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ABSTRACT

QUANTITATIVE COMPARISON OF 2D AND 3D
MODELING FOR CONCRETE GRAVITY DAMS

Evliya, Ekin Erdem
M.S., Department of Civil Engineering
Supervisor: Assoc.Prof.Dr. Yal n ARICI

December 2014, 78 Pages

Seismic behavior of gravity dams has long been evaluated andtpcedising a
representative 2D monolith for the dam. Formulated for theitgrdams built in
wide-canyons, the assumption is nevertheless utilized extendimelalmost all
concrete dams due to the established procedures in 2D space as tvelexpected
computational costs of building a three dimensional model. A gignif number of
roller compacted concrete dams are being designed based onptbesdures
regardless of the valley dimensions, joint-spacing or joint ldetBiased on the
premise that the assumption is overstretched for pragiiggloses in a variety of
settings, the purpose of this study is to critically evaluhé behavior of monoliths
within a dam and determine the representativeness of this agsumpgeneric 80m
high dam was considered in different valley settings, correspomalingultiples of
the dam height. For a range of selected ground motions, the ddéebetween the
responses of individual monoliths to the full monolithic dam smtutvas compared
in a 3D analyses setting. The results were compared taaimenonly used 2D
solutions. The results showed that the 2D assumption generalljegidietter
estimates to the 3D case for the independent monoliths andvalidgs whereas it
showed large discrepancies with respect to 3D models fdulligemonolithic case

and narrow valleys.

Keywords: RCC, seismic design, 2D vs. 3D analyses, interface, drexyuresponse
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BETON A IRLIK BARAJLARIN 2B VE 3B
MODELLEMELER N N N CEL KSEL KAR ILA TIRMASI

Evliya, Ekin Erdem
Yiksek Lisans,n aat Mihendislii Bolimu
Tez Yoneticisi: Dog. Dr. Yal n ARICI

Aral k 2014, 78 Sayfa

A rlk barajlar n n sismik davran uzun zamandr 2 boyutlu temsili bir monolit
kullan larak tahmin edilmekte ve derlendiriimektedir. Bu varsay m genivadi

ac kI na sahip barajlar icin formile edilmblmas na ramen, 2 boyutlu uzayda
kullan lan yerlemi prosedirler ve 3 boyutlu bir analizin zorluklar sebebiyle
neredeyse tum beton barajlar icin yayg n kekilde kullan Imaktad r. Silindirle
sk trim beton barajlar n énemli bir bolimd vadi ag¢ k|l derz ag kIl ya da

ba lant detay go0zetmeksizin bu prosedirler ile tasarlanmaktBd rvarsay m n
ce itli durumlarda guvenilirliini yitirebilece i 6Gnermesine dayanarak, bu ¢alan n
amac monolitlerin davrann eletirel bir ekilde deerlendirerek bu varsay m n
gecerlili ini belirlemektir. Cal mada yuksekliin katlar na tekabil eden farkl vadi
ac kl klar nda, ¢ok kullan lan bir kesite sahip 80m yuksektle baraj modelleri
kullanIm tr. 3 boyutlu bir ortamda secilen bir dizi zemin hareketinde tekil
monolitlerin tepkileri, yekpare baraj ¢6zUmunin tepkisi ile kartrim tr.
Sonuclar genelde kullanlan 2 boyutlu ¢dzimler ile kartrim tr. 2 boyut
varsay m bams z monolitler ve genivadiler ile ele al nd nda 3 boyutlu modele
daha iyi yaklamlar yaratrken yekpare govdelerde ve dar vadilerde cok farkl

sonugclar verebilmektedir.

Anahtar Kelimeler: Silindirle Sk trlm Beton, sismik tasar m, 2D vs 3D

analizler, ara ylzey
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CHAPTER 1

INTRODUCTION

1.1. GENERAL

The use of roller compacted concrete for the construction oftgidesms are popular
for the hydroelectric power generation in the emerging economigsriiaf the
old dam stock in the developed world are also gravity damsusiiig conventional
concrete. Given the need for the design of new systems in théopiegeworld,
along with the need for the evaluation of the seismic performdrbe old stock in
the developed countries, analysis technique for the gravitystiarotures becomes
an important issue for the designers, owners and the regulBliigss due to the fact
that soil-structure interaction, which is usually not consideretiendesign process
for conventional infrastructure, is important in defining the guenfince of such
systems. The presence of soil-structure interaction signifjcaffects the response
of these structures and the consideration of the effeat téds to a reduction in the

predicted response quantities.

The analyses of these systems are usually conducted with dimensional (2D)
modeling approach, using a frequency domain linear or time domainneanli
analyses. Given the many different properties regarding the regpng material,
foundation etc., the prevalence of 2D analyses for dam sysgesomewhat peculiar.
This approach stems from the historical development of the ssmatyethods for
these systems as well as the traditional construction techofgiese systems as
independent monoliths separated by construction joints. Howevertheigxtensive
use of the RCC material, construction joints are formed usbgllsotary saws in
RCC dams. Partial slicing at the upstream or downstreanddagaipper-style
connection details varying the location of the joint for eachaliftd significantly

extending the joint spacing are among the employed variationsheo old



construction techniques. Gravity dams were also treated as @fdustéss based on
the wide valleys they were built in, as arch dams wereajlgidesigned in narrow
valleys. With the significant speed advantage provided by RCCraootish, gravity

dams are now built even in narrow valleys otherwise suitablarth dams.

In spite of the factors presented above, engineers hardly think di®opiossible
three dimensional (3D) effects of the seismic loading on systeras 1) 3D model
preparation, analysis and post processing is time consuming&) ba precedence
as historical norms and experience dictating 2D analyses, Bewngld not possess
the tools, 4) as they assume conventional joint behavior and 5peptise arching
effect as the only important 3D effect. The goal of this thesiinvestigating the
accuracy of the conventional analysis techniques based on thedsegrefnshort
review on the literature on the subject and the specific gmalshe limitations of the

study are given in the next sections.

1.2. LITERATURE REVIEW

Pioneering studies on the seismic analysis of concrete yidaihs were conducted
by Westergaard [1], who developed the technique of modeling the hydrodyna
effects of a reservoir using added masses on the upstreawf fdoeedam using 2D
modeling. This technique ignored the effects of water compréfysifiihe response
of concrete gravity dams including the effect of reservoir-taaly interaction and
the effect of water compressibility and the earthquake residisign of concrete
gravity dams considering these effects were investigatedhbyr@ [2,3] using 2D
modeling. The effects of hydrodynamic interaction and water cosipilgy were
later investigated using 3D modeling for arch dams by HallGimapra [4] in 1980.
They have concluded that the inclusion of water compressibilgpifgiantly
influence the seismic response of concrete gravity damsteBpense of the system
becomes dependent on the reservoir shape with the inclusion atér w

compressibility.

Earthquake response of concrete gravity dams was investigatading the dam-

foundation interaction and a simplified analysis technique, in whielrdsponse of



the fundamental vibration mode of the system is modeled as k slagree of
freedom system underlain by an elastic half-space foundatias,developed by
Fenves and Chopra [5-7]. A finite element technique for obtaining aigdbous
solution of dam-water-foundation systems which includes both thervmes
foundation interaction and a layered foundation was developed by Latfi E].
The effect of sedimentation on the overall behavior of the adamefation-reservoir
system was investigated including a layered foundation using bouedEment
technique in a 2D setting by Medina et al. [9] and later usintgfelement technique

by Bougacha and Tassoulas [10].

Studies on the non-linear response of concrete gravity damsdstarthe last two
decades given the frequency domain formulation requires a linedaensys
formulation. Earthquake induced base sliding of concrete gravitys desas
investigated by Chopra and Zhang [11] and the overall response inclhdifgse
sliding effect was investigated by Chavez and Fenves [12] wsihgbrid time-
frequency formulation. Studies including non-linear effects ofking behavior of
concrete were conducted by Bhattacharjee and Leger [13] andbjatlezger and
Leclerc [14] using a smeared crack model to determine thgagation of cracking
on the system. The literature presented above provides inviestgah the complex
problem of accurately modeling reservoir-dam-foundation systenms-rBservoir-
foundation interaction and non-linear response due to cracking antd¢biavior are
the two main phenomena which define the response of these syblmresis a lack
of studies that take these two main problems in dam engineatmgansideration
simultaneously. Since the focus of this study is on the congpads 2D and 3D
modeling for concrete gravity dams, soil-structure interactwas the main

consideration in modeling these structures.

SSI effects have an important role in determining the ovdgalamic behavior of
large infrastructure systems. This issue has been reeogfoz nuclear structures
somewhat earlier than dams in which the major issue wasirthgagon of non-
reflecting boundary conditions for a seismic problem. Most of thdies on this
field, developed separately and parallel to the literaturedam systems, have
focused on the issue of correctly defining the boundary conditionse afydtem to

correctly simulate this behavior, such as the work of Lysamer Kuhlemeyer [15]



which led to the development of the software SASSI (SystenAmnalysis of Soil
Structure Interaction) by Lysmer et al. [16]. A more dethiiterature review in this

area is not provided here with the scope of the thesislini dam systems.

The most prominent works on the effect of SSI on concrete danEedraps the
studies mentioned above by Fenves and Chopra [5, 6] and Medihd93t &hese
studies are concerned with the response of the dam systems cdnoudte
frequency domain, thus limiting the results in the linear-elaahge. Provisions for
design and evaluation of concrete gravity dams [17, 18] based &DE solution
in [6] is widely used for design and evaluation purposes providingclanital
background for the use of the Finite Element Method considering aenivSSI

effects.

The studies by Fenves and Chopra [5, 6], predominantly effeictighaping the

practice in the field is based on the following assumptions:

Concrete gravity dams are modeled in a 2D frequency domainseandBbj

The contribution of the first vibration mode is dominant in the overall

response of the system. In this sense it is a valid assuniptsimplify these
systems as SDOF systems with equivalent damping ratios [6].

Complex natural vibration modes are neglected by assuming acagtdct
surface behavior between the dam body and the foundation.

