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ABSTRACT

SEISMIC PERFORMANCE EVALUATION OF ROLLEREOMPACTED
CONCRETE GRAVITY DAMS BY PSEUDO DYNAMIC TESTING

Aldemir, Alper
Ph.D., Department of Civil Engineering

Supervisor: Prof . Dr . Bar ék Bi

August2016 254 pages

The energy demandsiroughout the worldhave reachea@ level that could create
irreversible impacts on the environment unless an overall energy policy to reduce the
energy production relying ofossil fuek is implemented The apparent effects of
global warming enforced countries to take precautionst@sdt limits on thdossl

fuel consumption.Thus, the renewable energy sourdé® hydropower, solar
energy, biomass, etdhave, nowadays, been encouraged to generate electricity.
Certainly,dams are excellent options to generate energy from renewablsesour
Yet, they also suppl§reshwaterfor dwelling or agricultural usage. Unfortunately,
the seismic behavior of dam structureas not been unveiled yet due to the
complicationsstemmed fronthe interactio of dams with theisurrounding media,

i.e. flexible foundation and water in reseryoand due to thecomplex valley
geometries, which requires the consideration of higher mode efllextsolve the

complex interaction of dam structures, numerous finite element mgdsfategies



along with special boundary elements have been proposed in literature. However, the
experimental works on dams are constrained with a limited number of shake table
experimentsTherefore, in this dissertation, a methodology to adapt pseudo dynamic

testing scheme to gravity dam structures is generated.

Firstly, the numerical background on the applicability of pseudo dynamic test to
distributed mass system is introduced. Then, this methodology is appltadee
different specimens consisting of ooenventional concrete (CVC) and two roller
compacted concrete (RCC) with different compressive strengths. The prototype
specimen was selected as Melen Dam, the highest RCC dam designed in Turkey and
the laboratory specimens have a scale factor of 1/th §@ecimen was tested under

the effect of three different hazard level earthquakes consecutively. After the
completion of earthquake tests, the capacity curve of each specimen was obtained
from a pushover experiment. The experiments show that there wdyase sliding

and stability problems under the effect of each hazard level for none of the
specimens. However, the failure of the second specimen (RCC15) was observed
during the pushover experiment caused by a body crack reaching the downstream toe

of thespecimen.

Secondly, the numerical ability of current advanced finite element techniques to
estimate both the overall demand criteria like base shear, tip displacement, etc. and
the crack propagationsas investigated. In this part, two different stragsgjiwere

utilized to model the boundary conditions of the dam specimen. In the first method,
the base of the dam specimen was modeled as fixed base and base springs were
placed under the foundation block of the dam specimen in the second method. The
resultsreveal that no method was successful enough to predict the correct crack
pattern of the dam specimens. However, both methods were convincing for
estimating the overall demand parameters. Therefore, it is suggested that the overall
demand parameters shotid utilized whiledesigning the concrete gravity dams.

Keywords: Pseudo Dynamic 8st, Gravity Dams, RCC, CVC, Numerical Models,

Crack Prediction
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Fosi | yakétl aréndan ¢retilen enerji mi Kkt
koyul madeéjcepasiakeceened | i tal epl eri -evre
berakacak bir skgrieysey e ddilgmwhmeicme kel er i

°nl eml er al maya ve séoéiolyampghéetzor | ek Ink

nedenl e, hidroel ekjitsii k leate& | ayenldnebigrp p e Ki 9
enerji rKkegymgkniazrde el ektri k ¢retiminde ku
Kukkusuz yenil enebilir kaynakl ardan enei
se-enellRyb®&rcaj,| ar kowmuiti awn e natadarik eirsektiedir. K

Maalesefbar aj | ar én si smik davranéxl!l ar e tam

nedenl eri arasénda barajlarén -evreleriy
veya karmakeék vadi geometertiklielre rnidneinn kgayzn
bul unduwréud orawsrél ul uj u sayelabilir. Liter

vii



etkilekimlerini -%zmek i -in ©°zel Seéneér el en
modelleme sr at ej i | er i baenaij |l mr K tgizre.r iakmmak adteney s el
sayégednas ma dengyleriyles £ € BU reedesle, bu tezddinamik benzeri

deneymetodunaj ér | ék barajl ara uygulayabil mek i -1in

KI'k ol ar ak, dinami k bhgekerikstdenrgyg gaht pmibn
uygul anabi l igdy@adalgapmai sunul acakteéer . Sonr a, k
numuneye uygul anac ak klasikbetonBan KnBu)erukisiegse er den bir
farkl é& dayanémlara sahip silindirle sékéxkte
Protoipnumune ol arak Tg¢rkiyedde tasarl anmék en
Barajé se-ilmiktir. Laboratuvar numunel er i
farkl é& tehlike et kdidimixlttienddeagpraean telsdard ak it

her numunenin kmasi t e ejrisi i t me deneyi vasétase
sonu-|l aréna g°re, hi - bi r datuanuanne dkea y¢ma stée hylai kd
stabilite kaybé ol mamégSESBle)rt mEalaheyi kesanasal

mansap topujuda uvuhtakapnébdangRaynakl é& g°-t¢] ¢

Kki nci ol ar ak, géencel gel i kmi k sonl u el eman
kesme kuvveti, Dbt gepet talep ekptériarini nienmi@ etnvekteki
beceril eri i ncel enmi Kmumel eBuniknées a@daa/y I @& K

model |l erkgrakil  eMmEmMmMank|l ;g R h & ehard) Bumunesinm i

tabané nmemskaedt roel ar akyahteaméettéermel Klbhilmdgiunun a

taban yyearylleakrtéi r i | mr et dojamBonapl ana’°pyY®°r mede
y°ntheak ar €1 &€ ol amamegXn tée geneldtaep patametrdieen ki
tahmin etmede i kna edicidir. Bu nedenl e, be-
talep parametrelerinin kullanél masé °neril me
Anahtar Kelimeler: Dinamik Benze i Deney, Al éerKBe Bayagalj | ar ,
Model l er, ¢atlak Tahmini

viii



To My Family



ACKNOWLEDGMENT

| want to express my profound gratitude to my supervisor Prof. Dé Bamici,

whose knowledge, criticism, patience and support enabled me to develop the ideas
behind this dissertation-rom him, | have learnednhot only how to become a
researcher but also how to have a strong character. | will always admaé#itude

towards his students and carry the honor of working with &irmy life.

Besides my advisor, | would like to thamssoc.Prof.Dr . Yal erof. DIAr € c €,
Erdem CanbayPr o f . Dr . and AssqcProf.®mée | ¥z gfrtheiKur -

insightful comments

| owe special thanks to METU Structural Mechanics Laboratory stafan Metin
Murat DemirelOs man Ke s ki n hatsa thaBkadeeply Salirs Azahr

his valuable help in thexperimental part of this study.

| would also like to thanko METU Materials of Construction Laboratory staff;
Cuma Yeéel deéer ém. I would Iike to present my

invaluable support during material testing.

My thanks go to my of fice mat es, Er han Bu
Gha i bdoust ,t 88Bmiy aklgd é rB,e p k aandaDr. MiKariampadeh
Naghshineh | will always remember with pleasure the inspiring discussions and

activities we had.

