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ABSTRACT

PERFORMANCE OF CONCRETE GRAVITY DAMS UNDER EARTHQUAKE
EFFECTS

Soysal, Berat Feyza
M.Sc., Department of Civil Engineering
Supervisor: Assoc. Prof . Dr .

January?2014 83 pages

Concerns about the seismic safety of gravity damee hacreased with the
construction of numerous new dams in the developing world as well as the need for
the evaluation of existing dam stock in the developed countries. The common

procedue for the design of concrete gravity dams has been linear analyses: there is

scant experience on the design of such systems using nonlinear analyses as the post

linear behavior and performance limits of gravity dam monoliths are not well known.
This studyis focused on the investigation of the behavior of a concrete gravity dam
monolith using the incremental dynamic analysis (IDA) procedure with the goal of
determining the development of damage on the monolith and the corresponding
cracking patterns. Theoastitutive model used was first calibrated to experimental
data in order to verify the ability of the model to simulate the fracture in this
material. IDA was then conducted using 21 different ground motions in order to
assess the state of damage on tlaoatith for increasing intensity measures (IM).
The results show that in lieu of spectral acceleration, velocity based IMs are more
effective in determining the damage process on the monolith. A simple equation for
the prediction of the damage developmevds proposed based on the velocity

characteristics of the ground motion. Finally, the results of the IDA were compared



to the static pushover analysis results in order to evaluate the scope of possible use of
such analyses for determining the performapeels of dams.

Keywords: Concrée Gravity Dam, Smeared Crack Mod@&onlinear Analysis,
Incremental namicAnalysis, Static Pushovernalysis
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CHAPTER 1

INTRODUCTION

1.1 General

Throughout the history, dams have been constructed for vargasons. In the
ancient times, they were built for water supply and irrigation purposes. Today, many
dams are being built for water supply, flood control, irrigation, navigation, sediment
control and hydropowerdQOLD, 2013. Damscan be divided into twoategories
according to the type of the matd which they are constructed: namely concrete
and embankment damSoncrete dams can further be categorized by their structural
systems, i.econcrete gravity dams, concretetadams and concrete buttressnts

Earth and rock fill dams and concrete faced rock fill dams make up the embankment
dams(Yanmaz, 2006l n Tur key, befor e 2 0bwibassarthmo st
or rock fill dams; howeverthis trend has reversed in the last decade. Very few
embankment dams have been built in the last 10 yeargrete dams amgenerally

preferred over embankmentdamy¥ é | mazt.,r k, 2012)

A concrete gravity dam, by definition, is wide concreteberm that resiststhe
hydrostaticforcesby its geometry, weighind material strengti.heyare commonly
preferred because of the fast construction and cost savings associated with smaller
geometriesThey can be built oa site where there is a strong foundation to bear the
weight of the dam. In plan, most of the tiMtbese dams are straight. If conditions

are suitable, concrete gravity dams canvbgy tall, sometimesas high as 285 m
(Grande Dixence DanfAli et. al., 2012)



¢ubuk I th®fastnconcrete gravity dam built in Turkey (1938hme other
examplesof the concrete gravity andhe concrete arcigravity damsare Porsuk
(1948), S akarakaya (1987) el B&ke Da999).( D 2K13

As explained before, one of the reasons fthe building dams is to obtain
hydropower.In somecountries suckas Norway, Democratic Republic of the Congo
and Brazil, over 90% of the electric power are suppliedth® hydroelectric
resourcedy year1998 (COLD, 2013. However at the end of 2009ess than 20%

of the energy production in Turkey is provided by foglectric powerTherefore, in

order to increase the hydroelectric power production in Turkey, investments have
been made since 2006, whislgnificantly accelerated theesignand construction
procesdor many hydropower projecsY él mazt.,r k, 2010)

1.2 Literature Review

The concerns about the seismic safety of concrete dams have been increasing in the
last decade with the design and construction of new dams as wiedl ased for the
evaluatonthe existing danstockwhich were built inadequateom the seismic point

of view. Shih Kang Dam failed in Taiwan due to earthquake @ dams were
severely damaged due ground excitations Hsinfengkiang Dam in China and
Koyna Dam in India(Nuss et al., 2012)Therefore,all existing dams in seismic
regions ad the new dams to be built should be seismically analyzed to satisfy the

required performance level under severe earthgezgiations NRC, 1990).

In order to investigate the performance of concrete gravity dams under ground
excitations, linear elastianalysesare generally preferred in the literature, based as
much on the historical development of the analyses methods as well as the frequency
dependent nature of the daotk-reservoir interaction behavioilhe pioneering

works in this regardwere condated by Chopra and his cowkars by analyzing
concretegravity dams usingwo dimensional linear elastimethods(Chopra and
Gupta, 1981Hall and Chopra, 198Fenves and Chopra, 1989he behavior of the



dam under earthquake excitatias determined tbe significantly affected by the
damfoundationreservoir interaction, compressibility of the water and the
hydrodynamic pressure wave absorptidimese analyses were conducted in the
frequency domaimue to the importance of the simulation of the ingedggoing

waves in the reservoir as well as the rock foundation.

When a dam is subjected to a severe earthquake, the stresses occurring in the dam
can exceed the strength, which withusethe dam togo beyond its elastic limjt

leading to significant stuctural damage(Asteris and Tzamtzis, 2003)This
phenomean can be investigated hyonlinear analysis procedures. The nonlinear
analyses account for the tensile cracking in concretdrandesultant change in the
stiffness of the systef@raujo and Awrub, 1998).

In order to examine the cracking of concrete gravity dams, many studies were made
using nonlinear analyses. The twmstcommonly studied dams are the Koyna Dam

and the Pind-lat dam (Figure 1-1). Koyna Dam was severely damagsaring the
Earthquake of December 11967(¢ al ay ér a n d): tlhkearackingscheme 2 0 0 5
obtained from the nonlinear analyses wampared to the crackirgcheme that had
occurred so that the capability of the crack metielsimubte the real cracking was
investigated The firststudyto analyze the Koyna Dam by nonlinear analysis is Pal
(1976). Inthis study, the effect of the reservoir was neglected haddundation was
assumed to be rigid. The analyses were made using the smeared crack model, which
is explained in the proceeding sectidturther studying of the cracking scheme in

this work shows that the results were biased due to the mesh seleat@mmjreon

pitfall of using cracking models in FE analys@al 1976¢. Bhattacharjee and Leger
(1994) studied the crackingchemeof the KoynaDam by nonlinear analyses with
smeared cracking modeahd rigid foundation assumption taking the reservoir effect
into account. The full reservoir condition and the overflow pressure were considered.
The crackingobtained in their studwas in good correlation with the real cracking of

the dam.Three dimensinal models were also used for investigation of the behavior

of the Koyna Dam. Using a smeared cracking maahela rigid foundation along

with modeling the dmreservoir interactionMirzabozorg and Ghaemiaf2005)

obtained a cracking scheme whiehs ina good agreement with the real cracking of

3



the dam. The cracking profile for the Pine flat dam was studied Bydtband Hall
(1989), and~enves and Vargdsoli (1988)(Mansouri et al., 2011)It was observed
thatin a similar patternto the Koyna Damthe cracking occued at the base of the
dam and at the part where there is a change in slope profile

As given abovea vast number oftudieshave been made to assess the cracking
scheme of dams having a slegigange in their profiléFigure 1-1). The change in

the slope profile leads to a stress concentration at that location prescribing the start of
a crack, mostly near the credtthe damHowever, this phenomenon also leads to a
bias in the analyses: this crack and its propagation always takes over the analyses and
defines the final failure statdn this study,a cross sectiorbereft of any slope
changes wereexaminedin order to understand the performance of such a dam
without being biased by such a geometric detail assuring a failure dot¢héibn
(Figurel-1).

(d) Koyna Dam (b) Pine Flat Dam (c) A Regular
Hall (1988 El-Aidi and Hall (1989) CrossSection Dam

Figurel-1 A Schematic Drawing for the Dam CreSgctions(the dotted lines show

the crackingnot in scale)



The research on the crackisghems of the concrete gravity dantgs mostly been
focused on 1) the prediction of the performance of Koyna or Pine Flat Dams and 2)
the validation of cracking models for molithic concrete, of which these structures

as well as some test specimene typical examples. However, the extreme limit
states of gravity dams have not been studied, in contrast to the significant research
effort for buildingsin the last 3 decadesrfothe determination of the limit states to
enable performance based designeéman et al.,, 197%ajfar 2000;Hasan et al.,