In order to utilize a frequency domain solution, the soil mediunedin the
dam body is idealized as a linear-elastic half-space in todebtain a semi

analytical solution. [5]
The assumptions presented above present the following disadvantages

This method [6] suggests the use of an equivalent damping ratipaiaity
dam systems. However, it is only valid if the contributiontioé first
vibration frequency is dominant in the overall behavior. Sincechiaynges

or irregularities in the dam type and geometry affect theribomion of the

first fundamental mode, the method should be used cautiously for dédms wi

different geometries.
Since the soil beneath the dam is considered as an infindeumesoil

properties beneath the dam superstructure are assumed to be amdiant



there is no stiff rock in a considerable depth. A significamhber of dams

are built on layered soils and/or stiff rock formations which rendieis
assumption unrealistic.

The frequency based solutions do not permit any non-linear solutions for

both the dam and the foundation.

The latter of the methods presented above, presented by Medihd®tutilizes a
layered medium for the foundation using Boundary Element Method. This approa
considers the dam as a triangular shaped structure on layett@dustderlain by stiff
rock. The structure is considered as a multi degree of freexystem, thus taking
into account all vibration modes, and contact behavior is defineflezible.
However due to the ease of computation of the SDOF solution in therfgolution,

the former method is widely used for simplicity instead of Boeindary Element
Method solutions.

Perhaps the major disadvantage for both methods is the requireamemploy a
frequency domain solution which limits the response to linear behdasioce the
behavior of the dam is expected to be non-linear to some exiefdce behavior,
cracking, etc.) a time domain non-linear solution considering bothpltmticity
effects and SSI is required. Given such tools require veryycosmputations not
readily available to practicing engineers, models with masgbemdations remain as
important alternatives to represent SSI effect and nonlindagsther in the design

process.

With the widespread use of finite element modeling and other cotigmai
techniques, several software were developed for the simady dams. One of the
pioneering works in this field was the software ADAP (Arch D@malysis

Program) developed by Clough et al. [19]. ADAP, which was rgée@ from the
software SAP, was capable of conducting 3D analyses of archk. daater, the
platftorms EAGD and EACD were developed over the course of fian the

earthquake analysis of concrete gravity dams in 2D and 3Dgsettiespectively, by
Chopra and his colleagues. [20-23] Reservoir-structure-soil intamastconsidered
rigorously in these platforms. A uniform canyon extending to infirdtpne of the

major limiting assumptions for the code EACD which was dgyed for the seismic



analyses of arch dams. As mentioned above, due to the freqiemeyn limitation,

these platforms do not permit any non-linear approach to the problem

As given above, the three dimensional approach to the problemewa®ped in the
context of arch dams by using three dimensional finite and boundamyeset
methods. A study using boundary element method for modeling arch damsyst
3D space including the dam-reservoir-foundation interaction was cemutumt
Dominguez and Maeso [24]. Full reservoir condition including water cessyility
and a linear viscoelastic foundation was assumed in this stuiigctE of
sedimentation on large structures subject to fluid-soil-struatteeaction including
arch dams were investigated in 3D space by Aznarez et AIN@b-linear behavior
due to earthquake induced cracking in concrete was investigatactfodams using
the discrete and non-orthogonal smeared crack method and a fimtnejgrogram
utilizing a combination of these two methods was developed by LudfiEspandar
[26]. As given above, gravity dams are hardly considered ta beeiscope of the
3D analysis tools. A single monolith including the reservoir masleled in 3D by
Arabshahi and Lotfi [27] in order to investigate the effect ef hon-linearity in the
dam-foundation interface on the monolith behavior. A full-scale megs not

considered in this study.

The major part of the literature on the seismic analysigiahs includes the
assumption of a representative 2D behavior of a monolith govetlmendesign of the
dam system. The academic world, led by the challenge providde: (&SI problem,
led the practitioners to extensively use the outcomes of ttaglies in a 2D setting,
regardless of the basic assumptions enabling the use of a 2D, iredE) A plane
stress condition permitted by the use of intermittent expansiois jseparating
monoliths or 2) A plane strain condition for a system constructedwide valley.
Almost all of the RCC dams built in Turkey in the last decdd not satisfy these
conditions. The effect of the contraction joint behavior was ordgatéd in the
context of arch dams [26]. In their study focused on the hydrodyneifieicts on a
short length dam, supported by past experience, Rashed and Iwgoi28d out
that while the 2D assumption would be satisfactory for dams wigje lvalley width
to height ratios, 3D analyses would be required for dams in nagoyons. Despite

this early evaluation, three dimensional analyses weetyramployed in the design



of concrete gravity dams, but only been used for RCC damskabha lacking any
expansion joints [29-30]. The significant difference between 2Be and 3D

predictions were shown in these studies.

In light of the literature presented above, a study on the coropawsis2D and 3D
modeling for concrete gravity dams was required due to the elsdiciof the 3D
consideration of the problem in the literature despite #pressed need for this
approach and the need for a critical evaluation of 2D modelingofacrete gravity

dams.

1.3. OBJECTIVE AND SCOPE

In the context of the discussion above, the main purpose otudig is to:

Investigate the validity of the 2D single monolith approach fonceete
gravity dams by comparing its response to that of its 3D cmanrts.
Investigate the effects of construction joints which is atbisethe much used

2D modeling approach.

For this purpose, the investigation of 2D and 3D modeling for conaratgygdams
was carried out under two main headings; the comparison afe¢hkzed 2D and 3D
responses for the system and the effect of construction jointhe response, as

outlined below:

The comparison of the idealized 2D and 3D Response.

o Comparison of the frequency response functions of 2D and 3D

models

o Comparison of the fundamental frequencies of the 2D and 3D models

o Comparison of the effective damping of 2D and 3D models

o Comparison of time domain demand parameters by using transient

analysis results with a suite of ground motions
Investigation of the effects of joint properties on the sygienformance
0 The effect of interface material properties and non-linedavier

induced by a friction-slip model



o The effect of the opening and closing of the joints between the
monoliths
o The effect of ground motion variability and directionality byimiilg

bi-direction ground motions

Chapters 2 and 3 describe the numerical models used and the atelisigues

employed throughout the study.

In Chapter 4 the frequency response functions of two types ofzeleéa8D models
are compared with idealized 2D models. The first 3D model eraglayas a
monolithic dam system while the second model was compriseddepémdent
monoliths. In order to account for the effects of the vatiepmetry, a range of
valley widths ranging from one quarter to ten times the damhheigre used. The
results obtained from the analyses conducted with these mededscompared to
those of a 2D model employing the massless foundation approach aaswak
theoretically robust 2D frequency domain solution considering thectste-
foundation interaction. This comparison was conducted for a rangeffefedt
foundation to structure stiffness ratios. Given the need for tmparison of
engineering response parameters in time domain, a set of kihewaere then used

to compare the peak time history response values betweemd®2BDamodels.

The effect of the monolith interface response on the dam behavrorestigated in
Chapter 5. In the first part of the chapter, the underlyiggumptions for the
independent monolith behavior were investigated. A set of asaly@ag the same
ground motion record with different scale factors was conducted onlsnaite
different interface properties in order to determine thecefdf interface properties
on the chosen demand parameters for different ground motion intenShiese
results were also compared with those obtained from the 2D soltitieneffect of
ground motion variability on the interface behavior was investgéte different
valley widths using ground motion pairs scaled to fit a targettspa. Two
horizontal components of the motion were used separately in thegsesnial order
to investigate the motion of the dam monoliths parallel and peiqéad to the

cross-stream direction. In the second part of Chapter Setjugred joint opening for



the independent behavior of a gravity dam monolith was invesligamieducting a

number of time history analyses with 35 different ground motiins.pa

A brief summary and the overall conclusions of the study andipessienues of

future research are presented in the last chapter.

1.4. ASSUMPTIONS AND LIMITATIONS

The study is subject to the following assumptions and thegdliimits they impose.

In the first part of the study, the reservoir-dam body intevactas not

considered (empty reservoir was assumed) within the study in wrdienit

the scope of the problem. The hydrodynamic effects and the water

compressibility will affect the behavior of the overall teys for a full
reservoir condition.

In the second part of the study a full reservoir case wastigated using the

added mass method proposed by Westergaard [1] thus the compressibility

water was not taken into account. Hall and Chopra [4] stateh@affect of
water compressibility is significant in the response of cetecgravity dams.
According to Chopra [31] neglecting water compressibility wifeet the
behavior of dam systems that have a higher structural ssffr{€&ffness
range of the concrete used in real systems are consideredntohizerange)

However the values of demand parameters obtained in this seidged for

purposes of comparison with their counterparts obtained from different

models. Therefore the absolute values of these demand pararast less
significant than the relative difference between them.

Given the primary purpose of the study for comparing the 2D/3D kehav
the dam and foundation models used in the analyses were assunmeémas |
elastic. Nonlinearity was only considered for the interface behavhen

necessary in order to represent the joint opening/closing arghehavior.

The spatial asynchronous nature of the ground motion was not considered in

the analyses.



Massless foundation approach was employed for all of the 3D maukfsra
some of the 2D models in order to model the non-reflecting boundary fo
soil-structure interaction. (i.e only the flexibility of theuhdation is taken
into account along with stiffness proportional damping) Equivalent oemp
coefficients were used which were calculated in accordante [B]J.
According to Chopra [31] this assumption leads to overestimatiderofind
parameters when compared with the solutions obtained by including al
effects of dam-foundation interaction and the degree of overemtimat
increases as thefE; ratio decreases. (i.e as the foundation gets softer.)
However, this assumption still remains an important tool faighers to
combine the SSI effects with nonlinearity on the dam body fguorese
prediction.