My specialthank goes to my ning e a r of fice mate and my eter
Ozan Demirel.l think it was one of my ludkst times in my life whenl had the

chance to medtim. Becausdeprovedme that gooénd unselfistguys still exist.



| remember tough times during the preparation of this dissertation but | will never
forget the sorrow | have felt wén | lost my fatherCengiz Aldemir,who was not
only my physiological father but also my only mentor. | hope | could accomplish to

be a son worthy of you. | wish we would meet in heaven.

| would like to express my sincere gratitude to lbeyoved mothel ¢ | ay Aofr de mi r

hereternal love, encouragement and trust.

The author wishes to thank in particular all those people whose friendly assistance

and wise guidance supported him throughout the duration of this research.

The financial supporfrom the Scientific and Technical Research Council of Turkey

(TUBITAK 1 11IM712) is gratefully acknowledged.

Xi



TABLE OF CONTENTS

AB S T R A T ettt et ———————————— VvV
ettt ettt e, V K K
ACKNOWLEDGMENT ..oiiiiiieiiiiiiiiie e s seeeiee et e e e e s smmne s nsnree e e e e e e nnnees X
TABLE OF CONTENTS ...ttt eme et X KK
LIST OF TABLES ..ot e e e X VK
LIST OF FIGURE S....ovvivteieteeeeee e eves e en st enmens s s s XV KKK
LIST OF SYMBOLS / ABBREVATIONS ...t XX KX
CHAPTERS
N @ 15 1 L O I T 1
LI GENERAL. ..ttt ettt ettt ettt e e e e ettt e e e e e ennne e et e st e e e e ettt e e e e annneaaeeares 1
L.2RCCDAMS ..ottt treee et e e e ettt e e e e e nnns e e e e e e s s nereee e e e e e nnnennes 3
L.3LITERATURE REVIEW ....utiiiiiieiiiiiiiiitee e s smmeesssitteeaeeeesssnsssaeessmmneeesssnnnnnenaaeeans 6
1.3.1Linear Elastic Analysis of DasRoundationReservoir Interaction........ 6
1.3.2Nonlinear SIMUIALIONS..........ciiiiiieieee e 17
1.3.3Seismic Design of DamsS.........ccooviiiiiiiiiieeee e 21
1.3.4Experimental WOrK...........oooorimiiiiiiie e 22
1.4 OBIECT ANDSCOPE......ciiiituieeaeeeetiie e eeaea e e e e e eeeta e e e e e eeaban s smane s e e eeeesnan e aaaeees 33
2 APPLICATION OF PSEUD ODYNAMIC TESTING FOR DAMS ............... 35
2.1 SINGLE DEGREE OFFREEDOMAPPROACH .......utteiteiiiiaeeeeeesimmmeennia e eeeeenennns 35
2.2 RIGOROUSAPPROACH. ....ccettuiaeeeiettia e e e e ameeeeeeeeata e e e e eeesa e e e amaesaeeeeennnaeeeeas 40
2.3PSEUDODYNAMIC TESTING OF AGRAVITY DAM MONOLITH ....coeevviiiiieeeeeees 44
2.3.1Assumptions involved in Testing Procedure...........cccccoovviviaaceeeennn. 44
2.3.2The Outline of the Testing Procedure............cccccovvviiieeeiieieeeienneeenn. 50
2.3.2.1Specimen 1. CVC Gravity Dam...........ccccoeiiiiviiiimmmeeiiiee e, 53
2.3.2.2Specimen 2: RCC Gravity Dam.L.......cccccoooeiiiiiiiiiccciiiii e, 57
2.3.2.3Specimen 3: RCC Gravity Dam.2.........ccccceiiiiiiiieeniiiiieeeeee, 61
2.3.3CoNncluding RemMarks..........coooiiiiiiiiiiiieeei e 62
SMATERIALS .ottt e s emmee st r e e e s e sssrn e e s emmmne e d 63
3.1 AGGREGATES ANDSIEVE ANALYSIS RESULTS.....cctiiiiiiiieiieiiiiie e eeeme e e eeeieans 63

Xii



3.1.1Sieve ANalysiS RESUIS..........iiiiiiii e 63

3.1.2Specific Gravity and Water Absorption Capacity Experiments........ 67
3.2 CHEMICAL PROPERTIES OFCEMENT AND POZZOLAN ......cuvviiieiiiiiiiiieeesiceeeaans 68
3.3WATER-CEMENT RATIO ... iiiiiiie e ettt et e e et enneee e e e e nnnned 69
3.4 CONCRETEMIXTURE RESULTS ....uuuiiiiiiiiiiieaeeeeeiimmmeeia e e e e eeanaa e e e s eeessmmmeesnes 72

3.4.1Unscaled CVC RESUILS..........oooviiiiiiiiiiimeeceeeeiiiiine e 73

3.4.2Scaled CVC RESUIS.......cooiiiiiiiieeee e 75

3.4.3Scaled RCC15 RESUILS.......cccciiiiiiiiiiiieeeiiivb e 77

3.4.4Scaled RCC25 RESUILS. .....uuuuiiiieiiiee e 78

3.4.5Unscaled RCC15 RESUIS........ccoeeiiiiiiiiicee e 79

3.4.6Unscaled RCC25 RESUILS........cceeeiiiiiiiiiiceee e 80
3.5 DISCUSSION OFRESULTS .utttvtteeesisttreeseesssimmnssssssesseessssssssssesamsmsessssssssseees 81

ATEST SETUP AND INSTRUMENTATION OF SPECIM ENS..................... 85
A L TEST SETUP. ettt ettt ettt e e e ettt e e e e et et mmmt et e e e e e eebta e e e eeesanmmeee 85
4.2V ALIDATION OF THE PSDSYSTEM....ccciiiiiiiiiieeesiiiiiieineseeeaeesssnseneessessnsssnnns 89
4. 3INSTRUMENTATION ....utttitteeeeestireeeeessamesssssssneeseesssssssssesanamseessssssssneeeessanns Q4
A4 SPECIMENS.....uiiittitti e e eeeetti st s e e e e eetta e e e e e et b b mmme s e e e e e e eesbaeeeeeeesbnmmeeees 97

4.4.1Specimen 1: CVC Gravity Daml.........ccooeeeeiiiiiiiiccceeeeeeee 98

4.4.2Specimen 2: RCC Gravity Dam.l...........ccccooiiiiiiiiienee e, 100

4.4.3Specimen 3: RCC Gravity Dam.2............ccoooviviiiiieeeee e, 102
A D TESTING . .. etttte e ettt e ettt e e et mmt e et e e e et e e e et s emnne e et e e e et e e eean e eeenmneeees 103

S5EXPERIMENTAL RESULTS ..ot eeeee e 107
5.1 SPECIMEN1: CVC GRAVITY DAM ..ottt 107
5.1.1Hydrostatic Loading...........ccccoiviiiiiiiiiieenee e 107
5.1.2PSD TESHNG...cciiiiiieeeeieiieeeeeeeee e 108
.12 00BE... . a1 108
5.L2.2MDE ... e 111
5.L.2.3MCE .. ittt n 115
5.1.2.4Pushover EXPeriment..........ccuuviiiiiiiiiiimmriiie e eevimmmeens 119

5.1.3ldentification of the Dynamic Parameters.............ccccuvvvevvieeeinvnnnnne. 121
5.2SPECIMENZ2: RCCGRAVITY DAM L. .o 123

5.2.1Hydrostatic LOading.........ccccvviuiuiiiieiiiieeme e eeene e 123



5.2.2PSD TESHNG....ciiiiiiiiiiiiiiiiii it e e e s eren e e e e e e e e e e e eeeeas 123