2002 Chopra, 2009 Jiang and Du (2012) investigated the cracked Koyna Dam to
assess the stability of thdock detached from the top of the déinding out a large
safety margin for the rigiddaly motion of the blockDepending on the orientation of

the crack, five to eight timesf the experience®oyna earthquakeould render the
sliding of thetop block Pekau and Zhu (200@)erformed a study on the sliding of
blocks within a cracked dam. Sliding at the base and a crack at some height of the
dam was found to reachein: however, it is very hard to decide on a performance
limit based on thisvalue even in he analysis methodology and earthquake
uncertainty was as s uniecemeantal dypamic nalgsmmn ed fc
also be used in order to determine the limit states of the diamiarsto buildings
Alembaghari and Ghaemian (20®rformed IDA m the Pine flat dam to assess the
limit states and the capacity of the dgmnpposng an adhodateral force distribution

for the static pushover analysis that considers not only the inertial loads but also the
hydrodynamic lods The relation between the peak crest displacement (seismic
demand parameter) and thgectral acceleration, peak ground acceleration and peak
ground velocity(intensity measures) wembtained The crest displacement and the
dissipated energy were chosen @asmage measures, however,clear relation
between these parameters and intensity levels were not progigeddiction about

the level of cracking does not appear to be one of the goals of this study

For the nonlinear modeling of gravity dams, someeseaigpof the exact simulation of

the damrock-reservoir interactiomaveto be forgone. Given thaability to conduct

linear analyses, hence to obtain foundation impedance properties defining the wave
transfer within the rock, the foundation has to be rfexti@smassless or with a finite

element meshhaving transmitting boundaries (Ghanaat and Chudg@®) or



perfectly matchedayers(Basu and Chopra, 20D3The frequency dependermtam
reservoir interactions usually taken into account via the added maggproach
introduced by Westergaard (1933)he alternative is to use a large mesh with
absorbing boundaries that would enable the waves within the reservoir to travel away
from the dam. Given the computational demand for these models, as well as the
numeical difficulties with absorbing boundaries, awlded mass approach for
hydrodynamic effects and a massless foundation modedually usedn the time
domain for simulation of the nonlinear behavior of damshisT approach is
extensivelyused in the desigand evaluation of dams in the literatteeger and
Boughoufalah, 1989JSACE, 2003;Chuhan etl., 2009

Accordingly, in this study the foundation is modeled the simplified approach

introduced INUSACE (1995) The foundation is modeled as a massitassh,so that

the only contribution is to the stiffness matrix and the applied ground motions will

reach the dam body without any change.r hydrodynamic forces, We
added mass approach is used (Westergd®2B neglecting the compressibilityf

the reservoir water The hydrodynamic forces in the upstream direction are

calculated byequation 11.

P=-4¢ (( U (1-1)

In this equéion, p is the hydrodynamic pressure at elevation z, where z is measured
from the bottom of t hegisthagmound pccelesation ame wat er

H is the reservoir elevation.

1.3 Concrete Constitutive Modeling

Concrete fracture models can beided into two categories as discrete crack and
smeared crack mode(Figurel1-2). In the discrete crack model, the crack is modeled
as a geometrical discontinujityhile in the smeared crackodel;the cracked solid is

analyzed as eontinuum Rots, 1983



The discretecrack modelvas firstintroduced by Ngo and Scordel&967) in order

to model thedominant cracksvithin a concrete continuunn this model, theracks

are simulated by the separation of the npddsch led to some disadvantagdsie
change in the nodal connectivity of the finite element model after each crack does
not fit the nature of the finite element displacement meth@bts, 1988)
Furthermore,since the crackindnas to beconstrained along the element edges, it
introduces anesh biasde Borst et al., 2004)This crack model is suitable when the
crack location is known beforehand and tnacking forms in the form of ode |
fracture (Rots, 1988).

The smeared crack model for modeling concrete behavior was intrddiydeashd
(1968).In this model, the minor cracksccurring (which may later form dominant
cracks) because of the heterogeneous nature of the coweretiaken into account.
The crackedsolid maintains its continuurfi.e. the FE mesh is not altereafdthe
crack model is described via the stredtsain relationshiplt is assumed that the
behavior of the uncracked concrdtdlows the isotropic stresstrain law and upon
cracking, it obeys the orthotropic lawherethe orthotropy axes are determined
basedon the crack initiationThis model has several advantages dber discrete
crack model: Since the cracked solid is still a continuum, the topology of the finite
element mesh is unalteredMoreover, orientations of the cracks ar@ot
predetermined sincdé¢ axes of ohotropy can changd3ecause of these reasons, in
this study, the smeared crack model is used infifiee elementsimulations.
Smearedcrack model is divided into two as thaulti-directionalfixed crack model
and thetotal strain crack modeTotal strain crack model further decomposes into the

fixed and rotating crack modelshich are explained in the following section.



Concrete Crack Models

Discrete Crack Model Smeared Crack Model
|
[ |
Multi-Directional Total Strain
Fixed Crack Model Crack Model
[ ]
Fixed Crack Rotating Crack
Model Model

Figure1-2 Concrete Fracturblodels

1.3.1 Multi -Directional Fixed Crack Model

In the multidirectional fixedcradk model, the total strain afoncrete is decomposed
into the uncracked concresérain and the crack strain. Therefore, the crack strain can
further be decomposed for each individuabck and each crack is assigned a
coordinate systemrhis further sullecompositionenablesa number of cracks to
occur simultaneoushyn this model, cracking occurs when the principle tensile stress
exceeds the tensile strength and the angle betweeristing crack and the current
principle stress direction exceeds a threshold afdglereforethe formation of non
orthogonal crackss enabled In a two dimensional setting, the orthotropic stress

strain relationship ipresented below in Equatior2l(Rots, 1988).

YA In: 1 S\:/R
oo — moa R (1-2)
YA 11l n YR

u Tt Tt —L’J:



In the above equatio’s i s t he Youngds Modul us, g |
reduction factorformoded nd b i s t he shear retention

1.3.2 Total Strain Crack Model

Fixed crack andotating crack models constitute the total strain crack matidike

the multidirectional fixed crack modekhe strain is decomposed only for the
cracked and uncracked concrete in the total strain ecnaclel;the crack strain is not
further decomposedn this model, in an integration point only two orthogonal
cracks can formrlhe crack is initiated based on the principle tensile stress exceeding
the tensile strengthin the total strain fixed crack model, the orientation of the crack
remains unchangeadvhile in the total strain rotating crack model, the orientation of
crack is updated continuousnd the coaxiality between the principal stress and
strain is preserved. The tangential str&isain relationship for the total strain
rotating crack modein the two dimensional setting presented in Equation3.
(Rots, 1988)
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Y/( 1 i }‘/R
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1.3.3 PostPeak Response

The postpeak softening response of concrete can be modeled using different tension
softening functions, namely brittle, linear, exponential and Hordyk (Rots, 1988).
These functions show different behavior after reaching the tensile strength of
concrete(Figure 1-3). In the brittle tension softening function, the load carrying

capacity drops immediately after the tensile strength is reached, while in linear,

S



exponential and Hordyk models the load carrying capacity drops according to the
fractureenergy (@ and the finiteelement size (hjasshown inFigure1-3.

>Ce
>Co

—— Brittle Tension Softening
— e~ Linear Tension Softening
ftt — — Exponentia Tension Softening fi+
----- Hordyk Tension Softening

Gt/h

. ° +
~ Nt > U Uhax

A 4
Co

Figure1-3 Concrete Tension Softening Models

1.4 Finite Element Model and theElement Library

The general purpose finite element program DIANDAsplacementAnalyzer) was

used as the simulation tool in this study. The software allows nonlinear transient
analyses with 2D3D, planestrain, planestress as well as axisymmetric elements. A
range of elementwereused within the analyses performed in this study, such as the
four-node isoparametric eleme@8AXI, the six node isoparametric plane stress
elementCT12M, the twonode isoparametric beam element L6BENd the eight

node isoparametric eleme@Q16M (TNO DIANA, 2010). Some details on the

elements used in the study areyaded below.

1.4.1 Q8AXI Element

Q8AXI is a fournode isoparametric axisymmetric solid ring element having a
guadrilateral crossection(Figure 1-4). The unknowns are the translations in the
nodes in the global x and y directiofi$is element has linear shape dtions (TNO
DIANA, 2010).
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Figure1-4 Q8AXI Element (TNODIANA, 2010)
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The displacements,;,uat the nodes in x and y directiorese approximatedby
Equation 24 (TNO DIANA, 2010).

u( 3 , othm3 = aas da (1-4)

1.4.2 CT12M Element

CT12M is a sixnode triangular isoparametrfdane stress element with quadratic
shape functionsHKigure 1-5). The unknown translational displacements,ati the

nodes areapproximatedy Equation 15 given below (TNCDIANA, 2010).

Figurel1l-5 CT12M Element (TNIANA, 2010)

u( & ot =l aas dasF+ad’ (1-5)
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1.4.3 L6BEN Element

L6BEN is a twenode, twedimensional beam eleme(figure 1-6). The unknown
displacements in the-direction, w and in the ydirection, y are calculated by
Equation 16 demonstrated below (TNO DIANA, 2010).

Figure 1-6 L6BEN Element (TNO DIANA, 2010)

W(3) =&+ a3

Uy(3) = by + by 3+ bp 3% + b 8° (1-6)

1.4.4 CQ16M Element

CQ16M B an eighinode quadrilateral isoparametric plane stress element with
guadratic shape functiorigigure1-7). The unknown translational displacemenis,

at the node areapproximatedby Equation 17 presented below (TNIANA,
2010).