Lower order elements were used in the finite element modeledse of
computation with the large models which might affect the acgucd the

results.
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CHAPTER 2

NUMERICAL MODELING OF 2D AND 3D RESPONSE

2.1. FINITE ELEMENT MODELS

Numerical modeling of dam behavior is often evaluated usingefiriement
modeling technique. The finite element models in this study tugfeand analyzed
in the software Diana. (TNO DIANA) Two different types 8D finite element
models were used in order to assess the behavior of dam sy§tigre 2.1). The
first type of model was fully monolithic, representing RCCmdabuilt with
interlocking expansion joints and/or partial expansion joints. Tlmnske type
represents the typical gravity dam construction, (appliceb#smme RCC dams with
fully sawed expansion joints), with independent monoliths connected Igcsur
interface elements. This modeling is convenient since adinigbint representing
grouted or calcified joint system within an interlocked monolitBtesyp can be
obtained using a typical Coulomb friction model at the interfaor the sake of
simplicity, all the systems considered within the studyensssumed as 80m high
with the cross-section geometry shown in Figure 2.2. A 45 degmde gvas
assumed for the 3D models on both of the valley ends. Maéslessation models
are extensively used for the prediction of non-linear behavior oysEem. Given
the extensive use of these models, [24, 28, 30, 31] this mgdedchnique was
considered for 3D modeling. The abbreviation MF is used from now @ptesent

the massless modeling when required.

11



(a) Monolithic Model (b)Independent Monoliths

(c) 2D Model

Figure 2.1 - Finite Element Models

80m

45°

Figure 2.2 - Cross Section of the Dam
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For 3D models, the width of the valley was chosen in multiplekeofdam height.
Five different valley widths were considered throughout the stutlyirg from one
guarter to ten times the dam height. Models with valley width3.25H, 1H, 2H,
4H, and 10H are denoted as 0x, 1x, 2x, 3x,4X, and 10x respectivehoulidsbe
noted that these values represent the width of the valky ibathe center. (i.e the
width at the sides is not included.) Due to the 45 degree gredejdth of each side
of all models is equal to the dam height. For example the modetatkas 1x has a
valley width of 80m (1H) in the center and 80m on each side totaliBg@m valley
width. Furthermore the models are given a suffix “i” or “m&ndting whether the
system consists of independent monoliths or is a fully monolitlyistem
respectively. For example the model with 240m valley widtld @ndependent
monoliths is denoted as “1xi”. The respective valley widthsaahemodel can be
found in Table 2.1. The cross section dimensions and the viguakeatations of

these models can be found in Figure 2.3.

13



Y i

5y '
X, z
EvS) by

(a) Ox (b) 1x (c) 2x

(d) 4x (e) 10x
Figure 2.3 - 3D Models With Different Valley Widths

Four-node, three-side isoparametric solid pyramid elememtahgelron) (denoted as
TE12L in the Diana software) were used in modeling both the dam #mdiythe
underlying foundation. (Figure 2.4) Lower order elements were fosdtie ease of
computation with very large models employed in the study. The ®laiperties

assumed for the dam body are as follows:
Young’s Modulus, E=20 GPa
Poisson’s Ratio,=0.20
Unit Weight, =2400 N/ni

The width of the valley, the size of the monoliths and the foum@amodulus were
treated as the variables effective in determining tepamse of the system in the first

section of the study, while the interface properties werated as the determining

14



parameters in the second part of the work. While the Young's modildise
foundation varies between different models, (ranging from 0.8stita 4 times the

modulus of the dam body) Poisson’s Ratiowas assumed as 0.25 in all models.

(a) Dam Body / Foundation (b) Interface Elements

Elements

T «:I."' tan &

t [

| It
C':' \[‘.'}?""b
-

/’fﬂ# -

(c) Constitutive Model

Figure 2.4 - Structural Elements Used in the 3D Models
(c: Cohesion, : Friction angle, f;: Tensile Strength)
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Table 2.1 - Valley Widths of 3D Models

Valley Width
Model Name i .
(Including Sides)
0x 180 m
1x 240 m
2x 320 m
4x 480 m
10x 960 m

Given the precedence of 2D analyses in the practice, two 2Dosoloethods were
considered in this study. First of which is the plane stress Imeith a massless
foundation assumption, typically used in the nonlinear analyses ofsgstdms in
the time domain. Three types of elements were used in thid.nféalethe modeling
of the dam body, eight-node quadrilateral isoparametric plamssstelements
(denoted as CQ16M in the Diana Software) were used. For thelingpdé the

foundation, six-node triangular isoparametric plane stress elenfdahoted as
CT12M in the Diana software) were used. Three-by-three nodedimensional
interface elements (denoted as CL12I in the Diana softwae used for modeling
the interface between the dam monoliths. The elements migbd modeling of 2D

FEM model can be found in Figure 2.5.

The second 2D solution method employed was the theoretically robutibsabf
the 2D dam-foundation interaction problem in the frequency domain.TI&
solution also forms an important part of the literature as theva&gat damping on
time domain models was obtained from single mode simplificaticheo analysis
results in order to emulate this approach. [8] Accordinglydtraping ratios for the
time domain models were assumed based on this methodology, iadditenal
damping brought in by the soil-structure interaction was represémtdriayleigh

damping coefficients in time domain models.

The visual representations of three types of FE models (3D Mool

Independent and 2D) used in the study can be found in Figure 2.1.
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(a) Dam Body (b) Foundation Elements (dnterface Elements
Elements

Figure 2.5 - Structural Elements Used in 2D Model

2.2. THE MODELING OF THE CONSTRUCTION JOINTS

The boundaries and interface elements in the 3D models (such ad#tagen the
monoliths of the dam) were modelled using three-node triangulafaicéeelements
based on linear interpolation. Each construction joint was modelédawiange of
such elements as given in Figure 2.4. As well as the adymmhbeing able to
model completely independent monoliths using very low linear elstifficess at the
interface elements, these models can also be used to rephesepéning/closing or

sliding/locking behavior between the monoliths.

The Coulomb friction model was used to simulate the stick-slip viimhat the
interfaces of the monoliths. The displacement at an interfade decomposed into
an elastic, and plastic part, . (i.e., ) The Coulomb friction

model employs the following yieldf( ) and plastic potentiald, ) surfaces defined

in terms of the normal tractioty and the tangential tractidp.

17



1)

)

Where tan/, andc, are the friction coefficient (tangent of friction angle) and th

cohesion, respectively. represents the tangent of the angle of dilatancy. The

rate of plastic displacement is governed by:

— ©)

where / is a multiplier. The tangent stiffness matrix is nonsymmetrit the

friction angle is not equal to the dilatancy angfe J, ). The interfaces in the model
are mostly characterized by the transverse and normal stffeehesion and the
friction angle of the material used. For modeling the integmssible variations in
these parameters were considered in accordance with the nhtine expansion

joint or the construction details.

The monolithic 3D model represents the case for which the expagosis offer
full resistance to lateral movement. The independent monolith Inmto@® setting
represents the ideal case in which the monoliths can maepéndently from each
other with little shear resistance. In essence, the behaveisystem was expected
to be in between these idealized models governed by the nonlinedrekhvior

between the monoliths.
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CHAPTER 3

ANALYSIS METHODOLOGY

3.1. EIGEN ANALYSIS AND RESPONSE BOUNDS

Eigenvalue analysis is a valuable and simple tool to evaluatdynamic behavior of
a dam system as the different interaction modes between thdithiean perhaps
best be compared by the simple visualization of the modpesh Such a sample
analysis was conducted for a generic dam located in a narrtey val240m width.
The first three natural modes of the system are presentedgumeF8.1 for the
idealized fully monolithic and independent monolith cases and thesemative 2D
model. As can be seen from the first fundamental frequentidppendix A, the
monolithic system was significantly stiffer compared to slygstem comprised of
independent monoliths that can act independently along and perpentiichidam
axis. However, the 2D model appeared to be the most flexibbeg these models
with a substantially reduced fundamental frequency value. Natutd 2D model
could not predict the deformation in higher order 3D modes: in plaoendation of

the monolith was observed for the higher modes of this model.
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Figure 3.1 - Eigen Modes for the Model 1x and the 2D Model

The 2D modeling of gravity dam systems is significantly comimarontrast to the
results provided in Figure 3.1. Although the question of 2D vs 80eting is very
commonly voiced in theoretical discussions or in an academingse2D modeling
is almost always preferred in the industry except for thegdesnd evaluation of

arch dams.
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3.2. FREQUENCY RESPONSE OF DAM SYSTEMS

Soil-structure interaction is the primary factor determirtimg seismic behavior of
concrete dams. Given the prevalence of this issue on the proatemell as the
requirement of a frequency domain solution, frequency responseciumtiave been
used as the common tool for assessment purposes in determining thimrbeha
dams while using the robust analyses techniques. In order to comgdrehtavior of
3D models (comprised of monolithic dam and independent monolith§) todziels,
a simple analysis methodology to obtain frequency domain functiores wiized
here. Given the full frequency response matrix is hard to obtairegen harder to
present, the frequency response function for the crest amioatheat the center of the
dam system was used as the representative tool. The freqespoynse function for
the systems utilized were obtained applying a pulse with askemt duration as the
base excitation of the system. Time history analyses thighpulse as the input
motion were conducted for each model. The output, which was tleehistory of
the crest acceleration at the center of the dam, of eacysenatas then converted
into frequency domain by applying a Fast Fourier Transform (FFA8. tfansfer
functions of the models were obtained by dividing the FFT of the outpilteblyFT
of the base excitation, which was the pulse. An example girttedure is shown in
Figure 3.2 for a single model.
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Figure 3.2 - Procedure For Obtaining the Frequencyresponse Function

While the frequency response function is an effecttool for evaluating the

effectiveness of the analytical models, it can lyabé used within an evaluation or
design process. It is very hard to compare theltesfi two analysis models in a

guantitative sense, as qualitative evaluation & dhly means to compare a set of
results from such models. Moreover, solutions temagineering problem are usually
based on time domain quantities, such as stresse&s or displacements, which
can formally be introduced as limiting or targetqtities. The frequency response
function offers a very rapid method of obtaining thutput response for any given
input. Sidelining the time consuming formal stegavintegration method in the time
domain (corresponding to the convolution integral)e can obtain the output time

history response by multiplying the frequency res@function by the FFT of the



input motion. An example is shown in Figure 3.2. The aforementipneckedure
provides a tool to compare the different frequency functions for eiffemput

motions in the domain by comparing peak response quantities.