5.2.2.10BE.....i ittt e e e 123
B5.2.2.2MDE ... .o 126
B5.2.2.3MCE ... et 129
5.2.2.4Pushover EXPeriment...........uuuueieiiiiiiiieeeiieiieeeeeeeeeee e e e e e e e e e 134
5.2.3Strain Gage ReCOIdiNGS.......ccoueiiiiiiiiiiiiiimee e eeeee 135
5.2.4ldentification of Dynamic Parameters of the Specimen................. 139
5.3SPECIMEN3: RCCGRAVITY DAM .....uiiiiiiieeiiiiiiiie e e e siiiieee e e e e 140
5.3.1Hydrostatic LOAdiNg.........ccoviiiiiiiiiieeee e eeeee e 140
5.3.2PSD TESHNG..ttttetetiieiiiieaee et 141
5.3.2.A0BE.....c ittt eean 141
5.3.2.2MDE ... .o 144
5.3.2.3MCE ... oo ettt aaaaaaaaan 146
5.3.2.4Pushover EXPeriment...........uuuuueireiiiiiieeeiiiieieeeeeeeeeee e e e e e e e e 151
5.3.3ldentification of the Dynamic Parameters of the Specimen.......... 152
5.4 DISCUSSION OFTESTRESULTS. . utvttiieeiiiiiiieeeeesssimnmsssnneeesesssnsssnessesssmnesens 153
6 NUMERICAL SIMULATION St 161
6.1 BRIEF INFORMATION ON THECONCRETECONSTITUTIVE MODEL INANSYS..162
6.1.1Modeling the Cracking and Crushing of Concrete.............cccc........ 162
6.1.2CoNcrete Material...........cooooiiiiiiiiiiiieee e 165
6.2 MODELING TECHNIQUES USED TGSIMULATE EXPERIMENTAL BEHAVIOR ...... 167
6.3 NUMERICAL SIMULATION RESULTS FORMODEL L......cooiiiiiiiiiieiiiiiiiceeenn, 170
6.3.1CVC Gravity Dam : Specimen.L.......ccccoeeeiiiiieeiiiceeiiiieee e, 170
6.3.2RCC Gravity Dam : SPeCIMeNn.2.......cccceeeeiiiieeeiiieeeiiiieee e, 174
6.3.3RCC Gravity Dam : Specimen.3.......ccccceeeiiiieeiiiieeeiiiiee e 180
6.4 NUMERICAL SIMULATION SUMMARIES FORMODEL 2......ccoeiiiiiiiiieeeeiiiiimanes 184
6.4.1CVC Gravity Dam : Specimen.L.........coooviiiiiiiiiennn e 184
6.4.2RCC Gravity Dam : SPECIMEN.2..........ceeeeiiiiiiiiieeeiee e ee e eeeeanns 189
6.4.3RCC Gravity Dam : SPeCimen.3........ccccoeeeviiiiiiiieeeiie e e e eennn 194
6.5DIScUSSION OANUMERICAL SIMULATION RESULTS......ccuuuiiiiiiiiiiiineeeeeeeeen 199
T CONCLUSION ... eeee e eeeea e eeeeeaeeeeeeennns 203
T.LSUMMARY ...ttt e ettt e e ne ettt e e e e ettt e e e s ameee e e e eeta e e e e e eebbn e e e annneeas 203



A4 ©0] N (o1 MU LS] (0] NS TR 204

7. 3FUTURE STUDY ..ttt ettt e e et smea e e e e e e enn e e e e eeeees 207
REFERENGCES........ooiiiiiiiitiiiee ettt anee e e e s et e e e e e s s nnnnsannsees 209
APPENDIX A oottt eeei et e e e e s rmm e e e e e et r e e e ennn e 221
A. FORMULATIONS FOR SIMPLIFIED METHO D FOR DAMS............... 221

A.1l. SEPARATEHYDRODYNAMIC EFFECTS....cuuiiiiiiiiiiiie et 221

A.2. SEPARATE FOUNDATION FLEXIBILITY EFFECTS...cccciiiiiiiiiieeeeiiiiiineneeeeenn 223

A.3. COMBINED HYDRODYNAMIC AND FOUNDATION FLEXIBILITY EFFECTS....... 226
APPENDIX B oo rees et nmr e 233
B. DEMAND HISTORIES FOR CVC SPECIMEN .......cccooviiiiiiiiiceeveeeeen, 233

B.1. OBEMOTION.....utiiiieiiiiiiiiiiiee e s imee s st ee e e e s s st e e s emme e e e s snnnaeeaaeeeennnnees 233

B.2. MDE MOTION ...ctiiiiiiiitiiiiteeesseitieeesteeeeeeesssnteeeeeeesassmnnsssssneeeaeeesnssnneees 236

B.3. MCE MOTION ..ctttiiiii ettt ettt e et mmme e e e e e e enaa e e e 237
N e o = N | 1 RS 239
C. DEMAND HISTORIES FOR RCC SPECIMEN.........ccccceeiiiiiiiine e 239

C.L.OBEMOTION.....ciitttiiiteeesiiiieesseeetaeeeessttaeeeeeeasssssannnsseeeaeeessnssreeeeeaaans 239

C.2. MDE MOTION ... ittt ettt s e e e et e e e eeeees 242

C.3.MCEMOTION ...ttt e et s e e e e e e e e e eeenes 243
APPENDIX D coviiiieeiiiiiiit e eeei ettt e e e e s rmmns e e e e e e et e e e e ennmn e 245
D. DETAILS FOR PUSHOVER TESTS.....cciiiiiiiiiiee e eciitieesieeee e 245
APPENDIX E oot re e e e e 247
E. DETAILS FOR THE FAIL URE SURFACE.........ccoii e 247

E.L. CCCDOMAIN ...uueeeeeiiee ettt e e e e e e e abmmme e e e e e nnenn e e eeeeees 247

E.2. CCT DOMAIN ...uuiiieiiitiie ettt ettt e e e e et mmme e e e e e e enrn e e eaeeees 248

E.3.CTT DOMAIN ...euiiiiiiiiiiie ettt e et et mmme e e e e e e nnea e e eeaeees 249

E.4A. TTT DOMAIN ...t ee ettt rmeer e e e e e e e e eees 249
CURRICULUM VITAE oottt e eeeme e e e e eaas 251

XV



LIST OF TABLES

TABLES
Table 1.1. Concrete Dams Subjected to Significant Shaking.....................c..... 5
Table 2.1. Comparisons of the SDFS and Exact Solutians...............coeeeeeeeens 35

Table 2.2. Comparisons of the Errors in the Response Quantities for Scaled Dam
Models of Specimen 1 with Different Mass m for OBE motion...................... 56
Table 2.3. Comparisons of the Errors in the Response Quantities for Scaled Dam
Models of Specimen 1 with Different Mass m for MDE motion...................... 56
Table 2.4. Comparisons of the Errors in the Response Quantities for Scaled Dam
Models of Specimen 1 with Different Mass m for MCE motion...................... 57
Table 2.5. Comparisons of the Errors in the Response Quantities for Scaled Dam
Models of Specimen 2 with Different Mass m for OBE motion...................... 60