3

P2,

Figurel-7 CQ16M Element (TN@IANA, 2010)
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u( 3 , ot u3 :zlqaag&Cla433+a12+a53gq ﬂaa (1-7)

1.5 Objectives and Scope

Many dams are being built in seismically very active locations in valley ridges very
close to major fault lines. Thessites, which were avoided in the past for more
preferable locations are actively being realized as the possible locations for
hydropower location are increasingly scarce. Moreover, most of thesttanks in

the developed world werauilt for lower seisn@ risk than currently prescribed for
new structures in these countries. Many of these systems are older tbarydéars,

in which period our knowledge about the fault systems as well as procedures for
determining/predicting earthquake levels increasecifssgntly. Consequently,
although no gravity dam system has ever bidly tested within design ground
motion levels suchas Loma Prieta, Chi Chi and Koyna Earthquakamificant risk
exists(Nuss et al., 2012)Such a ground motion carateto asignificant damage on

a dam, far from its elastic peak response, raggnonlinear analyse® asgss the
performance of thedam. In contrast to theexperience in linear analyses, the

nonlinear behavior and performance limits of dam monoliths are nbkmaedn.

The primary goal of this study is to investigate the nonlinear behaviotypical 80

m highconcrete gravity dam monolith this regard

The quantification of damage on a dam monolith is a cumbersome task. In order to

properly address thissge, the followingsteps were taken

x The damage wrecked on a system by earthquakes is very much time history
dependent. Therefore, using a range of ground motions, the possible
development of cracks and the typical cracking schemes in such a monolith
was investigated

x Extensive cracking on the dam body significantly changes the period of the
structure, therefore an investigation of the cracking of the dam body on the

fundamental period of the systemas conducted.
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x Given that the cracking on the systemdependent on the ground motion
characteristics, a relationship between the cracking and the earthquake
ground motion characteristiagere sought. As the cracking on a dam body
can be expressed as a dam measure, this relationship can also be expressed as
a preliminary design tool to assess expected damage on a system from an
earthquake.

x The IDA analyses conducted are computationally very expensive and time
consuming. Thereforesimilar to reinforced concretéuildings, pushover
analyss was used tonvestigate the performance limit$ the dam bodyA
comparison of pushover analyses with the IDA results pe$ormed to
investigate the effectiveness suitability of this approach to the response
prediction of a dam monolith.

For the sake of brevity, the study as mentioned above is presented in only three
chapters in this thesis. First, the preliminary information and the validation study on
the material models usedre presented in Chapter 2.h& calibration of the
constitutive model for the material tlwur different experimentabtudies focusedn

gravity damsgs presentedThe results of théDA analyses are presented in Chapter 3
along with pusbver analysis resultd he relationship between seismic demand and
intensity meaures are computed amaesented in this chaptelin Chapter 4, the
conclusions from this studwand future avenues of research on this togie

summarized.
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CHAPTER 2

CALIBRATION TESTS

2.1 Introduction

Calibration isthe processf adjustingthe properties of amanalytical model in order

to matcha set ofexperimental results obtained in the laboratdtyis a very
importantprocess whiclshowsthata mathematical model is capable of reproducing
physical phenomenon, and can be used hencefodtpesdiction toolin this study,

the general purpose finite element progr&@MANA was used in the analysesn
order to investigate the capabilities of the program and use it as a prediction tool, a
set of calibration studiesereconducted fotaboratoryexperiments conducted with
different types of loading-ourworks from the literaturgvereseleced toinvestigate
capabilitiesof DIANA for the simulationof concretegravity dams under seismic
loading. The first of the chosen benchmasgkperimentswas theroller compacted
concrete (RCCHirect tension testtonducted by Li et al. (2003)erformed under
static conditionsThe second benchmark studsas the experiments conducted by
Carpinteri et al. (1992bn a model concretgravity dam underateral loading in
static conditions.The third benchmark study is the pseudo dynamic testing of
concrete dams by Biniat al. (2012). The last benchmark study used is a detailed
shake table testing study on a sdateodel of aconcrete gravitylam conduated by
Tinawi et al. (2000).
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2.2 Analytical Simulation of Direct Tension Tess

In their experimental study, Li et al. (2002) testsdindrical RCC coresobtained

from an RCC danunder uniaxiablirecttension.The RCC cores were obtained from

the RCC matwi and the interfaceThey tested two categories of specimens with
different compressive strengths to examine the effect of compressive strength.
Furthermore, to investigate the effect of specimen size, two groups with different
sizes of specimens were testédtotal numberof 28 specimens were testhdving
different characteristics such as the tensile strength, peak strain and fracture energy.
The maingoal of the experiment was to obtain the complete stdessrmation
curves of the specimer(&igure 2-1). Moreover, some relationships between the
specimen characteristics and the mechanical properties were proposed by the authors.
The experimentvasdisplacement controlledhe sketclof the tesisetupis presented

in Figure2-1.

The analytical studyasfocused on the acquisition of complete str@s®rmation
curve Therefore, one specimen from the RCC maitvas selectedfor the analysis.

Another aspect of this studyas to obtain the fracture energy correctly.

Load cell

Spherical joint

End platen

Specimen

Extensometers for
strain  control and

measurement
I,.

7 End platen

Axial stress (MPa)

Spherical joint

0 0.03 0.06 0.09 0.12 0.15
' Deformation (mm)

(a) Experimentabetup (b) StressDeformation Curve

Figure2-1 Sketch of théDirect TensionTest (Li et al., 2002)
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For the analytical modeling iDIANA, the specimen labeled asl1V by Li et al.
(2002) was selected.The size of the specimamas 150x300 mm. Theompressive
and tensile stengtlts were 15 MPa andl.10 MPa,respectively.The modulus of
elasticitywas given a23.6 GPa and the fracture energy 263 N/m.

Four-node isoparametric axisymmetric elene(@8AXI) were usedin this study
(TNO DIANA, 2010).The bottom nodesvere restrained in the x and y direct®n
while the top nodewere restrained in the y directiolor the application of loading
In order toprescribe thdocation of crackingtensile strengthof elements 5 and 13
were reduced by 1%An initial displacementvas applied tothe top nodes of the
model and increased incrementally throughout the analybidal strain rotating
crack modelith the predefinedHordyk tension softeningTNO DIANA, 2010)was
used in the analgs. The analysesvere conducted satisfying botthe force and
displacement converge criterfat 0.01) using1000 load stepsSecant method was
used in the analyses, in whithe secant stiffness matrix is derivied each loading
stage(Figure2-2 TNO DIANA, 2010).

t+Atf¢\'b . 7/
21 l /
R e e i
s A— A
Allg = 6111 N
] Au; |

Figure2-2 Secant Method (TNO DIANA, 2010)

The 16 elementmodel used for the simulatiosnd the results of the analyses are
presented ifFigure2-3. The area under the axial stress deformation cyieldsthe

fracture energy (Li et aR002).In order toobtain theprescribedracture energy, 263
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N/m, thefi e f f ealetméntsaea) h, in theIANA model had to be prescribsihce
this variable is assumed as 1 by default for axisymmetric elemeBtsAMA. The
area wunder t h ecurve INIFigukeR-3 Was achleulaied as 254 N/m,
which is very close to the stated fracture energy 263 Nha.effective element size
to be used in thenaterial model was determined to thda for square elements with
side length aThe comparison of thaxial stressleformationresponse fronhi et al.
(2002) and the DIANA modelas shown inFigure 2-3, show that the pogieak
response of the model, as modeled with Hordyk softemirag, satisfactory for this
test, albeit unable toatch the initial sudden drop in the resistancéhefspeanen.

L1

] H
09|\
0.8
0.7
0.6
0.5
0.4
03
02
0.1t

Diana Model |
Lab Test

13| 5

Axial Stress (MPa)

0 01 02 03 04 05 06 07 08 09 1 1.1
L ® Deformation (mm)

(a) Finite Element Mesh (b) StresDisplacement Curve

Figure2-3 Analytical Model ofthe Direct Tensioi est inDIANA

2.2.1 Investigation of the Effect of Mesh Density

Mesh density is regarded as a critical part of the modeling of the behavior of concrete
structures given that thearly analyses in this field were observed to be largely
biased by mesh dependentle concentration of the cracking in concrete to singled
out locations renders the modeling of displacements by continuous displacement
functions, such as in the finite elements, a significant challengehMependence is

usually addressed using the crackrgy concept (Bazani986: a formulation used
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in DIAN A as well. However, even with this formulation, the modeling and accurate
prediction of displacements for bulk concrete structures is still an issue with the post
peak responsgetermining the displacement behavior and cracipagation

In order to studyhe effect of mesh density on the analyshe analysegjiven above
(16 elements, Mesh Iljvere reconducted with a different finite element mesh
consistingof 64 elements Kesh I, Figure 2-4). For the second mestMeshll), a
higher load step of 4000as usedand the element sizeasreducel to 0.007 Similar

to Mesh I,the effective element size was found as 0.3%e fracture energyas
calculated a270 N/m.The comparison betwedvieshl, Meshll and the test by Li
et al. (2002) is presented kigure2-4.