—~ 05 T
B ‘
S
s
@
g ""AVMV va'A‘wm‘ i
<
2
8
o
20 25 30 35 40
Time (Seconds)
(a) Time History of Input Ground Motion
40 20
[J] [0}
E| LI
2 20 310 L
£, X E e
0 10 20 30 40 50 0 10 20 30 40 50
Frequency [Hz.] Frequency [Hz]
(b) Fourier Transform of the Input (c) Transfer Function of the
Motion Model
200 T T
150
8 ‘ ‘
= 100 ]
1=
<
. M
0 |
0 5 10 15 20 25 30 35 40 45 50

Frequency [Hz ]

(d) Response of the system (crest acceleration inethiei) to the input motion
in frequency domain

Crest Acceleration (g)

Time (Seconds)

(e) Response of the system in time domain obtainethéReverse Fourier
Transform of the above spectrum

Figure 3.3 — Procedure for Applying a Ground Motion
Using the Transfer Function
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3.3. MESH CONVERGENCE

In order to determine the adequacy of the mesh density used 8Dtlneodels, a
mesh convergence investigation was conducted on the model 1x (Valley
Width=240m) which is the model most frequently used throughout the tfAdms.
frequency response functions of three different models with diffenesh densities

in addition to that of the original model were compared. Thesdels were built
such that the geometry of the dam remained the same whilengsb density
increased. The number of nodes in each model, denoted as MM3Vi2j4 (M1

being the original model which was used throughout the thesis.p44 6616,
14710 and 25855 respectively.

The frequency response function of each model witlh.£0.5 was calculated in the
fashion described in the previous sections and presented in Figulecadbe seen
in the figure that there is almost no difference in amplitudé¢heffirst vibration
mode between the frequency response of M1 and M4 where the latreorathan
10 times the number of nodes of the former. There is a slightishifie natural
frequency which corresponds to a change of 8.4% in the firshtiobrfrequency.
Significant increases in the density of the mesh leads to ndisigt changes in
both the amplitude and the fundamental frequency in the frequenppnses
function. There is however a marked discrepancy in the second egateling both
the amplitude and the frequency. The Fourier Spectra of the grourmhmetords
used in this study are presented in Figure 3.5. It can beirsekis figure that for
frequencies larger than 6 Hz, the amplitude is significaettiuced with respect to
smaller frequencies. Therefore the discrepancy in the secbration mode is not
likely to have a significant effect on the transient asedyconducted using these

ground motion records.
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Figure 3.5 — Fourier Spectra of Selected Ground Motions

In addition to the frequency response functions, time domain demaachgiars

(mainly stress) were also utilized in this study. Thereforeomparison of stress
results for a single input ground motion for different mesh densitéssalso carried
out. As it will be later used in Chapter 5, a single groundonotias applied to the
models and the maximum principal tensile stress values ei¢agtned from the toe.
The maximum principal tensile stress obtained from the tee aff each model are
1.19 MPa, 1.74 MPa, 1.83 MPa and 2.24 MPa for M1,M2,M3 and M4 ctsgly.

There is an evident discrepancy in the stress results betwedels with different

mesh densities as expected. Models with finer meshing aretedpe@resent larger
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stress results. In order to compare the consistency of dldelsiin terms of stress
values, a different approach to comparing the stress regattsutilized. A single
element in the coarsest mesh (M1) was selected. Themdhe of principal tensile
stress histories of all the elements, which have a centasiling inside the
coordinates of the selected element volume in M1, was obtan®&tf, M3 and M4.
The stress time histories obained from this comparison is pegsenEigure 3.6. It
can be seen from this figure that the discrepancy in thesstesults decreased when
the mean value within the same volume is considered. Thenéfaas concluded

the mesh density of M1 is determined to be adequatedgrutposes of this thesis.
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Figure 3.6 — Stress Time Histories for Different MeslIDensities
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3.4. TRANSIENT ANALYSES OF DAM SYSTEMS

Transient analyses of the dam systems were conducted in bothmeaeand
frequency domain in this study. Time domain transient analyses @@rducted
using Newmark integration in the general purpose finite elemegran DIANA.
Average acceleration method was used along with varyingdieps (depending on
the input ground motion) and Rayleigh damping. Rayleigh damping coaefficie
were computed in the customary fashion in accordance with AppenafiXJSACE
[18] to account for the effect of a massless foundation, aetefedamping ratio

was calculated for each model depending on;
a) Stiffness ratio of the foundation and the dam bod. E
b) First natural vibration period of the structure: T

c) First natural vibration period of the structure when thunflation is rigid:

Where
Iy The effective damping factor
I 4= 5% for OBE, 7% for MCE (5% was used in this study)

I : added damping ratio due to dam-foundation rock interaction
% L
)
After calculating the effective damping factor for each modtsl corresponding
Rayleigh damping coefficients (@and ) were chosen such that the damping ratio
was equal to the effective damping factor at the firstethmatural vibration

frequencies of the system.

Frequency domain solution for the transient motion problem was conduatgdhes
software EAGD for the 2D setting.
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3.5. 2D SSI MODEL

In order to obtain theoretically robust solutions for 2D SSI modbés,software
EAGD was used with the user interface developed by Ylcel [34% software
includes the rigorous modeling of the soil-structure interactifacts by including
the frequency dependent impedance matrices in the calculptaredure. The
transient analysis of the concrete gravity dam was conductbe@ software. A user
defined input motion was applied as the base excitation. Tihe@ase assumes the
foundation beneath the dam body to be a half-space and solves the isyshem
frequency domain. In this study this software was used to obtirobust solution
of the 2D dam system to the pulse input in order to obtain its traflusietion with

the procedure described above.

The following input parameters are required by the softwatenduct the analysis:
-Material Properties of the Dam Body:

Elastic Modulus

Mass density

Poisson’s ratio

Hysteretic damping coefficient

Tensile strength
-Material Properties of the Foundation

Elastic Modulus

Mass density

Damping coefficient

Friction coefficient between dam and rock

Cohesion stress

28



-Geometric Properties of the Dam

Height below crest region (H1)
Height of crest region (H2)
Depth of reservoir (i)

Length of crest (Lc)

Upstream slope (m1)
Downstream slope (m2)

Crest downstream slope (m3)

-Dynamic Response Parameters

Input motion

Ground motion direction
Exponent of FFT algorithm
Time step (dt)

Wave reflection coefficient {

Figure 3.7 - Dam Geometry, EAGD Model
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3.6. TIME HISTORIES USED IN RESPONSE ANALYSIS

Transient analyses were conducted in the fashion described almrderito obtain a
guantitative comparison between the 2D SSI and 3D masslesssmadetal of 70
ground motions (35 ground motion pairs) were used for this purpose. [3BuAd)
motion suite was used in this study. This ground motion suite wasimusadny
other studies [37,38] for the evaluation of ground motion selection ealtheg
techniques. The suite was prepared by O’Donnell and coworkers B8]
distinguished the earthquake records by means of their charactergperties
related to source, directivity, site and basin effects. Sthie includes cyclic versus
impulsive records, records with high, mid, or low frequency canthort or long
duration records. Frequency domain analyses were utilized totigatesbasin,
duration, and pulse attributes of the records by the authors. fllelirmotions
(having a maximum fault distance of 20km.) were preferred fopdom the suite.

The ground motions records were taken from PEER Ground Moti@b&s.

The properties and acceleration time histories of these ream@sesented in Table
3.1 and Figure 3.8, respectively. The ground motions were used & \phéen

required in directions perpendicular and parallel to the dasn axi
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CHAPTER 4

2D/3D RESPONSE OF GRAVITY DAMS

4.1. FREQUENCY RESPONSE FUNCTIONS

The comparison of the 2D and 3D response of gravity dams were ceddudhis
section using the frequency response functions for the crestetmm at the
middle of the dam. In order to investigate the effect dieyawidth on the 3D
response of a given system, an identically shaped gravity ddionseas assumed
to be built in five different valley settings denoted as 0x, 2, 4x, and 10x as
described above. For the purpose of investigating the effece abtistruction joints
on the behavior, two different models were used. The first epeesented a
monolithic construction (monolithic), in which the construction jointsrevnot
modeled (i.e. representing either zip-like joints, partially sections or calcified,
filled in joints for older systems). The second model incorpomteisieal monolith
behavior in accordance with the 2D modeling assumptions of gravity: dams
monoliths were modelled completely independent of each other arabramected
solely at the foundation. The model is an idealization assuming nactdotces are
transferred between the monoliths and the pounding between adjacentimomas
also not considered (which is investigated later in the studdgpéhse of the dam
was considered only in the transverse direction (perpendicular &xithef the dam)

in these analyses.

The 2D SSI model was constructed using the software EAGD sasiluled before.
Identical material properties were used in the 2D and 3D madekspt for the
specialization of damping. Rayleigh damping was used in then8&el along with
the massless foundation assumption in order to reflect the dgmppvided by the
soil-structure interaction on the system. This effect isnsically included in the

EAGD solution due to the robust, frequency domain solution of thep&Blem.
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The ratio of the foundation stiffness to the concrete stiffmess varied for each
model, ranging from 0.5 to 4.0. The hysteretic damping coeffitdernhe foundation
was assumed as 0.1 while the damping ratio for the dam body swasexs as 5%
for the EAGD models. The geometry of the 2D model was defsumth that it

matched the dam cross section of a full size monolitheo8ih models.

The following material properties were used for the models.

Table 4.1 — Material Properties

Property 2D SSI | 2D MF | 3D MF

Elastic Modulus of Concrete (MPa) 20,000  20,0p0 ,0Q@0

Mass Density of Concrete (kgfjn 2,400 2,400 2,400

Damping Ratio of Concrete 0.05 Varies Varies

Mass Density of Foundation (kgiin| 2,500 0 0

The frequency response functions for the monolithic idealizatioimeo system is
compared in Figure 4.1 for the MF models for varying foundation/dgimess ratio
(E/Ec). The response from typical 2D design models, i.e. a 28skess foundation
model with equivalent damping as well as the 2D rigorous S$tisolobtained
using EAGD is also provided on the same plot. A similar figorehe independent
idealization of the monoliths is presented in Figure 4.2. The resgdomse 3D

models are compared to the aforementioned 2D models in thiasple|l.
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Investigation of the frequency response functions given in figgses show:

1) There was a significant difference in the natural frequentydsn the 2D
models and the 3D models, even for a valley width of ten tilhhesdam
height for a monolithic gravity dam system. The difference tlre
fundamental frequency was valid for all ranges of the foundatiomaio
stiffness.