Table 2.6. Comparisons of the Errors in the Response Quantities for Scaled Dam

Models of Specimen 2 with Different Mass m MDE motion............c.c............ 60
Table 2.7. Comparisons of the Errors in the Response Quantities for Scaled Dam
Models of Specimen 2 with DiffereMass m for MCE motion.......................... 61
Table 3.1. Aggregate Mixtures with®mm Stream Sand............ccccceeveiiiiieennd 65
Table 3.2. Aggregate Mixtures withRmm Gravel............cccceeviiiiiiiieeen e 66

Table 3.3. Unit Weights and Water Absorption Capacities for Fine Aggregaté8
Table 3.4. Unit Weights and Water Absorption Capacities for Coarse Aggregates

Table 3.5. Chemical Composition of CEMENL...........uuuiiiiiiiiieeciiiiiiiiieeeeeeeeen 69
Table 3.6. Chemical Composition of Fly ASh............uueiiiiiiiiiieciiiiiiieeee 70
Table 3.7. Compressive Strength Values of Unscal@ Specimens................. 4

Table 3.8. Split Tensile Strength Values of Unscaled CVC Specimens.......... 75

Table 3.9. Compressive Strength Values of Scaled CVC Specimens............ 75
Table 3.10. Split Tensile Strength Values of Scaled CVC Specimens...........Z6
Table 3.11. Compressiver8ngth Values of Scaled RCC15 Specimens.......... 77

Table 3.12. Split Tensile Strength Values of Scaled RCC15 Specimens....... 78

XVi



Table 3.13. Compressive Strength Values of Scaled RCC25 Specimens......78
Table 3.14. Split Tensile Strength Values of Scaled RCC25 Specimens....... 79
Table 3.15. Compressive Strength Values of the Unscaled RCC15 Specime3
Table 3.16. Split Tensile Strength Values of the Unscaled RCC15 Specime!g®
Table 3.17. Compressive Strength Values of Unscaled RCC25 Specimens.81
Table 3.18. Split Tensile Strength Values of Unscaled RCC25 Specimens...81

Table 3.19. Summary of Test Specimens and Test Results...................cceee.. 82
Table 4.1. Specifications of Compaction Machines............cccccvvvveeen 101
Table 5.1. Summary Of All TESIS......uuuiiiiiiiie e 154

Table 5.2. Damping Ratios calculated by the Method proposed by Chopra {8012)
Table 6.1. Parameters to define WillAifarnke Failure Surface....................... 165
Table 6.2. Comparison of Base Shear Forces of Specimen 1 for Madel.1..174
Table 6.3. Comparisoof Tip Displacement of Specimen 1 for Model.1......... 174
Table 6.4. Comparison of Base Shear Forces of Specimen 2 for Madel .1..179
Table 6.5. Comparison of Tip Displacement of Specimen 2 for Madel .1.....179
Table 6.6. Comparison of Base Shear Forces of Specimen 3 for Madel.1...182
Table 6.7. Comparison of Tip Displacement of Specimen 3 for Madel 1.....182
Table 6.8. Comparison of Base Shear Forces of Specimen 1 for Madel .2..187
Table 6.9. Comparison of Tip Displacement of Specimen 1 for Madel 2.....187
Table 6.10. Comparison of Base Shear Forces of Specimen 2 for Maodel.2191
Table 6.11. Comparison of Tip Displacement of Specimen 2 for Madel .2...191
Table 6.12. Comparison of Base Shear Forces of Specimen 3 for Madel.2196

Table 6.13. Comparison of Tip Displacement of Specimen 3 for Madel .2...196

Xvil



LIST OF FIGURES

FIGURES
Figure 1.1. Stepin RCC CONSIIUCHION.......ccoiiiiiiiiiiiiiiiiicme e 7
Figure 1.2. lllustration of HydrodynamiC PreSSuUre.........vvvvviiiiiicemiiiiiieeeeeeenn, 8

Figure 1.3. Typical Finite Element Mesh with Nodal Point and Element Numbers in

Program BAD ........o oo 10
Figure 1.4 Principal Stresses over Koyna Dam Body..............cccccvvvimmmnnninnns 11
Figure 1.5. Details aProgram ADARP..........uuuiiiiiiiiiiiiee e 11
Figure 1.6. Different Substructures for Dam &®&Eervoir.............ccccvvvvvviincene. 12
Figure 1.7. Substructure Representation of the PaservoirFoundation

)1 L= 1 SRR PPPN 13
Figure 1.8. DanrReservoirFoundation System in ProgradBAGD ...................... 14
Figure 1.9. DanReservoirfFoundation System ifmé Program EACD................ 15
Figure 1.10. Finite Element Mesh for Dam and Near Field, and Layer Discretization
OF Far FIEIA......eeviiiiiiiiiiiiee e e 17
Figure 1.11. Meshes for Foundation,i®&8ody and Reservair.......................... 19
Figure 1.12. Details of Tests conducted in Fronteddu et al (1998)................. 20
Figure 1.13. Basis for Uppeiirhit DemandCapacity Ratio and Cumulatiieelastic
D TH ] = 110 o N PO PP RPUPRPPR 22
Figure 1.14. Segmented Arch Mod®l Shaking Table...............cccccviiiieeeninns 24
Figure 1.15. Koyna Dam Model with Regeir Tank..............cccooiiiiiinenniiiinns 25
Figure 1.16. Crack Distributiorftar TeSt............viiiiiiiiiii e 26
Figure 1.17. Observed Cracks in Differ&xperiments.............ccccceeeieeeeiceeernnnne 26
FIQUIE 1. 18T St SEUUP....cciiiiiiiiiiiiiit et e e et eeee e e e e e e e e e eeeeas 28
Figure 1.19. Centrifuge BERESUIS........uuiiiiiiiiiiiiii e 29
Figure 1.20. Dynamic Test inside Cefitige Machine............ccccccoeeeevviiieecennnnnnn. 31
Figure 1.21. Observed Cracks during thedBecSpecimen............ceeeevvveveivieenn. 32
Figure 1.22. Numerical Model in Sevim et al (2012)...........coooviiiiiiiiceneeiiiins 32
Figure 1.23Comparison of Crack Patterns............cccvvvveeiiiccmnniiiiieeee e 33

XVili



Figure 2.1. Simplification of the DatwaterFoundation Rock System.............. 36
Figure 2.2. Comparison of Horizontal Acceleration Responses of Equivalent SDFS
and Exact System due to Harmonic Horizontal GroumdidAs........................... 38
Figure 2.3. Comparison of Horizontal Acceleration Responses of Equivalent SDFS

and Exact System with Empty Reservoir Condition due to Harntéorizontal

(€T Co 10T o 1817« T} o 1 PRI 39
Figure 2.4. Idealization of DafRoundationReservoir System in EAGLD............ 40
Figure 2.5. Substructures Representation of fRaservoirfFoundation System...42
Figure 2.6. Models used in Validation of Pseudo Dynamic Tests................... 45
Figure 2.7. Seismicity of Prototype Dam............cocooiiiiiimmmnn e 46
Figure 2.8. Analytical RESUILS.............cooiiiiiiiiiieee e 48
Figure 2.9. Flowchart Explaining the Testing Procedure................cocoveeeennn 52
Figure 2.10. Determination of Effective Height for Specimen.1..................... 53

Figure 2.11. Preliminary Test for Lateral Stiffness Determination of Speciméa 1
Figure 2.12Comparison of the Analysis Results of Specimen 1 for the OBE ground
0] 1T} o OO PTPP P PPPPP 55
Figure 2.13. Comparison of the Analysis ResultSpécimen 1 for the MDE ground

