal in both domains.
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3.3. MESH DESCRIPTION

e The location of the nodes along the interface must coincide.

e 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 FEulerian 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.
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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 ¢
can be calculated as
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Mei = AZ'OQ' (35)

where A; is the area associated with node i. With z; is being node the height above
the base of the dam and H is the depth of water the pressure coefficient «; is.

a; = <pVH(H — z;) (3.6)

| b=c7/@ bz |

(7 /8)H

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 ¢ needs to be described
as added masses in all three orthogonal directions.

The normal directions cosine, \; to the surface at point ¢ is
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For the area , the added mass becomes.

Mg = OéiAz‘/\iT/\z‘ = o A; [AyAs )‘2 AyAs (3-8)
A Ay A2

Where the added mass components, m,, , 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

UPSTREAM FACE OF DAM--._
(LINEAR POTENTIAL BOUNDARY) »

(y

v
]
- )
Y “~-WATER SURFACE--" ¥ I

ELEGTROLYTE REPRESENTS RESERVOIR

I i

X
BASE OF RESERVOIR —-*
(GONSTANT POTENTIAL BOUNDARY)I

GE -, -~- GATHODE RAY
Xalﬁtfﬂsk" A @“ NULL INDICATOR
N2 )

[T PR, TAPPED RESISTANGE. - -w=----

l TO POWER SUPPLY

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

()
“-PROBING NEEDLE

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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0%y Water surface --” "y
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SCALE FOR DETERMINING VALUE OF C

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

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

Cm | Y Y Y Y
c=" —(2——) —(2——) 3.10
2 {2 h + h 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

ap . f
i = 11
o TPt =0 (3.11)
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where,
P is the acoustic pressure.
pf is the density of the fluid.
X is the spatial position of the fluid particle
i/ is the fluid particle acceleration.

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

p=—K;vu’ (3.12)

K is the bulk modulus of the fluid and is related to the density of the fluid, and,
the speed of sound in the fluid, ¢y, by

Ky = pscs (3.13)
The acoustic wave equation is then obtained by dividing Eq. (3.11) by p; 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. 0 (10p
R i .14
Kfp 8x <,0f aX) 0 (3 )

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-iif (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 dp = 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) =T, (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-u'=n-u (3.17)

where u® is the displacement of the structure. The normal derivative of the pressure
is:
T(x) =n- i’ (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).

1 1
—n-of=p4r = 1
n-w=p+op (3.19)

where 1/7 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) = —%p - %P’ (3.20)

It % = 0 and % = 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.

1 1
(ot —ul) = p+— 3.21
n- (0" —af) = p+—p (3.21)
The corresponding surface load is then:
T( ) ** g 1 . 1 . (3 22)
X)=n-4°"——=p—— .
zP P

In this case, if the parameters % =0 and % =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) = ——p (3.23)

where the damping coefficient % is related to the fluid bulk modulus and the fluid

density by.
1 1 1

Z \JpiK;  picy

(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

e The dam-reservoir interaction, I';.

e The foundation-reservoir interaction, I'.
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e The water surface, I'g.

e The back end of the reservoir, I'..

— Fluid-structure interface

Solid - - o - D0 - CFlid - 0D

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, I’

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, I’

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 «, 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 u, incident the interaction. The
bulk modulus and mass density of the material are K and p respectively and the
speed of sound in the medium is c.

up(x,t)
Uc(xt)

uz(xt)

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).

du, duy, du,

B 3.25
dt + dt dt ( )
The three velocities can be expressed in terms of pressures.
du, c1 duy, c1 duy, Ca
= Lo, i — = =, 3.26
at K Tat K dt K (3.26)
Pressure equilibrium at the interface requires that
Dy = Qpg and Pe= (1 —a)p, (3.27)

Where « 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_04);(—11 =(1-0);2 (3.28)

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

R—-1 Kapo
o= —- where R = 3.29
R+1 Kip; ( )
The reflection coefficient «, varies between 1 and -1, where o, = 1 represents a

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

If the value of « 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 a.

\/KQ/)Q = 1ig\/K1p1 (330)

1

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 o 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 Q

Folsom Bottom sediments with trapped gas, such as from de- | -0.55
composed organic matter

Pine Flat Bottom sediments with trapped gas, such as from de- | -0.45
composed organic matter

Hoover Bottom sediments with trapped gas, such as from de- | -0.05
composed organic matter

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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— €— Surface =—=» [

: < Water element :

_— Pf, Ki > —

— —— Real silt thickness
([ and material
||« properties

€— Model interface | Prop
Rock material
< Oute_r_boundary <— B haroe
conditions —

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- 4’ — D (3.31)

3.6.3 Water surface, I’

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 pgy,face varies according to Eq. (3.32).

Psurface = Patm — PQZ(% t) (332)

where z(x, t) is the normal displacement from the original acoustic surface and p, 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/prg and 1/Z = 0, where g is the gravitational acceleration.

3.6.4 Back end of the reservoir, I',

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/c,,, 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.
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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 