2) There was a surprising difference in the natural frequencynatstibetween
the 2D models and the 3D models even for the independent monolith
idealization. However, as expected, this disparity reducediricreasing

foundation stiffness and valley widths.

The reduction in the peak of the frequency response, as commonly edpbgsthe
equivalent damping ratio at the fundamental frequency, was mddmh the
conservative side using 2D massless models. For some 3D ssassbeels, this

trend appeared to be valid, while for others it was not.

The figures shown above allow for a qualitative basis for the caosopaof the
frequency response function of the 2D and 3D solutions. Quantitatimparison is

sought in the next section.

4.2. 2D/3D BEHAVIOR

For the quantitative comparison of the response functions giveheirprevious
figures, first, the differences in the fundamental frequemese computed. As given
above, the frequency response functions for the monolithic ideatizat the dam
system implied a significant difference in the fundamengajdency compared to 2D
models with decreasing valley width. For the massless mauedsyalley width of
10x the height of the dam, the fundamental frequency of the SBraywas still 10%
higher than the 2D rigorous model. The difference in the fundameetpliency
between the 2D and 3D models was amplified by 10% by the decreseratio of

the foundation/structure modulus ratio: i.e. softer foundation mediaspanded to
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3D models yielding much higher fundamental frequency values cechgar 2D
models.

In terms of the fundamental frequency, the difference betwken2D and 3D
modeling appears to be significant for the monolithic dam méadelinstance, for a
relatively wide valley width at four times the dam hei@¢m), the fundamental
frequency of the 3D model was still 40% more than its counterpaineitfrom the
2D idealized solution at the same foundation/dam stiffness B® analysis could
hardly be justified to predict the performance of such a sygfieen the large

difference in the fundamental frequencies of these systems.

Table 4.2 - Percent Difference in Fundamental Frequary, 3D vs 2D Models
(Positive Values Imply that the 3D Model Has a Higher Frequecy)

3D MF vs 2D SSI
Independent Monolithic
Ef/Ec
0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0
Ox | 45.25( 30.7 | 20.45 14.1% 86.78 84.81 83.p6 8214
1x | 20.c2 | 15.1¢| 12.22 | 9.7¢ | 45.81| 43.9¢| 43.32 | 41.9¢
2x | 10.43| 8.7 8.52 7.8 23.84 2294 23.01 22J35
4x | 4.28 | 5.06| 6.25 6.3 10.24 106 12)07 12.3
10x | 0.74 | 2.85 | 5.11 | 5.98 | 447 | 6.17 8.1 8.7¢

MODEL

For the idealization with independent monoliths, the differencevdemn the
fundamental frequency of the 2D and the 3D models decreasethtextent. For
V/H ratio at 10, the fundamental frequency obtained from 3D taadere similar to
their 2D counterparts, with the disparity only visible at théntégd of EHE. ratios.
For systems in narrow valleys, the difference in the furethdah frequencies was still
significant. At the EE. ratio of 0.5, the natural frequency of a 3D model with
independent monoliths was 30% higher than a 2D counterpart, showingcsighifi
coupling occurring between the monoliths due to kinematic soil-steigiteraction.

Monoliths could not move indepedently from each other, even separtatee joints,
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as their motion was constrained at the base by the common bounkargodpling
at the base, hence the difference in the fundamental freqbetegen the 2D and
3D models, was significantly reduced by an increase in the foondatodulus

rendering each monolith independent of each other.

In conclusion, even with the assumption of perfectly severedsjoruupling
between monoliths due to common foundation boundary condition appears to be
possible. The difference in the fundamental frequency betweem@B2 modeling

approaches could still be significant provided that the dam is buila flexible

foundation.

4.3. EFFECT OF SOIL STRUCTURE INTERACTION ON THE
FREQUENCY RESPOSE

Increased damping in the overall response is perhaps the most zecogfiect of
the soil-structure interaction phenomenon for gravity dams. Hencpetlle of the
response quantity can be interpreted as a comparison index fdfettteve damping
in the response at the natural frequency of the systemin€hease in damping is
reflected by the lowering of the overall response quantitidseifirequency domain..
With the decrease in the V/H ratios (valley width decregsithe discrepancy in the
peak of the response for the 2D and 3D models at the fundamerdal becomes
more apparent (as well as the change in the modal frequdrmygexample, for a
V/H ratio of 1 and EE.=0.5, the peak of the response obtained from a 3D solution
was 50% higher than the rigorous 2D solution. On the other hand, thegix¢aiked
from the 2D and the 3D massless foundation solutions were smsilaxpected due
to the equivalent damping ratio assumption. Absent a rigorous 3Dn8&!, the
comparison of the massless models and the SSI models can be coatlaciéiH
ratio of 10, yielding the conclusion that for softer foundations, tipaivalent
damping ratio suggestion based on SDOF solution [9] leads toreatige damping
ratios. Considering SSI rigorously, the response is substarialisr. The effect

was naturally reduced for stiffer foundations.
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The difference between the equivalent damping ratios of the 3CamMdF2D SSI
models are presented in Table 4.3. The damping ratios fordksless models were
obtained as given in section 3.3 (Appendix A) while their 2D SSI coparts were
calculated using half-power bandwidth method (5) from FigureddlFigure 4.2.

* ' (5)

Where * is the damping ratio,sfand f are the frequencies corresponding to an

amplitude of $/. - times the amplitude at the peak, andisf the first natural

vibration frequency of the model which corresponds to the peaktadel

Table 4.3 - Percent Difference in the Damping Ratio iniEst Mode, 3D vs 2D
Models (Negative Values Imply That Damping for 2D SSI Model I&arger)

3D MF vs 2D SSI
Independent Monolithic
E+/E.
0.5 1.0 2.0 4.0 0.5 1.0 2.( 4.0
Ox |[-61.33]|-43.87[-19.64| 25.83|-65.41(-52.11(-30.83| 14.04
1x | -64.45(-50.56|-27.77| 16.00(-65.41| -51.59|-30.83| 14.04
2x |-65.41]-52.11(-31.84| 12.07 |-65.41(-52.11|-31.84| 12.0;
4x | -65.90|-53.14]-32.86[ 10.10(-65.90| -53.14|-32.86( 10.10
10x | -62.05|-44.90]-20.65| 25.83|-66.38| -53.65(-33.88| 8.14

MODEL

The comparison of the damping ratio values as given above showedh¢ha
proposed damping suggested in [7] is mostly on the conservatie si
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4.4. TIME DOMAIN EFFECTS

The comparison of the frequency response parameters is\affecdlly to an extent
in identifying the different behavior of the chosen models. Whitegaring the peak
response values (or equivalent damping), the location of the freguisnc
inadvertently ignored. The effects of the discrepancy in both réguéncy and
damping can only be simplified to a single comparative indexéntithe domain
analysis. The consideration of the response in the time domalsoiessential as
almost of all our engineering decision parameters (except getha fundamental
frequency) are based on the time domain parameters. Natuih&lyncertainty due
to variation in the ground motions has to be reflected in thesgsasaduantifying
the effect of the different frequency responses on time dopsameters.

In order to predict the difference in the time domain responsemptees for
different model idealizations, the frequency response functisese used in
accordance with the procedure given in Section 3.4. along withffatedit pairs of
ground motions as the input time histories. The response quantity chasehe top
displacement of the dam, as this quantity was expected hgbly correlated with

the common response parameters of interest such as thehass, maximum stress,

etc. In this fashion, the quantitative difference staistietween the modeling
approaches were obtained for a range of ground motions which can help the

designers predict an expected difference of their own pireatsct

Engineers usually utilize 2D tools for relatively simpler butcgar analyses of
dams. The disparity in the prediction of these simpler analy#isregard to the 3D
analysis results was using (6). In order to compare correspondimgtigsa the

comparison was made between the massless models, salthtte effect of the 2D
vs 3D modeling was reflected on the quantity.

345 6'789 € , E<789 E $

|
1C12 345 (<7gq € ; (6)
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The mean value as well as = standard deviation of the diffesebetween the 2D
and 3D results are presented in Figure 4.3 and Figure 4.4. For examiven in
Figure 4.3, a 2D model can predict the top displacemens$ byuah as 90% over and
50% under for a #&; ratio of 0.5 and the V/H ratio of 1.0. The difference in the
analyses results reduces significantly fdEE4.0, i.e. fixed dam condition, as given
in Figure 4.3 and Figure 4.4. It was interesting to observethbadlifference in the
fundamental frequency between the idealizations can signifycaffict the results
as such. The frequency content of the motions’, coupled with giens{s dynamic
properties, favored the 2D models more. The results of the 2Psasalere clearly
higher than the 3D analyses for a large number of cases altHmglarmping ratio
of the 2D models (i.e. such as the response peaks from Bidar€) were somewhat

larger.

It can also be seen that the time domain solutions from 2D modkbisvarying

ground motions yielded widely varying results which ranged from®¥ptto 100%
disparity with respect to the 3D solution. The standard deviaifothe results
decreased as the valley width increased. The results deperilg baahe frequency

content and the amplitude of the ground motion as well.
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As given above, given a time history, the results of a 2D @edi could be
significantly different than the 3D counterparts. Most of theetthis was remediated
in the mean quantity: for example, for an independent systemMikt ratio of 4 and
E/E=1, as much as 60% difference in prediction was possible, althbegmean
difference for 70 different ground motions was lower than 10%. 2 sescan be
conducted much faster than 3D analysis, therefore, the discyepathe individual
analysis results could be amended for the final choice usiaga ground motions
and multiple analyses. However, the user would need the numberotanm
required to get an appropriate correspondence with the 3D anahesisondition
being that the mean from the 2D analyses predicts the 3@sanaxactly or more
conservatively. For the models with different valley widthsj ghe monolithic and

independent dam conditions, the number of motions required for a 2ianabs
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sought by obtaining the distribution of the mean of the results of d&ewai (n)
chosen motions from the set of 35 motions. (Only the first motiaach pair was
used due to computational limitations.) The well-known clause in ASaD
document indicates that the mean of the analyses for 7 diffgreahd motions is
adequate to establish a design quantity from time history seJiie distribution of
the results of ground motions with 3 to 7 time histories selectedtfrer5 motions

provided in Table 3.1 can be found in Figure 4.5.