1070} 1o o P 55
Figure 2.14. Comparison of the Analysis Results of Specimen 1 for the MCE ground
0] (0] o SOOI 56
Figure 2.15. Determination of Effective Height for Specimen.2..................... 58
Figure 2.16. Preliminary Test for Lateral Stiffness Determination of SpecimBg 2
Figure 2.17. Comparison of the Analysis Results of Specimen 2 for the OBE ground
0] (0] o SO P SO PPPPP 59
Figure 2.18. Comparison of the Analysis Results of Specimen 2 for the MDE ground
1070} 1o o P 59
Figure 2.19. Comparison of the Analysis Results of $pewi2 for the MCE ground

070 ] 1o o IS U PR PPPR 60
Figure 2.20. Preliminary Test for Lateral Stiffness Determinatian................. 62
Figure 3.1. Different Batches of AQgregates............coooveiiiiemmne e eeeesciiiiee 64
Figure 3.2. Gradation Curves for the Different Batches of Aggregates........... 65
Figure 3.3. Gradation Curves for Concrete MiXtUres............ccccceveivieeeeeeeeeeenns 66

XiX



Figure 3.4. Gradation Curves for Concrete MIiXtULES.............cvvvvvvvineeeeeeennnns 67

Figure 3.5. Curves Used in RCC Mixture Design............ccoeeeevieemneeseessccccnn d 1
Figure 3.6. Apparatus Used in RCC Placement............cccccoeviicemeeeevvnnnnnnnennn. 72
Figure 3.7. Stages in RCC Placement..........cccceeeiiiiiceeciiiiiiiie e eeveeeenns 72
Figure 3.8. MTS Testing MacChine.............uueiiiiiiiiiieeeiiiieiieeeeeeeeee e 73
Figure 3.9. StresStrain Curves of the Unscaled 100x200mm CVC Specimer&t
Figure 3.10. StresStrain Curves of Scaled 100x200mm CVC Specimens......76

Figure 3.11. StresStrain Curves of 100x200mm Scaled RCC15 Specimens..77
Figure 3.12. StresStrain Curves of 100x200mm Scaled RCC25 Specimens..79
Figure 3.13. Comparisons of Strength Normalized St&#ssn Curves of Scaled

CVC and Scaled RCC25.... ... iiiiiiiiiiiieee it e e sesss e eeeeeaaaeaaae s 83
Figure 3.14. The Effect of Scaling on Str&sain Curve of CVC....................... 83
Figure 4.1. FOrmMWOIK DIaWiNgS. ... ..ueeeiiiiiiiiiiaiiiieeeieee e enee e 85
Figure 4.2. Test Setup (ISOMELIC VIBW).........uuuuuriiiiiiiiiieeeiiiiiiiiiieeeeeeee e e e e e 86
Figure 4.3. Test Setup (Side VIEW).......uuiiiiiiii e eeeeeeevenne e 87
Figure 4.4. Test Setup (TOP VIEM).....ciiiiiiieeeeeeeeeeeeeeie e neee e 87
Figure 4.5. Change in Axial Load............coooiiiiiiiiieenii e 38
Figure 4.6. Transfer PIate............ooo oo 88
Figure 4.7. Intentionally Roughened Foundation Concrete...........ccccoeeeveeeens 89
Figure 4.8. Verification Frame..............uuueiiiiiiieeecse e ereenn e 92
Figure 4.9. Ground MOTIONS. ..........uuuiiiiiiiiiiiieeeiiiieeie e e e e eeeee e eeeaeaae s 92
Figure 4.10. Fourier Amplitude SPeCtrumsS..........ccccovvviiiiiiiccceiiee s 93
Figure 4.11. Verification Frame PhotOS.........cccooiiiiiiiiiiicceiciccce e, 93
Figure 4.12. Feedback POINL...........uiiiiiiiii e eeeee e 93
Figure 4.13. Comparison of Tip Displacements..............ccccvvvvmmeeeeeeeeinnnnnnnnn. 94
Figure 4.14. Comparison of Base Shears...........cccccciiiiiancee 94
Figure 4.15. Test Setup and INStrumentation..............cccvvvveeeene e 95
Figure 4.16. Strain Rosettes at the Dam Base............coooviiviceeiiiicieciiiin e 96
Figure 4.17. Test Setup and LVDTO®6s

S 01=Tod [ 01T o 10 ST PR PRRPTPR 97
Figure 4.18. Preparation of SPeCImen...........cccuuuiiiiiimemiiiiiiiiiei e 98
Figure 4.19. Transfer Plate............oouuiiiiiiieeee e eeeee e Q9



FIQUIE 4.20. CUIMNG ...ettttiiiiiaieeee e eeee e e e e e e e e e e et reea e e e e e e e e e e eeeeeeeseesennmnns 99

Figure 4.21. Preparation of SPECIMEN..........cvviiiiiiiiiieeeiieeeeeeeeee e 100
Figure 4.22. Transfer Plate...........cccooooeiiiiiieeeii e 103
Figure 4.23. Preparation of SPeCiMen...........coovvviiiiiieeeee e e 104
Figure 5.1Base &eari Tip Displacement anBase Sheair Base Displacement
Curves dumg Hydrostatic Loading for Specimen.l..........cccccvvvviiiiieecnvinnnne. 107
Figure 5.2. Cracks Formed during Hydrostatic Loading for Specimen.1......108
Figure 5.3. Force and Displacement Demands during OBE Experiment for
SPECIMEN L. e e et e e e e e e e eeer e e e e e 109
Figure 5.4. Base Uplift and Rotation Demands during OBE Experiment for

S 01T o T 0= o 1 USSP 110
Figure 5.5. Cracks Formed during the OBE motion for Specimen.1............ 111
Figure 5.6. Base Uplift and Rotation Demands during MDE Experiment for
SPECIMEN L.t e e et e et e e e ener e e e e e e 112
Figure 5.7. Force and Displacement Demands during MDE Experiment for

S 01T o T 0= o 1 USSR 113
Figure 5.8. Cracks Formed during the MDE motion for Specimen.1............ 114
Figure 5.9. Force and Displacement Demands during MCE Experiment for

S 01T o1 0= o 1 PSPPI SRRRPRN 115
Figure 5.10. Base Uplift and Rotation Demands during MCE Experiment for
SPECIMEN L.t e e et e et e e eeer e b e e e e e 116
Figure 5.11. Cracks Formed in Specimen 1 during the MCE motion.1......... 117
Figure 5.12. Cracks Formed in Specimen 1 during the MCE motion.2......... 118
Figure 5.13. Base Deformations and Pushover Curve for Specimen.l........ 119

Figure 5.14. Cracks Formed during Pushover Experiment for Specimen.1.120
Figure 5.15. Variation of the Fundamental Period and Damping Ratio during the
Experiment for SPECIMEN.L..........uuuiiiiiiiiiiiieeeiiiiie et 122

Figure 5.16. Bse Shear Tip Displacement anBase Shear Base Displacement

Curves during Hydrostatic Loading for Specimen.2..............ccoovvvviemennnnnnnnn. 123
Figure 5.17. Force and Displacement Demands during OBE Experiment for

SPECIMEIN 2. e e e bbbt ettt et e e e et e e e e e e 124
Figure 5.18. Cracks Formed during the OBE motion for Specimen.2........... 125