LLTTT M ——
1 1H Mesh-I
[ L]
LI | 0.9H Mesh-ﬂ 4
L » = 08} ].qab T.cst |
T S 07
L] ® 06
— t @
— f % 0.5
Nl s 04
T X
Lyt < 03
- 02
1T 0.1f
T T 0 L L 1 1 1 1 L L 1 I
! I | 0 01 02 03 04 035 06 07 08 09 1 1.1
& X H T I T Deformation (mm)
(a) Analytical Model with 64 (b) ComparisonMesh HI
Elements

Figure2-4 Load-Displacement Response, Mesh | vs. Mesh I

It can be concluded frorRigure 2-4 that increasing the mesh densitg aot affect
the response significanthyfhe results obtained were not biased by the mesh chosen

for the analysedor this casedividing the model into me elements necessitdta
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significant increase in the number of load steps leading to much higher
computational cost

2.3 Analytical Simulation of a NotchedModel ConcreteDam

Carpinteri ¢ al. (1992) tested twamall scale(1:40) concrete gravity dams under
hydrostatic loadingThe height of thespecimensvas2.4 m with0.03 upstream and

0.7 downstream slopeé horizontal notchwas preparedh the upstream facat 60
cmfrom the base of the dam order to determine the initiation point for cracking:

the deptb of the notcheswere 15 and 30 cm for the firstand second models,
respectively Three testsvere conducted on these two specimdiige experimets

were displacement controlleging thecrack mouth opening displacemg@MOD)

at the notch as the controlling parameiére firsttwo tests were conducted on the
same specimen due to an unexpected cracking at the bottom of the specimen
observed in the first tesluring the application of addtinal loads before hydrostatic
loading. The experiment was repeated (the second test) after the repair of the model
and the test was conducted under the aforementioned hydrostatic Idadaity, the

third test was conducted on the secsepdcimeronly under hydrostatioading;the
selfweight simulation was natonductedTherelationship between thetal applied
forceandCMOD was obtained for these experiments along withctiaeking profile

on the specimens.

In their study,Carpinteri et al(199) also performed finite element analyses of the
experimentaising thediscrete cracking modeln the simulations, thegssumedhe

moduluso f el asti city aRatiods3Ll, ténsilé Btreangth & &.6 BIRao n 6 s
and the fracture energy as 184 N/nThe comparison of the analytical and
experimental results froi@arpinteri et al. (1992% given inFigure2-5 for the third

test
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Figure2-5 Sketch of the Experimeity (Carpinteri et al., 1992)

The experiment ofCarpinteri et al.(1992) was used in this section in order to
validate the performance of the utilized material model.

2.3.1 Investigation of CMOD Displacement

The modeling of the experime(third test only)was conducted using @lane stress
model Eight-node quadrilateralements, CQ16Mndsix-node triangular elements,
CT12M (TNO DIANA, 2010)were used in the analyses. The notch in the specimen
was predefinedn the model byremoving thenecessaryelementsat its location
Similar to the experiment conducted by Carpintdrial. (1992), the analyses were
displacement controlleend arclength methodormulated in(TNO DIANA, 2010)
was usedFigure2-6) with CMOD controlat the crack mouth (displacements of the
nodes at the opposite sides of the notthe arelength method constrains the norm
of the incremental displacemeritsa loadstepping analysiand hencehe post peak
behaviorand unloadingcan be simulated correctigffNO DIANA, 2010) Two

different meshstructures, namelymedium (MesH) and dense (MesH) were
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utilized to investigate thelependence of the resutia the finiteelement mesh~our
different tensile softening functions, namdigttle, exponential, Hordyk andinear
(TNO DIANA, 2010)functionswere used in order to investigate the effect of the

shape of the pogieak concrete response on the analyses results

Force

Arc-length —\

Displacement

Figure2-6 Arc-LengthMethod(TNO DIANA, 2010)

Mesh | consised of 669 CQ16M elementand 26 CT12M as given inFigure 2-7.
Total strain rotating crack nael was utilized in the analyses$n order to overcome
the nitial low stiffness and capacitgf the model the modulus of elasticitywas

increased by 1.58 arttle fracture eergyby 1.36
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Figure2-7 Analytical Model ofthe Specimen iDIANA

For mesh I, thdehavior of the modelsith different postpeak softening functions is
presented irFFigure 2-8 along with the experimental data. Lindansionsoftening
function appears tover predictthe peak response while the Hordyk modetier
predictsthe peakBrittle response results mvery significantunder predictiorof the
capacity of the monolitlsince no fracture energy is specifidtican be concluded
from Figure 2-8 that the behavior is best representedthsylinear and exponential

tension softening functions.

800 : 800
Experiment Experiment
700 F ——— Brittle 1 700 —— Brittle
Exponential Exponential
600 Hordyk 600 Hordyk 1
= — Linear = Linear
é 500 é 500
o 400 o 400
(0] (0]
S 300 S 300f
200 200
100 100
0 AT 0 e :
0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035
CMOD (mm) CMOD (mm)
(a) Meshil (b) Meshll

Figure2-8 Comparison ofhe Results Obtained using Differedwftening Functions

with the ExperimentResults
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A much denser mesh was used for the second set of analyses simulating the
experimental test of Carpinteri et al. (1992his mesh Figure 2-7) was composed

of 1464 CQ16M and 39 CT12M elements The comparison of tension softening
functions together with the experimental data is giverFigure 2-8. The results
obtained from Mesh Il appear very similar to their counterparts from Mdsigure

2-8). Exponential and linear tension softening functigredded the closest result to

the experiment

The most significant effect of the increase in the mesh density appears to be the
better epresentation of the initial stiffness for the second model. A direct comparison
of the analyses conducted with exponential tension softening models for the different
meshes are presentedRigure 2-9, showing that initial stiffness is better estimated

for the denser mesh and the capacity of the specimen is incrementally better
estimated.

700 F Experiment | |
— Mesh-II
600 Mesh-1
é 500
< 400
8
= 300

0 005 01 015 02 025 03 035
CMOD (mm)

Figure2-9 Comparison ofhe Results fronMeshl| and MeshIl with the Experiment

for Exponential Softening
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2.3.2 Investigation of Cracking Pattern

The effect of the material model on the developmentmogagatiorpattern of the
cracking within the analytical model was also investigaked the above mentioned
four softening functions and twdifferent meshstructures Figure 2-10 shows the
cracking pattern of the model damhere the red line sh@the cracking observed in
the experiment of Carpinteri et al. (1992)he crack lengthwas estimatedvery
similarly for theexponential, Hordyk and linear softeningn€tions, while the brittle
softening function yielded significantly larger cracking in the specirhinwever,
this softening function féad to simulate thepeakloadfor the CMOD behavior of the

modelasmentionedabove
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(a)Mesh I, Brittle  (b) Mesh I, (c) Mesh 1, Hordyk
Exponential

(e)Mesh I, Brittle (f) Mesh 1I, (g) Mesh 11, (h) Mesh Il, Linear
Exponential Hordyk

Figure2-10 Cracking Patterns for Mesh | and Mesh Il with Different Softening
Functions
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As given above, the crack length predicted by the models fajiviereless than the
actual cracking observed in the experiment by Carpinteri etl8P2 (1.6 m),

althoughthe CMOD vs load was estimated wellhe resultsvere similar to those
obtained inan analytical model byBhattacharjee and Leg€l994 using two

different cracking models repary crack lengths of 1.1 and 1.2 rAs explained
before,the analyses given above were conducteccir easi ng t he Youngos
and the fracture energf¥fhe Yown g dMedulus and the fracture energy both effect

the propagation of the crack significantly. A set of analyses themreconducted in

order toinvestigate the effects of these two parameters on the crack lengtheand

dam behaviar The variation of thecrack lengthand the loadCMOD graphwith

these parameteesepresented iTable2-1 andFigure2-11, respectively

Table2-1 Crack Length Variation for Exponential Softening with Different E and G

Young's | Fracture | Crack Length
Modulus | Energy (m)
1.58x 1.36x 0.9
Mesh | | 1.00x 1.00x 1.12
1.58x 1.00x 0.95
1.58x 1.36x 0.84
Mesh Il | 1.00x 1.00x 1.03
1.58x 1.00x 0.91
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(a) Mesh |, Different E andG

Figure2-11 Effect oft h e
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The crack length was best estimated using the original modulus and fracture energy,
which failed to reproduce the lo&MOD behavior of thexperiment An amplified

Y o u n gadslus and fracture energy was the best combination of parameters to
reproduce tb loadCMOD response and to obtain the crack length similar to the
work done byBhattacharjee and Leger (1998iven he similarity of the analytical
results from all different studies, it is admissitiiat a factor that weanot considered

in these analyses resulted in the significant extension of cracking during the

experiment.

2.4 PseudeDynamic Earthquake Simulation and Analytical Pushover
Analysis

A set of experimentsvere conductedat Middle East Technical Universitjo
investigate the seismic behavior of RCC dams umkersupervision of Prof. Dr.

Bar &k supporied GyTUBITAK under the grani11M712 The experiments

were performed on a 1/75 scaled model of 1B® m high Melen Dam which was
designedfor water supplyto the city ofKst anbul . The wupstream
slopeswere 0.15 and 0.75, respectivelfrigure 2-12). Three different specimens

were built in order to investigate the effect of construction material on the
performanceThe special setup of the test enabled the use of only the bottom half of
the damsection while the inertial and load effects of the remaining part were
included in the test using special loading appargfigure2-12). The first specimen

was buit out of regular concrete while the other two specimens were built imitating
RCC construction practicesith different target strengths. Thehicknesses of the
specimensvere20 cm, representing a plane stress setting. These models were tested
under three levels of scaled earthquakes by psdydamic analysisfollowed by

pushover analysdeading tofailure (Binici et al.,2012).
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Figure2-12 Melen Dam and the Dam Mod@inici et al.,2012)

An important point in the experiments was to obt#me base shear anthe

overturning moment for the scalspecimenclose to the unscaled dawdditional

axial load had to be prescribed to the system inrdmsimulate its ow weight and
the hydrostatic effectsSimilarly, additional mass had to be pladedsimulate the
inertial effect.