Table 4.4 — Number of Combinations

Number of # of Combinations
Motions Chosen

3/35 6,545

4/35 52,360

5/35 324,632

6/35 1,323,160

7/35 6,724,520

A combination was considered a poor estimate if the mean o¥otltfferences
between the 2D and 3D solutions fall below -5%. The x-axes in Fgbrendicate

the number of motions in each combination and the y-axes indicate ritenipef
combinations which are poor estimates. Therefore lower numbehe ip-axes of
these plots indicate a better estimation to the 3D model. Xeon@e for the model

4xi and EE.= 1.0; the mean difference of around 30% percent of the 1-motion
combinations fell below -5%, around 18% of the 2-motion combinatieth®elow

-5% and around 10% of the 3-motion combinations fell below -5% etc.
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5% was taken as an acceptable limit for the percent of catitns which yielded
poor estimates. This limit is represented by a horizontal tirtlea figure. The results
showed that in general independent monolith results tended to yigldowemean
differences when higher number of motion combinations were choBe@.
monolithic models however, yielded large differences even whemipations of 7
motions were selected. This was expected since the stangldediahs in the %
difference for independent monolith systems were smaller ti@se tof monolithic
models. The combinations produced better results in narrow védieysonolithic
models. This however is not an indication of the 2D assumption kstierating 3D
conditions in narrow valleys and was due to the 2D solution greadyestimating
its 3D counterpart in most of the cases as seen in Figur@ie32D solution, was
significantly conservative and did not seem to yield a good astmfor the 3D
case. Fully monolithic dam bodies were not suitable for theepdtness or plain-
strain assumptions of the 2D modeling.
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CHAPTER 5

EFFECT OF JOINT PROPERTIES ON SYSTEM PERFORMANCE

Instead of the fully free or fixed idealization of the jointswen monoliths utilized
in the previous sections, a more realistic point of view whsntan this section in
order to investigate the effect of possible joint behavior onsyis¢eem. The main
purpose was to evaluate the function of sliding and friction on tHerpence of a
given dam system which is separated to form distinct monoliths type of
modeling represents poorly cut construction joints or grouted orfiedlgbints

which prevents each monolith from acting independently.
5.1. RESERVOIR EFFECT

A dam with full reservoir was considered in this part of telyswhere the effects of
joint properties were investigated. In order to account forcibrribution of a
reservoir to the dynamic response of the system, Westergdaded mass method [1]
was used in addition to the hydrostatic load on the upstream Tace.method
provides a mass distribution along the upstream face provided byoltbeirfig

equation.

> [E—
= SCAWBB Cz ©)
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Where@ is the fluid density, H is the distance in the gravity aio; between the
bottom of the reservoir and the fluid surface, and X is thearlist in the gravity
direction between any chosen point below the fluid surface and the botttme of

reservoir.

The added masses were applied to the model using one-node mastse{dated
as PT3T in the Diana software) that act as concentratesemas the upstream face,
with the magnitude of this mass calculated using (7) for each rotee dront

surface.

5.2. THE EFFECT OF INTERFACE PROPERTIES ON MONOLITH
BEHAVIOR

In order to determine the limits of sliding on the interfacesaatam monolith,
incremental dynamic analysis was chosen as the tool to detemownthe properties
of the motion should affect the interface behavior. For ateelenotion, incremental
dynamic analysis was conducted for the 240m wide model for asgéss effect of
possible variations in the interface properties on the systemomee. The variations
in the properties of the monolith to monolith interface can geifantly different
based on the interface details, grouting material useak ared tear in the expansion
joints, as well as the development of calcification. Tleiation in the joint
properties were expressed as changes to the cohesion and frictoprapgrties of
the joint. Five different models were used to categorize thasgations: 1) high
cohesion, high friction model (grouted joint) 2) low cohesion, highidncmodel
(non-grouted joint) 3) low cohesion-low friction model (non-grouted joint, poor
connection) 4) low cohesion, medium friction model (non-grouted joint) afithé)
case where the interface has very low transverse stiffladependent Monoliths)

The material properties used are presented in Table 5.1.
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Table 5.1 — Joint Properties

Model | Transverse Stiffness| Cohesion Coefficient| Tangent of Friction
(MPa) (MPa) Angle, tan
1 2.0e6 1.812 0.80
2 2.0e6 0.005 0.80
3 2.0e6 0.005 0.35
4 2.0e6 0.005 0.50
5 2.0e-3 - -

The ground motion chosen was scaled to different levels for themeatal dynamic
analysis (IDA). The original motion was selected such thatketsal acceleration
corresponding to the first vibration frequency of the structurealese to 0.5g for
5% damping. This record was then scaled in order to obtain spentedértion

values ranging from 0.2g to 1.0g. For example a scale of 0.37®.882) was
applied to the record in order to obtain the record denoted as “0.2gh wielded

0.20g spectral acceleration for the first vibration period ofntivelel. The details,
acceleration time history, and the acceleration spectrum (fod&%tping) of the

selected motion is presented in Table 5.2 and Figure 5.1.

Table 5.2 - Selected Ground Motion for IDA

. Magnitude | Fault _ Vs3o
Event | Year|Station (M) Type Rib(km) | Rryp(km) (mls)
Victoria, ika-
"% 1080/ €80 g a3 Stike- 11380 | 14.40 | 659.6
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Figure 5.1 - Acceleration Time History and Response Speem of the Chosen
Motion

The results of the incremental dynamic analyses have loeepiled in terms of the
maximum values of the selected demand quantities: theestrasshe heel, toe, and
midzone of the dam, the base shear, and the crest adoeleathe monolith. The
maximum value of the demand quantities observed during the anagsdben
plotted against the spectral acceleration of the motion ofirstheibration period of
the model.

The heel, toe and midzone elements are chosen such that:

Heels: Elements whose centroid falls inside the 20m x 20mx®Btion of

the 20m wide monolith at the bottom part of the upstream face.

Toes: Elements whose centroid falls inside the 20m widegiar prism at

the bottom of the downstream face.

Midzone: Elements whose centroid falls inside the 20m x 20m x@0tion
of the monolith at mid height of the upstream face

A visual representation of the selected areas are shigurefs.2.
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(a) Heel (b) Toe (c) Midzone

Figure 5.2 - Visual Representation of Heel, Toe, and Midne Areas of a
Monolith

For the heel and toe stresses, results obtained from thdiffe@nt monolith types
were considered for the 3D model, first monolith being on the slaipt® sides of
the dam (denoted as “side”) and the other at the center of the (Remoted
“center”. For base shear and midzone stress, only the cemteolith was
considered. The crest acceleration was taken at the highestohdtie center
monolith at the downstream face. The base shear values vereatimum shear
stress occurring in any part of the dam-foundation interface dtirengnalysis. The
results from the analyses were also compared with the 2D rfaydéle comparison
of the predictions from 2D and 3D approaches. The same moticsledSuch that
the motions yield the same PSA values for the 2D model) wepked to the 2D
model and the same demand parameter values were obtained feamatiadyses.
Sample time histories of different demand quantities for each efpmodel is
presented in Figure 5.3, Figure 5.4, and Figure 5.5. Both the ré&suttsndividual
elements in the heel, toe, midzone and base areas and theivahezmnare presented

in these figures.
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Figure 5.3 - Comparison of Toe Stress Time Histories
(2D Model, 3D Independent, 3D Friction Model)
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The summary of the results compiled from the time history datadoh response
guantity are presented in

Figure 5.6. The results clearly indicate that even drancaianges in the Coulomb
friction parameters of the interface yielded close to néemifhce in the demand
parameters. The increase in the ground motion intensity in msss$ did not appear
to create any non-linear slipping behavior in the interface elem&he transverse
stiffness was the most effective parameter for thpoese of the system. However
there is no singular pattern as to the conservativeness afidapendent monolith
solution when compared to the models with Coulomb Friction. While the
independent monolith solution generally yielded greater values indémeand
parameters this was not always the case, as in stressed in heels of side
monoliths. When 2D model was added to this comparison, it carebelss the 2D
model always overestimated the Coulomb Friction model save forctést
acceleration, in which all models yielded similar resultse Thdependent monolith
model produced similar results to the 2D solution as expectedorAthe toe and
heel stresses, the 2D solution yielded closer estimates t8Dthsolutions in the
center monoliths where the geometry of the cross section isacbmistoughout the
length of the monolith, whereas it significantly overestimateddemand quantities
on the side monoliths.
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(a) Center Heel (b) Side Heel

(c) Center Toe (d) Side Tor
(e) Midzones (f) Base Shear
(g) Crest Acceleration (h) Legend

Figure 5.6 - The Effect of Interface Properties on Seisic Demand Parameters
for the 240m Wide Model (2D, 1, 2, 3, 4, and 5)
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5.3. JOINT OPENING/CLOSING BETWEEN MONOLITHS

The distance between the monoliths forming a dam system is dhe parameters
that define the interface in such systems. Independent monoléghssaally built

with a gap in between the monoliths, the flow between the ntbsalbstructed by
the help of water stoppers or grouting on the upstream sitleealam. While the
formwork has been responsible for the formation of the monolith spationtdér

systems, diamond saw cutting is the usually preferred choRE€@ for severing the
dam body for expansion joints. However, the distance provided ®iptirpose is
hardly analytically selected. In order to investigate thesiptes closing of joints with

relation to this distance and the importance of this effechersystem behavior, a
range of analyses were conducted to ascertain the effecnofajimith necessary to

avoid the closing and pounding of the interface.