XXi



Figure 5.19. Base Uplift and Rotation Demands during OBE Experiment for
SPECIMEIN 2.ttt ettt e e e e e e e e e 126
Figure 5.20. Base Uplift and Rotation Demands during MDE Experiment for
0 1= o1 0= o 7SS 126
Figure 5.21. Force and Displacement Demands during MDE Experiment for

Y 01T o1 0= o 2P 127

Figure 5.23. Base Shear versus Base Displacement Curve during the MDE motion
fOr SPECIMEN 2. .. e e e eeerenees 129
Figure 5.24. Force and Displacement Demands during MCE Experiment for

0 01T o1 0= o 17U 130
Figure 5.25. Cracks Formed in Specimen 2 during the MCE motion.1......... 131
Figure 5.26. Cracks Formed in Specimen 2 during the MCE motion.2......... 132
Figure 5.27. Base Uplift and Rotation Demands during MCE Experiment for

0 01T o1 0= o 17U 133
Figure 5.28. Base Shear versus Base Displacement Curve during MCE motion for
SPECIMEIN 2.ttt e e e e e e e e e e e n e e e 134
Figure 5.29. Base Sliding and Pushover Curve for Specimen.2.................. 135

Figure 5.30. Cracks Formed in Specimen 2 during Pushover Experiment 1136
Figure 5.31. Cracks Fommd in Specimen 2 during Pushover Experiment.2...137
Figure 5.32. Cracks Formed in Specimen 2 during Pushover Experiment 3138
Figure 5.33. Principal Strain Distributions over the Base of Dam Specimen for

S 01T o1 0= o 17U 139
Figure 5.34. Variation of the Fundamental Period and Damping Ratio during the
Experiment for SPECIMEN.2.......cccoooieiiiiiiiiiieeeie e 140
Figure 5.35. Base SheaiTip Displacement and Base Shédase Displacement

Curves during Hydrostatic Loading for Specimen.3.........ccccccoviiiiieeceennnnenn. 141
Figure 5.36. Force and Displacement Demands during OBE Experiment for

Y 01101 1 L= o G USSP 142
Figure 5.37. Cracks Formed during OBE motion for Specimen.3................. 143

Figure 5.38. Base Uplift and Rotation Demands during OBE Experiment for
SPECIMEN B eseer e e e e e e e e e et annn e aaaeae 143



Figure 5.3. Force and Displacement Demands during MDE Experiment for

SPECIMEN B e e e et e e aner e 144
Figure 5.40. Base Uplift and Rotation Demands dukiiRE Experiment for

S 01T o] 0= 1 USSP 145
Figure 5.41. Cracks Formed during MDE motion for Specimen.3................ 146
Figure 5.42. Force and Displacement Demands during MCE Experiment for

S 01T o] 0= 1 USSR 147
Figure 5.43. Cracks Formed in Specimen 3 during the MCE motion.1......... 148
Figure 5.44. Cracks Formed in Specimen 3 during the MCE motion.2......... 149

Figure 5.45. Base Uplift and Rotation Demands during MCE Experiment for

S 01T o] 0= 1 USSR 150
Figure 5.46. Base Shear versus Base Displacement Curve during MCE motion for
SPECIMEN B e r e et eaner e 150
Figure 5.47. Pushover Curve for Specimen.3............uuvvviviiiieeeiiiiniiiieeeeeeeeen 151
Figure 5.48. Cracks Formed During Pushover Experiment for Specimen.3.152

Figure 5.49. Variation ahe Fundamental Period and Damping Ratio during the

Experiment for SPECIMEN.3.........uiiiiiiiiiiiiii e 153
Figure 5.50. Comparison of Capacity Curve@bfSpecimens.............cccccceeee... 155
Figure 5.51. Total Dissipated Energies for All Specimens and Hysteretic Damping
Plotfrom Megally (L1998)........cooviiiiiiiici e erre e e e e e 156
Figure 5.52. Base Displacement recorded in the Research conducted by Binici et al
2006 e e e ———————— e e e e e e e —— et e e e e s anae e abrraaaeeaaaaaes 158
Figure 5.53. Results of Pushover Experiment from the Research conducted by Binici
L2 A= L2 0 K PR PROPPP 159
Figure 5.54. Comparison of the Base Shear Values obtained from EAGD and
EXPEIIMENTS ... e 160
Figure 6.1. Description for Stress Relaxation after Cracking........................ 163
Figure 6.2. 3D Failure Surface in Dimensionless Principal Stress. Axes.......166

Figure 6.3. 2D Failur&urface in Principal Stress Space for{gaa Stress State167

Figure 6.4. Different Numerical Models.............ccoooiiiiieeeici e 168
Figure 6.5. Numerical Model.L..........cooviiiiiiiieee e 169
Figure 6.6. Numerical Model.2.............oouiiiiiiiieeee e 169

XXili



Figure 6.7. Comparison of Base Shear Demand Histories for Sgedimnder the

Effect of OBE, MDE and MCE Scenarios for Model.l..........c.ccoevvvviieemenneens 171
Figure 6.8. Comparison of Tip Displacement Demand HistéoreSpecimen 1
under the Effect of OBE, MDE and MCE Scenarios for Model.1.................. 171

Figure 6.9. Comparison of Base Shear versus Tipl&ement Demand Histories
for Specimen 1 under the Effect OBE, MDE andMCE Scenarios for Model 1172
Figure 6.10. Comparison @frack Patterns for Specimen 1 under the Effect of OBE,

MDE and MCE Scenarios for Model.L..........cccoooiiiiiiiiicce e 173
Figure 6.11. Comparison of Pusho¥periment for Specimen 1 from

1Y/ Yo [ 175
Figure 6.12. Comparison of Base Shear Demand Histories for Specumele2the
Effect of OBE, MDE and MCE Scenarios for Model.1.........cccccccooviiiiiaannnnn. 176
Figure 6.13. Comparison of Tip Displacement Demand Historiespeciien 2
under the Effect of OBE, MDE and MCE Scenarios for Model 1.................. 177

Figure 6.14. Comparison of Base Shear versus Tip Displacement Demand Histories
for Specimen 2 under the Effect of OBEDE andMCE Scenarios for

1Yo T = RSP 177
Figure 6.15. Comparison of Crack Patterns for Specimen 2 under the Effect of OBE,
MDE and MCE Scenarios for Model.1............cccoovriiiiieee e 178

Figure 6.16. Comparison of Pushover Experiment for Specimen 2 from Motiéd 1

Figure 6.17. Compason of Base Shear Demand Histories for Specimen 3 under the

Effect of OBE, MDE and MCE Scenarios for Model.1...............oovvviiimnnn... 180
Figure 6.18Comparison of Tip Displacement Demand Histories for Specimen 3
under the Effect of OBE, MDE and MCE Scenarios for Model.1.................. 181

Figure 6.19. Comparison of Base Shear versus Tip Displacement Demand Histories
for Specimen 3 under the Effect of OBEDE andMCE Scenarios for

1Y/ Yo L 181
Figure 6.20. Comparison of Crack Patterns for Specimen 3 under the Effect of OBE,
MDE and MCE Scenarios for Model.1.............oooiiiiiiimn e 183
Figure 6.21. Comparison of Pushover Experiment for Specimen 3 from