The first experiment condusd in the laboratory was chosen for calibration purposes
in this study The analytical dam model is presentedrigure 2-13. The dam body
consistedof 500 CQ16M elenents and the steel plate on tojptlee dam model was
modeled using_.6BEN beam elementsThe Y o u n Bladslus of steel platevas
assumedhs 200 GPa amRatitdhheadods3onBesr the dam bo
Ratio wasassumed a8.2 and the densitgs2400 kg/mi. In order to obtain the first
natural frequency of dam model 4.3 Hz,t h e Y dModulgsbo$ concrete as
assumed a%2.35 GPaln accordance with the experimental result® tensile and
compressive strengths of concretereusedas 1.95 MPa and 25 MPa, respectively
(Aldemir et al., 2013)Softening functions used in the analyses were chosen as the
parabolic compression softening aritie exponential tensile softening The
compressivand tensildracture energ valueswereassumed a20000N/m and 100

N/m, respectively Analyses wereconductedusing the total strain rotating crack
model. Simulation of the pseuddynamic model was conducted by applying the

crestdisplacementsneasured on the specimen foree levels of earthgikes, OBE,
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MDE and MCElevels, satically. Static pushover analysis wahen conductedin

order to determine the failure state

Upstream Downstream

AN
v

1.36m

Figure2-13 Analytical Model in DIANA

2.4.1 Static Earthquake Simulation

The time histories of the base shear are compared with the experimental results for
the three earthquakén Figure2-14. The application of the crest gdlacements from
the experiment as static loading to the crest enables eliminating the uncertainty in

such tests due to the hard to prescribe damping ratio.
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Figure2-14 Comparison othe Base Shear Time Histories

The results of the simulation were quite close for the OBE and MDE |dx@ishe

MCE level eventthe DIANA model estimated the base shear wittD&o error

The base shedop displacement graphs were also compared with the experimental
data(Figure2-15). For OBE leveldue to some problems in the experiment, different
initial stiffness was estimated. The simulation resiatSVIDE level were quite close

to the experiment. For MCE level, however, since the cracking pattern could not be
simulated correctiythe behavior wa estimated different.
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2.4.2 Analytical Simulation of the PushoverExperiment

Two pushover analysegere conducted by applying dispEment to the crest nodes
that wasincreased incrementallyhe first analysis, referred to @salysis 1, was
conducted on the uncracked dam, while in the second analysis, referred to as
Analysis 2, the crack lengthafter the MCE level were taken into accountn
Analysis 2, the tensile strength of elements that should be crdoket MCEevent
wasreduced so that cracking occurr@dhe beginning othe pushover analysig he
cracking schemeare presentedin Figure 2-16 together with the upstream crack
photograph of the experimerBinici et al., 2012) The length of crack at the
upstream face of the model was obtained as 30ncAmnalysis 2,which was in a
good correlation with the experimental resuksce the crack propagated in the
experiment duringpushover Given the initial cracking scheme was not prescribed

correctly, Analysisl only yielded cracking at the bottom of tegecimen.
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(a) Analysis 1 (b) Analysis 2 (c) Upstream Cracking
Binici et al. (2012)

Figure2-16 Cracking Schemes after Pushover Analyses

Thebase sheatop displacement behavior from the analytical study esasparedo
the experiment results Rigure2-17. As can be seen froigure 2-17, cgacities
were estimated similarly fothe Analysis 1 and 2governed by the base crack
However, forthe Analysis 1, the top displacemesdpacity wa underestimated.
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Figure2-17 Base Sheaf op Displacement Graph

2.5 Analytical Simulation of Shake Table Testing on a Scaled Gravity Dam

2.5.1 Shake Table Test and Specimen

The experimental results of Tinawi et al. (2000) was reproduced in this stimdyau

finite element model iIDIANA in order to calibrate the modeling assumptions for
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the analytical simuldon of the behavior of concrete gravity damis their
experimental study, Tinawi et al. (2000) tested a plain concrete gravityndeawlith
having a height of 3.4 m. Thestream sie of the monolith with a thickness of 0.25
m was vertical while theownstream side was built 1V/0.7Hwo notches having a
thickness of 10 mm and a length of 250 mm were made in ordereseribethe
location of thecrackon the monolithA 2700 kg mass was placed at the crest so that
the natural frequencyf the systemwvas reduced. Thehotograph and sketch of the
specimen that was tested aresented ifrigure2-18.

I [z/o0kg
R ]_[
] ™ ("

1IN

3.4m

me
(a) Photograph ahe Dam Model (b) Sketch othe Dam Model

Figure2-18 Dam Model (Tinawi et al., 2000)

In the experiment, the specimeves subjected to triangular acceldoat pulses,
which was reflected as the excitation functgpgven inFigure2-19 due to the trouble
with the control of the shake tabl€his pulsevasscaled with respect to its first peak
acceleration (FPAjo threedifferent values0.87, 0.94 and 0.98dt should be nted
that the second peak was greater than the first peak accelefdt@tess with the
FPA of 0.94¢and 0.98 are referred " first and secondracking tes, respectively
(Tinawi et al, 2000).The first test with the FPA of 0.87 did not lead ty amacking
on the specimen.
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2.5.2 Analysis Results

The specimenwas modeled in a plane stress setting with a mesh size of
approximately9 cm, corresponding to695 CQ16M elements and 14 CT12M
elements,as given inFigure 2-20. The attached masses and the beam system for
attaching the @Bs were accurately reflected in the model in order to simulate the
mass distribution of the system properlifhe notcles in the sgcimen were
predefinedn the model by removing the necessary elements at its loc&tidimess
proportional Rayleigldampingwasused in the study. In accordance with Tinawi et
al. (2000), the damping ratio in the analyses assumeds 1% and 10% irhe first

mode of the structure, respectively, for the first and second cracking tests.
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Figure2-20 DIANA Dam Model

As mentioned above, during the testing, some problems with the shaking table were
observed caused by the inherent flexibility of the shake table in the verticalraxis.
order toconsiderthe effect ofthe flexibility of the table 7 individual springswere
modeled at the base of tBEHANA model, similar tathe analyticaModel M2 used

by Tinawi et al. (2000). The stiffness values of the sprmge set to 230 KN/mm so

as to obtain thdirst natural frequency of theest setup correctlyThe foundation
stiffnessselected as suclkias higher tharihe selectiorby Tinawi et al. (2000)The
natural frequencies obtaindeenceforthare compared to the empirical results and
analytical model M2 from Tinawi et al. (2000) rable 2-2. DIANA model was
more successful igielding a close estimation of the first five modes compared to the
model by Tinawi et al. (2000). Both modeldtdifficulty in reproducing tle vertical
vibration mode of the system (mode 2).
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Table2-2 First Five Natural Frequencies (Hz)

Laboratory Test Model M2 DIANA

Tinawi et al. (2000) | Tinawi et al. (2000) | Model

f1 16.4 16.4 16.33
fa 30.0 - -

fa 60.0 57.5 63.23

f4 105.0 72.0 103.14

fs 150.0 145.3 146.93

For the nonlinear analyse$iet modulus of elasticity and the compressive strength
valueswere assumed in accordance witlmawi et al. (2000) as 14.8 MPa and 14.8
GPa, respectively. In order tenablecracking in the first cracking test, tensile
strengthwas set to 3.25 MPa anthe brittle tension softeningnodel was used.
Tensile strengtlwas amplified by 1.53x in order toonsider the strength increase
due to dynamic loadingin contrast to 1.75x amplification used Bynawi et al.
(2000) For the shake table test witm FPAof 0.87g, no crackingvas obtainedn

the model.Increasing the FPA incrementglljn accordance wh Tinawi et al.
(2000), a partial crack in the downstream notghs obtained for the first cracking
testfor FPA= 0.94g A complete crack joining the upstream and downstream notches
were obtained for the second cracking test Wi#A= 0.98g. The crackingchems

for both testsare compared with the experimental results of Tinawi et al. (2000)
Figure2-21.
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Figure2-21 Cracking Scheme for FR20f0.94g and 0.98g

2.5.3 Investigation of the Effect of Modeling Parameters on the Crack

Location and Propagation

Mesh density and the material parameters used are the primary factors affecting the
development ofthe cracking on the specimen. In order to consideretfect of mesh
density,the damwas modeled with three different element sizes of approximately 5
cm, 10 cm and 15 cniFigure 2-22), referred to as Model 1, Model 2 and Model 3,
respectively.Modek 1, 2 and 3were composed ofl671 717 and 520CQ16M
elements respedvely. The material parameters affecting theopagationof the

crack can beaummarized athe properties of the softening curve, the fracture energy

and the tensile strength of the material.
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Model 1 Model 2 Model 3

Figure2-22 DIANA Models with Different Mesh Densities

2.5.3.1 The Effect of Tension Softening Functions and Fracture Energy

The final crack length fothefirst and second cracking testre studiedconsidering
the effect of the softening curve of the material in thigiseasing model 1 with a
dense mesh structure. As befomeset ofseven springsvere modeled at the base of
the dam models to obtain the first frequenaly the system atl6.4 Hz. The
foundation stiffness afhe modelas the same as the one modeled byawi et al.
(2000).