Time history analyses were conducted on the model with 240m waitih by
applying bi-directional earthquake acceleration to the systemniovement parallel
to the axis of the dam would lead to the closing of this gap, winiclld @lso create
coupling between the behaviors of independent monoliths. In orderestigate the
possibility of such a behavior for different joint openings, 35 setstwaf
perpendicular components of the ground motion records were applied to thie mode
and the displacements of the interface elements parallé¢he dam axis were
obtained. In order to ascertain the closing of the gap doesametan effect on the
monolith behavior, two different ratios were defined. First, rit® of the time the
displacement at the interface exceeding the gap value was @uhipain each time
history pertaining to the interface elements. In addition totéwgporal quantity, a
spatial quantity for gap closing was defined as the ratio ofldraents between two
monoliths in which the gap displacement was exceeded during the groursh.moti
The ratio of the time to the total duration of the ground motion #hafiven
percentage of joint members were closed were calculateak$oimed joint widths
for each ground motion pair. Joint widths varying from 0 to 5 cm weatuated for
adequacy allowing a limited portion of the gap (spatially) tclbsed at any time

during the motion.
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The resulting plots were obtained by applying the unscaled motionglass by
scaling the motions by a factor of 2 in order to include the possibiability in the
amplitude of the motions in the investigation. The results wbthifrom the 35
motion pairs, their mean and mean are presented in Figure 5.7. The curves given
in the table indicate the % time the chosen part of tim jemains closed during the
transient analysis. For example, if 5% of the area betwee=monoliths is taken as
the spatial limit, that portion of the joint remains closed for 36%,and 2% of the
time for the gap values at 0.2cm, 1cm and 2cm’s, respbctifehe motions are
multiplied by 2, the ratio of the time the joints are closedeiases. At 2x scale, a
gap of 2cm’s led to 5% of the joint between the monoliths closinggproximately
6% of the time of the ground motions on the mean curve. The curveseambtai

allowing for a greater area of the interface to be cloga@ naturally lower.

By selecting a reasonable limit on the ratio of area @jdimt that may be closed, so
that the joint behavior is not affected by pounding, one may reaebludt on the
required space that should be left between two monoliths to avoid coupladdye
between monoliths. For a limit as 10% of the area, it may beausthat at a scale
of 2x and an opening value of 2cm, the ratio of the time the jastchosed reduced
to around 10% on the mean plus one standard deviation curve. In ottus; wnly
10% of the area between the monoliths was closed for a maxima®efof the
time of the ground motions for 84% of the motions used. Therefois, viery
unlikely that monoliths with larger than 2cm spacing will go thfopgunding and
coupling of the behavior that may affect the overall behavitmetystem. Different
valley widths and dam heights might yield different results,év@wvresults for dams

with greater valley widths and shorter heights are expeotbd on the safer side.
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(a) 5% ofthe Interface Are for Scale= (b) 5% of the Interface Are for Scale=;

(c) 10%of the Interface Are for Scale=. (d) 10%of the Interface Arefor Scale=;

(e) 20%of the Interface Arefor Scale=. (f) 20%of the Interface Arefor Scale=;

(g) 40% of the Interface Area for Scale=1 @)% of the Interface Area for Scale=2

Figure 5.7 - Ratio of Time to the Total Duration that a GiverPercentage of
Joint Members are Closed for Different Joint Openings
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5.4. EFFECT OF GROUND MOTION VARIABILITY

The bidirectional nature of the ground motions affects the behafv&ogiven system
which is usually represented by the well-known 30% combination rukeisdismic
design codes. In this section, an investigation of this effectdam systems
composed of monoliths was conducted. For a dam composed of monolithscin w
the monoliths affect each other, the quantification of this beh&vioot very clear.

Two different types of models were used in this study: firs owluded linear
elastic interface elements between dam monoliths (signiigitgnsverse stiffness
between the monoliths but no Coulomb Friction consideration) and the other
including non-linear interface elements with Coulomb friction (tmlesion and low

tan for this case) as described above.

Time history analyses were conducted in two different valldtings, with 240m
and 480m valley widths, using various ground motion pairs, where each p
consisted of two ground motions with the fault-normal (FN) and the fauhllel
(FP) components. For each pair two different analyses were deddan each
model with the FN record applied perpendicular to the dam axis arfePtlecord
applied parallel, and the other vice versa. While each motion pbdAdecords
(fault normal, fault parallel and vertical) only the horizom&dords were used in the

study.

The ground motion pairs were obtained from the PEER Ground Motion d3&tab
This tool provides motions within specified parameters whichdafaned by the

user. The motions were scaled according to the ASCE 7-10 provisiofisthe
target spectrum in the range of 0.2T and 1.5T (T being the pdrtbd trst mode of
vibration) which corresponded to 0.046 sec and 0.344 sec for the 240m model
respectively and to 0.06 sec and 0.453 sec for the 480m modwmdctiesly. The
scaling was done such that the Mean Square Error (MSE) warsiunn between the
geometric mean of the two horizontal components of the ground metondrand

the target spectrum within the range of target periods.
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The Mean Square Error for each ground motion record is given by:

G, HC |2JKINEN-CP € 2 KIN FENOSTOU

DEF
HC |2 ®

where;
Ti : The target periods
w(T;): The weigth applied for each period (for this case ally={)

SA?% and SA*° The spectral acceleration values corresponding to the
target period in the target spectrum and the spectrum of the gnooinch
record respectively

f: The scale factor of the ground motion record

In order to minimize MSE for the given record, the scaédr, f, is obtained by:

ENOP 2,

KI G HC |2

Corresponding scale factor was then applied to their respectivadymotion pairs.

(A single factor was calculated for each pair.)

The input earthquake parameters presented in Table 5.3 were sstect 8 ground
motion pairs for the 240m model and 6 pairs for the 480m model. The npatiien
and their respective scale factors and properties are preseriiable 5.4 and Table
5.5 for the models with 240m and 480m valley widths respectivelg. rékulting
spectra, the mean and meanaf the spectra are also shown in Figure 5.8 and Figure
5.9.
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Table 5.3 — Input Parameters for Ground Motion Records

Min Max
Magnitude (M) 6.0 8.0
Fault Type Strike-Slip
Ris 10 km 50 km
Rrupture 10 km 50 km
V30 500 m/s 3000 m/s

Table 5.4 - Properties of the Ground Motion Records Usefibr the 240 m Valley

Width Model
Scale
Motion# | MSE Fact Event Year| Station | Magnitude | Mechanism| Rjp(km) | Rip(km) | Vssdm/s)
actor
) Temblor . .
1 0,1017| 1,4558| Parkfield 1966 6,19 Strike-Slip| 16,00 16,00 527.9
pre-1969
Imperial Cerro . .
2 0,0279 2,0841 1979 . 6,53 Strike-Slip| 15,20 15,20 659,6
Valley-06 Prieto
Victoria, Cerro . .
3 0,0306| 1,2595 . 1980 . 6,33 Strike-Slip| 13,80 14,40 659,6
Mexico Prieto
Kocaeli,
4 0,0726| 3,2063 1999| Arcelik 7,51 Strike-Slip| 10,60 13,50 523,
Turkey
5 0,0813| 1,6309| Hector Mine | 1999 Hector 7,13 Strike-Slip 10,30 11,70Q 684,9
Chi-Chi,
6 0,0914| 2,8779 . 1999| CHY028 6,20 Strike-Slip| 17,60 17,70 542 4
Taiwan-04
Chi-Chi, . .
7 0,0979 3,6360 . 1999| CHYO035 6,20 Strike-Slip| 25,00, 25,10 555,2
Taiwan-04
Chi-Chi, . .
8 0,0564| 3,7742 . 1999| CHY080 6,20 Strike-Slip| 12,40, 12,50 680,
Taiwan-04
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Figure 5.8 — Spectra of the Selected Ground Motions fahe 240m Valley Width
Model
(Blue Lines represent the target periods)

Table 5.5 - Properties of the Ground Motion Records Usefibr the 480 m Valley

Width Model
) Scale ) ) ) )
Motion# | MSE Fact Event | Year| Station | Magnitude | Mechanism| Rjb(km) | Rrup(km) | Vs30(m/s)
actor
) Temblor . )
1 0,1017| 1,5707| Parkfield| 1966 6,19 Strike-Slip 16,00 16,00 527,9
pre-1969
Imperial
Cerro
2 0,0279| 2,0687| Valley- | 1979 Priet 6,53 Strike-Slip 15,20 15,20 659,6
rieto
06
Victoria, Cerro . )
3 0,0306( 1,1523 . 1980 . 6,33 Strike-Slip 13,80 14,40 659,6
Mexico Prieto
Kocaeli, . . I
4 0,0726| 3,0244 1999 | Arcelik 7,51 Strike-Slip 10,60 13,50 523,0
Turkey
Hector
5 0,0813| 1,3174 Vi 1999| Hector 7,13 Strike-Slip 10,30 11,70 684,9
ine
Chi-Chi,
6 0,0914{ 2,9319| Taiwan- | 1999| CHY028 6,20 Strike-Slip 17,60 17,70 542,6
04
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Figure 5.9 — Spectra of the Selected Ground Motions fdhe 480m Valley Width
Model
(Blue Lines represent the target periods

Maximum principal tensile stress values for the toe and heas afeeach monolith
were selected as demand parameters for both the lineac eastithe coulomb
friction model. The results given in Figure 5.10 and Figure 5.11 shatmhe two
systems did not yield significantly different values imie of principal tensile stress.
The considered input motions did not create a significant non-lbedavior, i.e the
transverse displacement joints between the monoliths tendedytonsthe elastic
range as given before in the 1 directional incremental dynamaiysas. The cross-
valley motion did not seem to cause separation between the monoliged to a
meaningful change in the system behavior. However for the 240del, the stress
differences in the monoliths residing on the slopes were largbrragpect to the

monoliths in the center.

It should be noted that the principal tensile stress values ia sases far exceeded
the tensile strength of the concrete. However since the mgjeftthis study was to

solely determine the effect of non-linearity in the expansiontgobetween the
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monoliths, a non-linear analysis involving cracking behavior wasmplemented

for the dam body.

Similar to the results presented in part 4.4 of this study thessts in the heel areas
were obtained with a large variance for a range of differemirgl motion records.
As the records were scaled to fit a single target specthimyariation cannot be
explained by the fundamental mode behavior assumption for the sy$tem.
frequency content of the input motion appears to significantgcathe stress at the
toe. It was also observed that the stresses were both loweeiage and showed

small variation in the toe areas when compared to thhedheels.
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(a) Heels

(b) Toes

Figure 5.10 - Maximum Principal Stress Values in Heels an@loes with Varying
Ground Motion Pairs and Their Mean Curves, Valley Width= 240m
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(a) Heels

(b) Toes

Figure 5.11 - Maximum Principal Stress Values in Heels andloes with Varying
Ground Motion Pairs and Their Mean Curves, Valley Width= 480m
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

6.1. CONCLUSIONS

The validity of the 2D modeling of concrete gravity dams wrttcally evaluated in

this study using different sets of analyses. First, thguiency response functions for
the 2D and 3D modeling idealizations of an 80m tall dam systena eeenpared for

5 different valley widths. For the 3D models, 2 main typesdeélized interface
behavior was considered in this study, corresponding to a fully micalam and a

dam body comprised of completely independent monoliths connected only by the
underlying foundation. The difference between the frequency and danesipgnse

was evaluated both among the 3D models as well as between @23 models.