1Y/ Yo L 184

XXV



Figure 6.22. Comparison of Base Shear Demand Histories for Specimen 1 under the

Effect of OBE, MDE and MCE Scenarios for Model.2...............cccooevvieeeeenn. 185
Figure 6.23. Comparison of Tip Displacement Demand Histories for Specimen 1
under the Effect of OBE, MDE and MCE Scenarios for Model.2.................. 186

Figure 6.24. Comparison of Base Shear versus Tip Displacement Demand Histories
for Specimen 1 under the Effect of OBE, MDE &M@E Scenarios for

1Y [0 o [= ] PP TTPPPPPP 187
Figure 6.25. Comparison of Crack Patterns for Specimen 1 under the Effect of OBE,
MDE and MCE Scenarid®r MOdel 2............uuuuuiiiiiiiii i 188
Figure 6.26. Comparison of Pushover Experiment for Specimen 1 from

AV oo [= ] PRSPPI 189
Figure 6.27. Comparison of Base Shear Demand Histories for Specimen 2 under the
Effect of OBE, MDE and MCE Scenarios for Model.2...............cccooevvieeeeenn. 190
Figure 6.28. Comparison of Tip Displacement Demand Histories for Specimen 2
under the Effect of OBE, MDE and MCE Scenarios for Model.2.................. 191

Figure 6.29. Comparison of Base Shear versus Tip Displacement Demand Histories
for Specimen 2 under the Effect OBE, MDE andMCE Scenarios for

1Y Yo L PSSR 192
Figure 6.30. Comparison of Crack Patterns for Specimen 2 under the Effect of OBE,
MDE and MCE Scenarios for Model.2...........ccuuuviiiiiiimmmiiiiiiiiiieeeeeee e 193
Figure 6.31. Comparison of Pushover Experiment for Specimen 2 from

1Y/ Yo L 194
Figure 6.32. Comparison of Base Shear Demand Histories for Specimen 3 under the
Effect of OBE, MDE and MCE Scenarios for Model.2..............ccccccvvimenniinnns 195
Figure 6.33. Comparison of Tip Displacement Demand Histories for Specimen 3
under the Effect of OBE, MDE and MCE ScenariosNmdel 2........................ 195

Figure 6.34. Comparison of Base Shear versus Tip Displacement Demand Histories
for Specimen 3 under the Effect OBE, MDE and MCE Scenarios for Model 296
Figure 6.35. Comparison of Crack Patterns for Specimen 3 under the Effect of OBE,

MDE and MCE Scenarios for Model.2...........ccc.uuuiiiiiiieeeniiiiiiiiieeeeeee e 197
Figure 6.36. Comparison of Pushover Experiment for Specimen 3 from
IMOGEI 2 ettt e e e 198



Figure 6.37. Comparison of Base Shear Demand Histories obtained from Model 1

and Model 2 for SPeCIMEN. L..........ooiiiiiiiereee e 200
Figure 6.38. Comparison of Base Shear Demand Histories obtained from Model 1
and Model 2 for SPECIMEN. 2.......ccoiiiiiiieiiiiieeeeeee e 200
Figure 6.39. Comparison of Base Shear Demand Histories obtained from Model 1
and Model 2 for SPECIMEN.3.... ... reer e 201
Figure A.1. Effect of Coupling Impedance on Response of Dams on Flexible
Foundation Due to Harmonic Ground EXCitation...............cooeeecviemmeee s 225
Figure A.2. Additional Dampingfor& 2 7, 50 0 P18 due twam
Reservoir and DafroundationnNteractions...............evevviviiiiieeemieieiiiieeeeeeeeeen 229

Figure A.3. Comparison of Equivalent SDFS Response due to Harmonic Horizontal
Ground Motions using Exact Damping and Simplified Damping.................. 230
Figure A.4. Comparison of Horizontal Acceleration Responses of Equivalent SDFS
and Exact System due to Harmonic Horizontal Ground Motions.................. 231
Figure B.1. Comparison of the Analysis Results for OBE Motion with Numerical
IMASS OF 208 ittt e e s annr e 233
Figure B.2. Comparison of the Analysis Results for OBE Motion with Numerical
Y= TSR 10 USSR 233
Figure B.3. Comparison of the Analysis Results for OBE Motion with Numerical
IMTESS OF 358ttt et et 234
Figure B.4. Comparison of the Analysis Results for OBE Motion with Numerical
Y= TSR ) USSR 234
Figure B.5. Comparison of the Analysis Results for OBE Motion with Numerical
IMISS OF 451ttt aeeee 235
Figure B.6. Comparison of the Analysis Results for OBE Motion with Numerical
Y TSR0 1) USSR 235
Figure B.7. Comparison of the Analysis Results for MDE Motion with Numerical
IMTSS OF 30Kttt ettt reee e e e e e e et e e ee e ettt b e e e eeenee 236
Figure B.8. Comparison of the Analysis Results for MDE biotivith Numerical

Y TSR I RSP 236
Figure B.9. Comparison of the Analysis Results for MDE Motion with Numerical
IMTSS OF BOL..... ettt ettt r e e e e e e e et e e e e e eee b e eeeeenee 237



Figure B.10. Comparison of the Analysis Results for MDE Motion with Numerical
IMIASS OF 451 ..t e e e e e e e e e e e e e e e anene e e e eaaaes 237
Figure B.11. Comparison of the Analysis Results for MCE Motion with Numerical
IMIBSS OF B5L.......iiiiiiiiiiiee ettt e e e e e e e e e e e e e e 238
Figure B.12. Comparison of the Analysis Results for MCE Motion with Numerical
IMIASS OF 758ttt s e e e e e e e e e e e e e e e annneeeeeeeaeas 238
Figure C.1. Comparison of the Analysis Results for OBE Motion with Numerical
IMASS OF 206 ittt e e e e s rmmr e e e e e e e e e e e e e ner e 239
Figure C.2. Comparison of the Analysis Results for OBE Motion with Numerical
Y= TSR 0 1) SRS 239
Figure C.3. Comparison of the Analysis Results for OBE Motion with Numerical
IMIBSS OF 356ttt ettt e e e e e e e e s e e e e e e e e e e e e e s n e 240
Figure C.4. Comparison of the Analysis Results for OBE Motion with Numerical
Y= TSI ) RSP 240
Figure C.5. Comparison of the Analysis Results for OBE Motion with Numerical
Y= TSI o) 1 PP U PR PR URTRPRR 241
Figure C.6. Comparison of the Analysis Results for OBE Motion with Numerical
Y= TSR ) T 0 241
Figure C.7. Comparison of the Analysis Results for MDE Motion with Numerical
IMASS OF 3O ittt e e e e e e e an e e e e e e 242
Figure C.8. Comparison of the Analysis Results for MDE bfotvith Numerical

Y TSR 0 I U 242
Figure C.9. Comparison of the Analysis Results for MDE Motion with Numerical
IMASS OF SOL.....iiiiiieeeiee et e e e e e e re e e e e e e e 243
Figure C.10. Comparison of the Analysis Results for MCE Motion with Numerical
Y TSR ) O 243
Figure C.11. Comparison of the Analysis Results for MCE Motion with Numerical
IMISS OF G501ttt e e e e e e e e e e e ane e e e e e e e e 244
Figure C.12. Comparison of the Analysis Results for MCE Motion with Numerical
Y= TSR 4 O 244
Figure D.1. Pushover Curve for Specimen.l.........cccccvveeiiiicmnninnieee e 245