The postpeakresponse as well as the fracture energy of the conseeteobserved

to significantly change th@ropagationof the cracking during the shaking of the
specimen. The effect of the prescribed fracture energy on differentpgalst
response modelwere investigated first keeping the tensile strength of the model at
3.73 MPaand modifying the fracture energis shavn in Figure2-23a, the fracture

energy significantly changes thgropagationbehavior with the linear softening
model displaying the highest sensityvito this parameterAn increase tensile
strengthkeeping the fracture energy constant agmificantly reduced the amount

of crackpropagationin the analytical modeblsshown inFigure 2-23b. Increase in

any one of these parameters changed the length of crack propagation preventing the

crack to reach the experimental observation ofi80
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The effect of the softening curve can also be observed figore 2-23. For both
combinations,Figure 2-23a and b, the crack length is obtained the smalid&n
linear tensile softening function was used, followed by the exponential model.
Hordyk tensile softening led to the highest cracipagatioramong the modelghe
postpeak slope of the Hordyk model appears to be very effective in defining the

length of thepropagatiorof the crack.

The crackpropagatiorand schemeverein good correlation with théest resultdy

Tinawi et al. (200Q) However, the correct criing scheme was obtained using two
different combinations of the fracture energy and the tensile strength, such as
combination 1 with theensile strength 4.5 MPa atige fracture energy 60 kN/mm

and combination 2, with theensile strength 2.4 MPa anbe fracture energy 105
KN/mm. The cracking schemdsr both combinationsire presented irFigure 2-24.

The inverse problem obviously has more than oratisa and the shape of the
softening curve and the tensile strength can be varied with respect to each other to
obtain similar crack propagation between the upstream and downstream notches.
However, the cracking behavior for the first cracking teas diferent: the first

combination reproduced the results of that test as well as the second one.
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Figure2-24 Cracking Scheme for Different®; Combinations for Model 1

Finally, it can be concluded that cracking was significantly affected by both the
tensile strength and the fracture energy defining the softening curve of the concrete.
The propagation of the crack observed in the second &stbe reproducedyb
applying dynamic application factor to eithdre tensile strength orhe fracture
energy. Amplifying both of the values led to less crack penetration.

2.5.3.2 The Effect of Mesh Density

The different mesh structures as given kiigure 2-22, fine (Model 1) medium
(Model 2) and coars€Model 3) meshes, were utilized to determine the effect of a
selected mesh density on the crack propagatidghiwihe analytical modelThe
spring stiffness valuewere assumed &@93 kN/mm, 205 kN/mm and 210 kKN/mm
each, forthe Modek 1, 2 and 3, respectivel¥lastic analysesvere conductedto
obtain the maximum tensile stress at the tips of upstagahdownsteam notches.

The results are tabulated Tiable2-3.
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Table2-3 Maximum Stresses of the Models

Model 1 Model 2 Model 3
Max. Stress (MPa) Max. Stress (MPa) Max. Stress (MPa)
Upstream| Downstream| Upstream| Downstream| Upstream| Downstream
Notch Notch Notch Notch Notch Notch
4.04 5.54 2.81 3.81 2.76 3.42

As given inTable2-3, the stress generated near the edge of the notch increased as the
element size decreaseWhen the mesh beame denser, thee was a significant
increase in thestress concentratioat the notcHeading to an increase in the stress
demand.The issue was significantly more problematic in modelue to the nature

of the very fine mesh, very large stress concentrations were forming near the
discontinuity (the notch), leading to unexpst cracking, such as the cracking
observed in the upstream notch for the first cracking test. Therefore, the model had to
be biased towards large tensile strengths due to this issue, which is a common, well
known problem for solution of continuum problemgh finite elementsAnalyses

were also conducted with high values of tensile strength and fracture energy of 4.5
MPa and 300 N/m, respectivelyhich still led to cracking near the notches that did

not propagate into the rest of the model

Given that bhe stress near discontinuity is theoretically near infinity, the finite
element model tries to approach to the theoretical solwlmen the element size is
decreasedHowever, he cracking occurs due to effect of stresses on an effective
area, not theaqint of discontinuity. This is a limitation of the maenwodeling of the
concrete which isrery heterogeneousm nature As well assettinga limit on the
maximum element size, a limit should also be abided on the minimum element size.
Significantly moreinformation on the limitations on the macro modeling of concrete
are provided in Bazant (1986)he minimum element size isvalid limitation to the
modeling of this specimen, because of its small aizé the presence of notches
yielding stress concentians When dynamic analysesere repeatedon a model

without a notch, a similar mesh bias was not obser\®ithin the limits of the
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current computational powerhowever, the minimum element sizewhich is
specifiedas three times the maximum aggregate size (Bazant, 1986}, a limit for
the large dam monoliths as wannotuse as fine a density of mesh for these systems.

The analyses of the model 2 and 3 were performed usxpgnential tension
softeningwith 1% and 4%stiffness proportional Rayleigh Dampirfgr first and
second cracking tests, respectivdlgtal strain rotating crack model waised in the
analysesFor Model 2, the crack penetratiovras reproduced with @ensile strength

of 3.73 MPa and fradure energy o8B0 kN/mm (Figure 2-25). These values were

very close to their counterparts assumed in the analytical studyinlayviTet al.
(2000. Reducing the fracture energy slight§0(kN/mm), a similar cracking scheme

was obtained as given in the same figure, leading to the overestimation of the
cracking in the first test. Crack mouth opening was estimated larger in this case, and
the crest reggnse changed significantly.

'l”\‘t\\\\\\ R TR N BEERENRTNEN 3
; TEETRENET
e “\\\?‘:“r‘@\ e
Flrst Crackmg Test S First Cracking Test
TS
3. =
lllllll NN
Second Cracking Test Second Cracking Test
(a)f=3.73 MPa and &80 kN/mm (b) f=3.73 MPa and &60 KN/mm

Figure2-25 Cracking Scheme for Differei@; for Model 2

For model 3, the cracking scheme was reproduced wighsile strength of 3.3 MPa
and fracture energy of 80 kN/mas shown irFigure 2-26. Notably, he strength of
the material had to be assumed somewhat smaller in this model, as due to the

coarseness of the mesh, smaller stress demand were obtained in the finite element
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model.In the second crack test crack mouth opening displacement deachealie
of nearly 1 mm. It can be concluded that when crack is localized, high values of
crack mouth opening displacement can be reached.
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Second Cracking Test

Figure2-26 Cracking Scheme for Model 3

The three different meshes used in this section showed that the stress variation due to
the finite element model is an effective quantity in determining the distribution of the
cracking on concrete elements. Notably, similar fracture energies was usadl for
models to reproduce the cracking given in both cracking tests simultaneously,
however, to correctly predict the initiation of cracking, the tensile strength has to be
changed for each model, i.e. from 4.5, 3.7 to 3.3 for fine, medium and coarse meshes,
respectively. These represéniltimes 1.74timesand 1.5%imesthe static strength

for the specimen. The fracture energy was uaedl.3x thestatic value as well.

Given that models for large dam monoliths will be considered on the coarse side, the
use of 1.5x the tensile strength as suggesté#SACE (1995 appeareasonable for

nonlinear modeling to obtain the cracking on these systems.

2.5.4 The Effect of the Time Stepping Factor

Given that the duration of the pulse is very important for determining the crack
propagation, the effect of time stepping on the analyses results are considered in this

section.In order to investigate the effect of the time stepping factor, analyaes
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conductedwith five different time stepspt o f 00, ®.00060, 0.0004, 0.00025

and 0.00005seconds corresponding #50, 450, 625, 1000 and 508€eps in the

analyses for reaching the total duration of 0.25 secoftide the maximum tensile

stresses geerated in the damwvere same for thee five different analysedor a

decrease in the ot, the effect,leasdngtdur ati on o
more cracking on the specimenhe final crack lengthid not change with further
reductioomoddO4ple.clonds. Reduci ngvasqgmiyat o 0. 0000
slight difference in the response of the darhe effect of the time stegpton the

final crack length is summarizenh Figure 2-27. The gptused for the analyses

changed the time period in which the maximum stress was effective on the system,

hence for largegptvalues, with the reduction of effective time, the crack propagation

was reducedConsequentlythe use of1000 time stepsvas adequatein order to

optimally represent the behavior of the dam and decrease the computational cost. It

should be notedhat Tirawi et al. (2000) used 5000 time steps in their analytical

study.The useof gp+0.00@®5 (1000 time stepdpllstowards the smaller of the limits

prescribed for nonlinear transient analyse€hopra (2007)For the fourth mode at

105 Hz, T/20 equals 0.0W6 seconds.
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Figure2-27 Comparison othe Final Crack Lengti©btainedwith Different Time
Steps
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2.5.5 Detailed Investigation of the Simulation of Crack Opening

The ability of the analytical models to reproduce the displacements from the two
cracking testsvasinvestigated in this section.