As engineering demand parameters are time domain basedepar@na further
comparison study was conducted to determine the difference in $ponse

guantities in the time domain using the frequency response functions

The evaluation of the effect of the interface behavias Wweated next in the study.
Instead of the idealized interface modeling as used aboveratiff types of
construction joints and the effect of the construction joint behauiothe system
response was investigated using the transverse stiffness andmBo#riction
parameters of the interface as design variables. Thet effenotion in leading to
sliding in the interface was evaluated in the US/DS dwactising incremental
dynamic analysis with these material models. Further oneftket of bidirectional
motion on the interface behavior (hence the system behaviogomaglered using a
set of bidirectional horizontal ground motions to evaluate the diiéerém some
response parameters on the dam monoliths. The study also includetsca
evaluation of the construction joint width in order not to have closirigeointerface

between the monoliths using a set of bi-directional motions.
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The following conclusions were obtained through the results cdttioy:

The disparity between the effective damping factors of 3dets and the 2D
SSI solution implied that the effective damping factordugse massless
foundation models overestimated the damping in narrow valleys vehirea
underestimated the damping for soft foundations.

In general the 2D MF approach seemed to estimate the behawioe 8D
models with independent monoliths fairly using multiple ground motion
records. For a fully monolithic system, even the use of muligptaund
motions estimated the 3D solution poorly. Dams in narrow valleys teabe
carefully evaluated in both the independent monolith and the fudholithic
settings.

The results obtained in the study showed that the 2D approach, which is
widely used in the analysis and design of concrete gravitysdavhile
yielding acceptable values when compared to 3D models in sases,cdo
not always yield accurate results. Even if the constructimisjare built such
that it creates no interaction between the monoliths, couplingtaube
underlying foundation is evident.

Even for the independent monolith systems with the largestréftid and
highest foundation stiffness, for which the disparity with the 2t®n is
expected to be lowest, the individual results obtained from traresiatyses

of 3D systems yielded up to 100% difference when compared to the 2D
solution. The selection of motions appears to be as importaim asadeling
approach for transient analyses.

The coupling due to Soil-Structure Interaction is very effeciivethe
response of these systems. Even in the widest vallapg€i/H=10) and
using independent monoliths, the 2D model yielded a limited repréisanta
in both frequency and the time domain results.

Contrary to the common intuition, the damping ratio did not seenmeta b
good indicator of demand parameters in the preliminary analyage.st
Although the damping ratios used in 3D MF and 2D MF models areasjmil
there was a great disparity in the transient analysis sebeliveen these

models.
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For closing of the monolith interface, 10% of total joints beingexddsr 5%
of the duration of motion was considered acceptable. The closirgeof
monoliths were found to be insignificant for joint openings larger #wan.
The Coulomb Friction parameters used in the interface dide®sh to affect
the demand parameters of the system in an incremental dyrmemalysis.
The transverse stiffness of the interface was the dominpéiragneter in the
response of these systems. The displacements of adjacent mereskt not

high enough to create significant plastic deformations antieface.

6.2. OUTLOOK

Some possible avenues for future research based on the findthgsstudy are:

The damping correction for massless foundation models which are aggplied
estimate the soil-structure interaction should be revieweadmow valley
widths. A further correction factor for V/H ratio could be thejsabof future

work.

The results obtained from 3D massless models were compardtde t
obtained from both 2D massless foundation and 2D rigorous solution. These
results could further be evaluated by comparing them to a 3D rigorous
solution for assessing the overall accuracy of the massleds! approach
which has to be used in nonlinear transient analysis of dsi@rsy.

The non-linear behavior of the interface between monoliths couldriiesf
investigated using a wider range of interface properties, l@mohd motions.

This study evaluated the representative value of 2D modeling vemepaced

to 3D modeling. Further research can be conducted on how to improve the

representative value for 2D models for preliminary analysi
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APPENDIX A

EFFECTIVE DAMPING RATIOS AND RAYLEIGH DAMPING
COEFFICIENTS FOR THE MF MODELS

f1: Frequency of the first mode of vibration (Hz)
¥ Frequency of the first mode of vibration for fixed base)(H
R:, 1, 1 Z : The parameters used in (4)

, . Rayleigh Damping coefficients

Table A. 1 — Calculation of Effective Damping Ratios and Raylgh Damping
Coefficients for the MF Models

EffEc| f; 0 Ry 1 | R
0.5 45976 5.4135| 1.1774622 0/0%1300| 0.161| 5.55 | 0.0045
; 1.0 4.9757| 5.4135| 1.0879876 0/0%0700| 0.109| 4.05 | 0.0028
o 2.0 5.1843| 5.4135| 1.0442104 0J0%0350| 0.079| 2.95 | 0.0021
4.0 5.2954| 54135| 1.0223024 0J0%0175| 0.064| 2.35 | 0.0017
0.5 6.0043| 9.2276| 1.5368319 0/051300| 0.144| 7.06 | 0.00275
- 1.0 7.1463| 9.2276| 1.2912416 0/050700| 0.093| 5.20 | 0.00155
é 2.0 8.0184| 9.2276| 1.1508032 0J0%0350| 0.068| 4.85 | 0.00080
4.0 8.5746| 9.2276| 1.0761552 0/050175| 0.058 | 4.35 | 0.00065
0.5 3.8359| 5.4114| 1.410725 0/05.1300| 0.148| 3.85 | 0.0056
; 1.0 4.3580| 5.4114| 1.2417164 0J050700| 0.096| 2.80 | 0.0033
— 2.0 4.8314| 5.4114| 1.120048 0[05.0350| 0.071| 2.40 | 0.0021
4.0 5.0936| 5.4114| 1.062392 0[06.0175 0.059| 2.05 | 0.0017
0.5 4.7032| 7.1094| 1.5116091 0/0%1300| 0.144| 5.30 | 0.0037
= 1.0 5.5589| 7.1094| 1.2789221 0/050700| 0.094| 3.99 | 0.0021
ﬁ 2.0 6.2072| 7.1094| 1.1453473 0/0%0350| 0.068| 3.60 | 0.0011
4.0 6.6209| 7.1094| 1.0737815 0/0%0175| 0.058| 2.90 | 0.0011
0.5 3.5413| 5.4052| 1.5263321 0J0%1300| 0.144| 3.60 | 0.0057
; 1.0 4.1757| 5.4052| 1.2944417 0/0%0700| 0.093| 2.60 | 0.0033
N 2.0 4.6682| 5.4052| 1.1578767 0/0%0350| 0.067 | 2.24 | 0.0021
4.0 5.0022| 5.4052| 1.0805646 0050175 0.057 | 2.10 | 0.0015
0.5 3.9879| 6.1503| 1.5422403 0J051300| 0.144| 4.28 | 0.0047
- 1.0 4.7332| 6.1503| 1.2993958 0/0%0700| 0.093| 3.70 | 0.0021
é 2.0 5.3116| 6.1503| 1.1578997 0J0%0350| 0.067 | 2.92 | 0.0014
4.0 5.6903| 6.1503| 1.0808393 0J0%0175| 0.057 | 2.38 | 0.0013
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Table A.1 (Continued)

EffEc | fi \ Ri 1|t | B
0F | 3.368(| 5.395¢ | 1.601959 |0.05|0.130(| 0.14: | 3.1¢ | 0.006¢
; 1.0 4.0430| 5.3954| 1.3345041 0Jj0%0700| 0.091| 2.50 | 0.0033
< 2.0 45861| 5.3954| 1.17646% 0[8.0350| 0.066| 2.08 | 0.0021
4.0 4.9501| 5.3954| 1.08995748 oOfom0175| 0.056| 2.05 | 0.0015
0.5 3.5425| 5.6908| 1.6064341 o0jom1300| 0.142| 3.45 | 0.0058
e 1.C | 4.254¢ | 5.690¢ | 1.337501 |0.05|0.070¢] 0.091| 2.88 | 0.002¢
é 2.0 4.8265| 5.6908| 1.1790749 0fo0350| 0.066| 2.35 | 0.0018
4.0 5.2115| 5.6908| 1.0919697 0Jomo175| 0.056| 2.05 | 0.0015
— 0.5 2.1625| 2.6292| 1.21581% 0J08.1300| 0.158| 2.60 | 0.0090
X 1.0 2.3887| 2.6294| 1.10076d1 0Jo®0700| 0.107| 2.05 | 0.0055
S 2.C | 2.500¢ | 2.629: | 1.04769: [0.0£{0.035¢| 0.07¢ | 1.4C | 0.003:
4.0 25702 2.6296| 1.02311] 0J08.0175| 0.064| 1.30 | 0.0032
c 0.5 3.1488| 5.3047| 1.6846735 0fos1300| 0.140| 2.40 | 0.0080
< 1.0 3.9285| 5.3068| 1.35084d4 0fom0700| 0.090| 2.30 | 0.0035
o 2.0 44742 5.3078| 1.1863146 0J0%0350| 0.065| 1.65 | 0.0025
— 4C | 4.843:| 5.308 | 1.006029 |0.05|0.017:| 0.05¢ | 1.45 | 0.002
0.5 2.9168| 5.1057| 1.7504497 0Jo%1300| 0.139| 3.60 | 0.00440
N o) 1.0 3.5909| 5.1057| 1.4218441 ojomo7oo| 0.087| 2.75 | 0.00230
N 2.0 4.1640| 5.1057| 1.2261547 o0J0m0350| 0.062| 2.26 | 0.00145
4.0 45703| 5.1057| 1.11714747 ofoso175| 0.053| 2.05 | 0.00120
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