2.5.5.1 The Effect of the Material Modeling

Using thetotal strain rotatinfixed crack and the multi-directioral fixed crack
mode| the prediction of thedisplacement response of the specimen at the crack
mouth wasnvestigated in this sectioifhe shear retention factor is nominadigual

to 1 in the rotating crack model, whilewtas formally specified as 1.0 for the total
strain fixed crack and mukhdirection fixed crack modelThe resultobtainedfor the
crack mouth openingt thedownstream notgtihe crest relative displacemeand

the crest relative acceleratidor the total strairmodels argresented irFigure2-28

for the first test The total strain crack models yield very similar results as given in
the figure.Given the test setup, which prescdiihe plane of maximum principal
stress well near the prebuilt notchaébe models yieldedvery similar results.
However,it can be seen #@semodels faikdto simulate the downstream notch crack
mouth opening displacemeatter the first peakfthe CMOD. A better response was
obtained when the utti-directional fixed crack modetas usedThese results were
closer to the results obtained in the analytical modeTibgwi et al (2000)In this
model, the shear retention facteithin the crackplays an impaant role, the effect

of which isinvestigaté in the following section.
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2.5.5.2 The Effect of the Shear Retention Factor

As given inFigure 2-28, the notch openingvas notreproduced correctlywith the

total strainmodesk for a $ear retention factosf 1, prescribingfull shear transfer at

the crack plane aftdhe closing of the creks. According to Rots and Borst (1987),
when there is an unsymmetrical loading, the crack will both open and slide
damaging the crack plane. A reduction in shear stiffness in termshafaa retention

factor should be taken into accouht. order to modl this loss in the crack plane
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fixed crack model, in atotal strain or multdirection formulation, is more
appropriate The crack opening displacement, crest displacement and the crest
acceleration of the specimeme presented irFigure 2-28 for both models using a
shear retention factaf b=0.2. The inclusion of a lower shear retention factor did not
significantly affect the dplacement and acceleration response for the total strain
crack model, on the other hand, a satisfactory prediction of the displacement
response was obtained with the mudliiection fixed crack model as shovafove
However, a further complication @ge for these models: reproducing the CMOD
values could only be obtained with crack elongation twice as much as Tinawi et al.
(2000).

The effect of shear retention facton the crack length and the CMOD wstsidied
using a range of shear retention factors emahputing the final crack length and the
CMOD at 0.15 secondsAs can be seen fromaigure 2-29, the final crack length
increasd with a decreasing shear retention factdhe increase in the crack length
also corresporetl to an increase in the CMOD &t0.15 sec These two graphs
sugget the use of ahear retention factor@nd0.2 in orderto best represent the
behavior ofthe specimen for the first cracking tesithough Tinawi et al. (2000)
usal a varying shear retention factiorthe analytical modeling of the experiment in
accodance with the suggestion froRots and Borst (1987h the form of ashear
softening function, a constant shear retention faessumed as in thBIANA
analyses ledlo satisfactory result®r matching the final crack length and the CMOD
at 0.15 seconddt can beconcluded that as a general trend, when the shear capacity

of the concrete decreases, the crack propagates more and CMOD increases.
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2.5.5.3 The Effect of Rayleigh Damping

The displacements obtained in the analyses were alsotsdam sensitive to the
damping prescribed to the model. Very little of the damping in the specimen occurs
due to the viscous damping sources naturally prescribed in analytical solutions;
majority of the dampindakes places a result of the crushing andearing at the
crack interface which significantly changes the displacement response of the
monolith. A single damping ratio, 426, was used aboye accordance with Tinawi

et al. (2000) The effect ofhigher Rayleigh Dampingon the analysis resultsere
investigated using.%, 5%, 106, 15% and 23%n a set of analyse§ he maximum
tensile stress generated at tipeof the downstream notch decreaséth increasing
damping ratio as given ifigure 2-30. A linear relationship to this reduction is
discernible: the stress dnogdas much as the dampimgas increased.The damping

ratio affects the crest acceleration directly as showkignire2-30.
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In order to obtain the CMOD displacements more correctly, a more detailed
formulation for the damping at theack is obviously necessary. The treatment of
damping at the crack plane requiresnare detailed concrete constitutive model
which is left for a future study.

2.5.5.4 Second Cracking Test

In the second cracking teshe results of the analytical study reproduceddtaek
penetraing between the two notches as found by Tinawi et al. (20@®yeker, the
crack mouth opening displacemewntas obtained very small compared to the
laboratory test and the crest responss obtainedout-of-phase with the test. The
use of differenshear retention factehad no significant effect on final crack lergt

and crack mouth opening displacement. Analysese conducted with different
damping ratios from 1% to 23% to model the second cracking test; however,
damping ratio did noincrease the CMOBignificantly. According toYamaguchi et

al. (n.d.) theabruptdecline of the response can be modeled with transient damping
only, not with Rayleigh dampinépr this phase of the tedtising atransient damping
proportional to the instantaneous secant stiffness maexdecline of the response

was modeled corregtl while the dam continued its harmonic motion udRayleigh
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damping.In the analytical models, Tinawi et al. (2000) diggstantaneous damping

as wel. Kimata et al. (2008) modeled trgpecimen withstiffness proportional
damping as a function of timesaching similar result#\s the formulation currently

used does not include step by step determination of the damping component of the
resisting force based on the material stiffness properties, like the secant stiffness, the
displacement response of theesimen could not be reproduced properly. As
mentioned above, a more detailed concrete constitutive model should be formalized

for this purpose.

2.6 Summary

The results from théur different calibration studies aseimmarizd as follows:

x The shape of theostpeak curve and the strength determine the crack
propagationprocess. For all the three test, it was observed that softening
functions with faster declining curves after the peak were more appropriate
for use, such as Hordyk or exponential models.

x For the finer meshes approaching the limits of mankadeling of concrete,
concentration of the stresses led to significant stress demands, and required
the assumption of higher tensile strength values in order to reproduce test
behavior. However, within cuent limitations of computational power,
modeling of monoliths istill well within macro modeling limits. The 1.5x
dynamic strength, as prescribed U$ACE (1995 appearsappropriate for
dynamic modeling of concrete monoliths.

x Both the rotating and fixed @ck models yielded similar cracking patterns
predicting the crack propagation correctly for the experiments. However, the
displacement predictions were rather off the mark. Further study in
constitutive modeling is required faredict accurate displacemenor crack
openings for monolithic concrete structures

x Shear retention factor and the damping behavior within the crack appear to be

important factors in the determination of correct crack mouth displacements.
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However, these are very complex issues §iamtly related to aggregate
interlocking, crushing within the crack, and possibly the number of cycles the

cracks go through. Further testing is required in order to address these issues

with a moredetailedconstitutive model.
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CHAPTER 3

INCREM ENTAL DYNAMIC ANALYSIS OF A CONCRETE GRAVITY
DAM

3.1 Introduction

In Chapter 2, itwas shown that the crack length and ib€ationin a dam can be
simulatedaccuratelyin a finite element modelThe analytical model as well as the
total strain crack modglcan be used to investigate the distribution of cracking within

a dam body. To this endhe nonlinear behavioof an 80 m higldammonolithwas
investigatedin this section usingncremental dynamic analysi@DA) with the
primary purpose of understanding the nonlinear performance of this structure as well
as its performance limitg his chapter of the thesis is organized as folldvist, the

finite element modelised in the analyses is outlined, followed by ieftaefinition

of the incremental dynamic analysis procedure u$ed set of 2 ground motions

used for the analyses are presented next. dnalysis reswdtarethenpresentedin

which the relationship between key seismic intensity parameters andish@cse
demand results are investigatédnally, the results of the IDA are compared to the
static pushover analysis results in order to evaluate the scope of possible use of

pushover analyses for determining the performance levels of dams.

3.2 Gravity Dam Model

The dam inestigated in this chapteras arbitrary concrete system, wihypical 80

m high monolithwith a vertical upstream and0a8H/1V downstream facerhe crest
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length of the monolith was assumed@m (Figure 3-1). As explained before he
foundationwasmodeled according to the simplified approaatnoduced inUSACE

(1995) and the hydrodynamic forcesere accountedior by We st eaddgda ar d 0 s
mass approach (Westergaard, 1938 reservoielevationwas assumedt&8 m.

Figure3-1 Concrete Gravity Dam Model

The analyses in this section were performed usingtdba strain rotating crack
model. The dam body was modeled wig®25 CQ16M elements and 45 CT12M
elementswhile the foundation was modeled with 4430 CT12M elementse
Youngds Modul us densiBoandstieeotensils strength forothe dam
monolith were assumed as 12.0 GPa, 0.2, 2400 Rgamd 1.8 MPa, respectively
Exponential tension softening functigvas used witha fracture energy 0225 N/m.

The use of this value for the element size given in the dam mesh was validated so
that no strength reductiomvould occur during the analysedt was assumed that
failure would occur due to tensile overstressing (Alembagheri and Ghaemian,; 2012)
therefore, th crushing failure was ignored and the compressighavior was
assumectlastic For the foundationa medium quality rock foundatiomas assumed,;
Youngo6s wdst ilkklems as 10. 8 GPa and the Poissonods
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The effective damping rati(Equation 31) due to the effect of the foundati@md
reservoir wa calculatedin accordance wittUSACE (1995) as given belowt takes
theindividual dampingcontributionsof dam, foundation and reservanmto account

=—— o+ 4+ (3-1)

In the above equation, is the effective damping ratio, is the damping valuthat
is suggested to be assumed as 5% for OBE lgraind motions and are the
added damping ratios due to hydrodynamic effects andfdandation interaiton,
respectively.R; is the ratio of the first natural pedoof the structure with full
reservoir & flexible foundation case to the empty res&r& flexible foundation

case Similarly, R is the ratio of the first natural period of the structure ilgiible

foundation & empty reservoir case to the rigid foundation & empty reservoir case

The damping ratiowas calculatedas 10%from the above guation Mass and
stiffness proportional Rayleigh Dampirghich producel 10% effective damping
ratio in the first mode of thstructurewasusedin the analysesThe first four natural

periocs together with the mode shapes are presenieéigure3-2.

(é) Mode Shape 1, T= 0.47 sec
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(c) Mode Shabe 3r :b.18seb (d) Mode Shape AT =0.10sec
Figure3-2 Mode Shapes
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A constant time increment of 0.00&as used in thetransient analyses. The
convergence norm for bothe residuatlisplacement and foragiteria wasselected
as 0.001. After the application of seMveight of thedam hydrostatic loadwas
applied and thelam modelwas subjected to several ground motions with different

intensities.

3.2.1 Incremental Dynamic Analysis

In incremental dynamic analysis (IDA), the structure is subjected to a set of ground

motions which are scaled to multiple levels of intensity so thatrelationship

between thedamageand intensitymeasurs is obtained.The natural (inscalel

ground motions are scaled with a positive scaling fatiairincreases incrementally

(Vamvatsikos and Cornell, 20P2I'he intensity measure (IM) is a positive scalar that

depends on the intensity of a ground motion and increases incrementally with the

scding factor. Some common examples of IMs for the design or evaluation of

buildings are the peak ground acceleration (PGA), peak ground velocity (PGV) and

the 5% damped spectr al a-mocle derod @@T1,6%)n at t he
(Vamvatsikos and @nell, 2003.

The damage measure (DM) is a positeservable scalar, which can be found from

the output of thenonlinear dynamicanalysis resultsThe quantification can be
Ssubjective based on the user ds gablity s (design
of the analyses tools and time constraints). Some common response parameters used

are the maximum base shearmaximum crest displacemeaf a structure which

are sometimes used as damage measures for ductile structures. However, the use of

thee parameters as damage measures includemttiresic assumption of elastic

perfectly plastic behavior, such as the perceived behavior inr@iefbrced ductile

buildings The behavior of a dam monolith is different from such a -defined

response, as such, a seismic demand parameter, such as the crest displacement, can

hardly be termed as @amage measurfer this monolith. A more practical damage
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measure, in terms of total cracking of the monolith, is investigated in this section

along wth the usual seismic demand parameters presented.above

3.3 Selection of Ground Motions

In order toperform IDA of the 80 m high concrete gravdgmmonolith, a set of 21
ground motions were selected (Table 3-1) so that the effect of different
characteristics of ground motiorsuld be investigated with the effect of different
scaled levels The motionswere selectedfrom Pacific Earthquake Engineering
Researci{PEER strong motion database whievererecorded on rock or stiff soil
(type A or B of USGS) that lklarge magniudes ranging from 6 to 7.6nd
epicentraldistances of to 39 km in accordance witfFEMA440.To perform IDA,
selected ground motiongerescaleds uch t hat t he spectr al
first natural period0.47 secwasscaled from0.4gto 0.8g with 0.05g increments
The spectral accelerations of these ground motions are preserigdri3-3. These

target levels led to the use of scale factors ranigormg 0.22to 6.68

57



89

Table3-1 Selected Ground Motions

No Earthquake Name Component | Moment PGA | PGV R USGS Sa(5%) at
Magnitude (9) (cm/s) | (km) | Soil Type T1(Q)
1 Imperial Valley, 1979 315 degree 6.5 0.204| 16.1 14.2 B 0.307
2 San Fernando, 1971 90 degree 6.6 0.110| 13.3 | 31.7 B 0.318
3 San Fernando, 1971 270 degree 6.6 0.136| 5.6 38.9 B 0.120
4 Landers, 1992 0 degree 7.3 0.171| 20.2 | 23.2 B 0.290
5 Loma Prieta, 1989 0 degree 6.9 0.512| 41.2 13.0 B 0.543
6 Loma Prieta, 989 67 degree 6.9 0.357| 28.6 11.6 B 0.842
7 Loma Prieta, 1989 270 degree 6.9 0.244| 20.3 | 214 B 0.720
8 Morgan Hill, 1984 90 degree 6.2 0.292| 36.7 11.8 B 0.484
9 Northridge, 1994 360 degree 6.7 0.514| 52.2 | 22.6 B 1.153
10 D¢zce, 1061 E 7.1 0.134| 13.7 | 15.6 B 0.246
11 Manijil, Abbar- ABBAR Longitudinal 7.37 0.515| 43.8 12.6 B 0.703
12 Tabas Transverse 7.35 0.852| 98.2 2.1 A 1.860
13 Loma Prieta, Gilroy 337 degree 6.9 0.325| 22.3 11.6 B 0.566
14 | Northridge, Burbank Hw Rd. | 330 degree 6.7 0.163| 8.5 20 B 0.275
15 Northridge, 24088 Pacoima | 360 degree 6.7 0.433| 51.5 8.2 B 1.091
16 Spitak 0 degree 6.8 0.199| 28.6 30 B 0.391
17 Cape Mendocino 1992 0 degree 7.1 1.497| 1274 | 8.5 A 1.582
18 Chi-Chi, Taiwan, 1999 E 7.6 0.133| 39.8 | 14.3 A 0.196
19 Kocaelii Gebze, 1999 0 degree 7.4 0.244| 50.3 17 A 0.431
20 Kocaeliit Kz mi t , 90 degree 7.4 0.22 29.8 4.8 A 0.341
21 PalmSprings, 1986 270 degree 6.0 0.612| 31.5 7.3 A 0.922
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Figure3-3 Acceleration Response Spectiraledat T;) for the Selected Ground
Motions

3.4 Results of IDA

A total number of 18%0onlinear transierdnalysesvereconductedor the IDA. The
cracking (both open and closed)t the end of the time historfpr all scales of
different ground motions are presented-igure 3-4. It can be seen from this figure

that, the cracking initiates from the base of the dam at the upstreanifdeg a

partial crack occurs at the base of the dam at the downstream face and as a general
trend, cracking at the dam body firstitiates from the downstream facé/henthe

intensity of the motiomncreasesdownstream cracks join the upstream cracks
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Figure3-4 Cracking Schemefsom thelDA
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Figure 34 (Continued) Cracking Schemes from the IDA
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Figure 34 (Continued) Cracking Schemes from the IDA
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The selection of a damage measure for a gravity dam monolith, similar to the use of a
parameter like story drift ratio in buildings, is a significant challenge. First of all,
field or experimental data on dams that has undergone significant damage is
extramely scarce. Secondly, a numerical index should to be tied to some qualitative
performance level which is still subjective. Performance levels are still widely
debated within the dam engineering community. Therefore, a relatively simpler
choice is made inhis study andhe total crack lengthwithin the dam body was
chosen as the damage meaqi@nenawa et al., 2004Lracks may start at various
heights on the dam body, apdopagatingperpendicular to the upstream (horizontal
cracks) and the downstream (inclined cracks) face. Accordingly, the dam body is
divided into 17 crack initiation zones with B increments, the first one
corresponding to the cracking that would occur at the lzawkthe sequential ones
corresponding to cracks that will form in these zones iwithe height of the
increment Figure3-5). In accodance with ElAidi and Hall (1989) if more than one

crack occurred in one of the crack zones, the longest crack was taken into account
and the other cracks were neglected due to thekmelvn smearing of damage to

the nearby elements along the main crack in the catigét model. Some minor
cracks in the upstream direction (that did not propagate towards the downstream
cracks) were also neglected. As a demonstration of the process, the indivahkal

taken into account for motion 18, scaled to 0.80gpaesented ifrigure 3-5 with red

lines. The total crack lengthiascalculated ad74 m for this example; 117 m in the

upstream direction and 57 m in the downstretnmaction.
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(a) A schematic drawing of the  (b) Mildly -damaged (c) Severelydamaged
crack zones cracked scheme (motio cracked scheme (motio
7, S scaled to 0.80g) 18, S scaled to 0.80q)

Figure3-5 Crack Zonesnd Cracking Schemes

The effect of damage on the structure in terms of extending the fundamental period
was also recognized and the elongated natural period and itsvedfeshvestigated.

By simulating the discontinuitieswith decreasing the moduli of the cracked
elements,in the upstream and downstream sides separatdBigien analyses, the
change in the fundamental period was compiledefmh motion, as given irigure

3-6. The obtained rang®as an upper bound omé damaged period considering the
facts thatnot every crack i®pen during a cycle of motion arle cracks open and
close (upstream and downstream sidaallyalternating) during a given earthquake
shaking. When the elongated period due to the upstream and downstream cracking
was investigated separately, it was observed that the influence of the mmpstrea
cracking on the period elongation was very significant, unlike the downstream
cracking. With the increase in the length and number of upstream cracks, the period
of the dam elongates considerabby as much as 3 times of the initial period
(motion 18, saled to 0.80g). The effect of downstream cracking sigsificantly

less; the elongation was limited to 20%.

At average,the period was determined tancrease by 45% due to the damage
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