Figure D.2. Base Shear versus Base Displacement Curve for Specimen.1.246

XXVil



Figure E.1. Profile Views of thFailure Surface

XXVili



LIST OF SYMBOLS / ABBREVATIONS

ACI American Concrete Institute

ADAP A Computer Program for Static and Dynamic Analysis of
Arch Dams

ag Ground Acceleration at Time

a Accelerationof the Associated Degree of Freedom

Al Acceleration for i Time Interval

ASTM American Standard for Testing and Materials

& Horizontal Acceleration

b Width of the Base

C1 Generalized Damping of the Fundamental Mode

c Velocity of Pressure Waves in Wate

CFD Computational Fluid Dynamics

CFRD Concretefaced Rockfill Dams

CRCM Coaxial Rotating Crack Model

C-SH CalciumsSilicateHydrate Gel (Concrete Paste)

CvC Conventionally Vibrated Concrete

DCR DemandCapacity Ratio

di Opening Size of'l Sieve

Dmax Maximum Aggregate Size

$ Displacements at Time Step n

e Effective Height

EACD A Computer Program for Thredimensional Earthquake
Analysis of Concrete Dams

EAD Earthquake Analysis of Dams

EAGD A Computer Program for Earthquake Response Analysis
of Concree Gravity Dams

EFDD Enhanced Frequency Domain Decomposition

ELSA European Laboratory for Structural Assessment

XXIX



EoUCA
=
Es

f1

fa

fe

feo

FCM
FERC

Fn

f(n)

ft

F
GDSHW
Gt

H
Heidenhain
hp
ICOLD

It

Compaction Energy on a Unit Concrete Area
Modulus of Elasticity of the Sediment

Modulus of Elasticity of Dam Structure

Externally Applied Force

Compressive Strength for a State of Biaxial Compression
superimposed on Hydrostatic Stress State
Compressive Strength for a State of Uniaxial Compression
superimposed on Hydrostatic Stress State

Uniaxial Crushing Strengtbf a Material

Biaxial Compressive Strength of a Material

Fixed Crack Model with a Variable Shear Resistance
Federal Energy Regulatory Commission

Lateral Force

Force for ' Time Interval

Uniaxial Tensile Strength

Vertical Foce

General Directorate of State Hydraulic Works
Fracture Energy

Depth of Water in Reservoir

High Precision Displacement Transducer

Critical Height

International Commission on Large Dams

Mass Moment of Inertia of the Daltonolith about the
Centroid of its Base

Stiffness Submatrices for Dam

Stiffness Submatrices for Danfoundation Rock
Interface

Generalized Stiffness of the Fundamental Mode
Linear Variable Differential Transducer

Overturning Moment

Concentrated Numerical Mass

XXX



PGA
PHGA

PID
PSD

2 72

Generalized Mass of the Fundamental Mode
Complexvalued Mass for Absorptive Reservoir Bottom
Maximum Aggregate Size

Mass Sukmatrices for Dam Base

Maximum Characteristic Earthquake

Maximum Design Earthquake

Total Mass of the Dam Monolith

Density of Dam Material in x Direction

Density of Dam Material in y Direction

Nonlinear Fracture Mechanics

Total Number of Strokes

Operational Based Earthquake

Response Function for Hydrodynanipessure on the
Upstream Face due to Horizontal Ground Acceleration of
a Rigid Dam

Response Function for Hydrodynamic Pressure on the
Upstream Face due to its First Fundamental Mode of
Vibration

Peak Ground Accelerations

Peak Horizontal Grnend Accelerations

Percentage Passiritj$ieve
ProportionalintegratDerivative Control Algorithm
PseudeDynamic Testing

Hydrodynamic Pressure

Damping Coefficient for the Sediments
Hydrodynamic Forces at the Reservoir Bottom
Relative Displacements at the Reservoir Bottom
Relative Displacements for Nodes above the Base
Relative Displacements for Nodes at the Base

Forces on the Bottom of Dam at Ddfoundation

Intersection

XXXi



RCC Roller Compacted Concrete

RCD Rolled Compacted Dam

0 Relative Displacements for Nodes on the Surface of
Foundation

58 S Forces on the Surface of the Foundation

2 ) Hydrodynamic Forces at the Upstream Face

R! Restoring Force Vector

ol Restoring Force for'hTime Interval

Rn+1 Restoring Force at Time n+1

R Cracking Factor

S Failure Surface

SDFS Single Degree of Freedom System

39 Condensed Dynamic Stiffness Matrix of the Foundation

Syq Submatrices in the Foredisplacement Relation of the

Foundation Rock Substructure
Sy Submatrices in the Foredisplacement Relation of the

Foundation Rock Substructure

TaP First Fundamental Frequency of Prototype Specimen

T:° First Fundamental Frequency of Scaled Specimen

TCMA Turkish Cement Manufacturersod Ass
Uo Horizontal Traslation

USACE United States Army Corps of Engineering

Ux Translational Degrees of Freedom in x Direction
Uy Translational Degrees of Freedom in y Direction
Uz Translational Degrees of Freedom in z Direction
Vv Base Shear

Vv Velocity of the Associated Degreé Freedom

6 Velocities at Time Step n

w Unit Weight of Water

9 5 Modal Coordinates

XXXii



c

oz = @ G

Co
=y

T

Vertical Coordinate of any Point at which the Pressure
Value is sought

Directional Unit Vector

Wave Reflection Coefficient

Closed Crack Shear Factor

OpenCrack Shear Factor

Unit Weight

Time Step Size

Equivalent Viscous Damping Ratio (Or Simply Damping
Ratio) at the First Mode

Angle of Similarity

Constant Hysteretic Damping for the Concrete in Dam
Body

Rotation

Complexvalued and-requency Dependent Eigenvalues
of the Impounded Water

Damping Ratio of the Fundamental Vibration Mode
Added Damping due to Foundation Flexibility

Added Damping due to both Reservoir Interaction and
Reservoir Bottom Absorption

Viscous Dampig Ratio

Density of Water

Density of the Sediment

Axial Stress

Hydrostatic Stress State

Excitation Frequency

Fundamental Natural Vibration Frequency of the Dam on
Rigid Foundation

Frequency of the Equivalent System

XXXili






CHAPTER 1

INTRODUCTION

1.1 General

Societieshave struggled tdind water resources tmaintaintheir lives since the
beginning ofcivilization. Search of proper and efficient water for usage and energy
productionhasrecentlybecomemore challenging due to these of population and
global warming, which necessitates more water storage for both agricultural and
energy generation purposds. addiion, the fossil fuelresources havéost their
popularity due totheir environmental hazais theyrelease greenhouse gases in the
energy production process. Consequently, thean energy technologies like
hydroelectric power plants comiato promnence in developing countriesvith
population growthEvidently, dams are one of the most suitable structures that could

serve for both water storage and energy generation.

According tothe InternationalCommissionon Large DamsICOLD), thenumber of
functional dams in its 95 member countrie$7,651 (COLD). The interesting fact
about this statistics is that 41.4% of the total number of damsiow inChina.In

this statistics,Turkey is also ranketenth withits 936 dams. In another statistics
presented byhe General Directorate dbtate Hydraulic WorksGDSHW), Turkey

has 595 dams having a heigalier than 10mAccording to GDSHW1the earth/rock

fill dams havea largeshare in this amount and concrete dgmer to 2010 arenot

the preferredalternative Number ofconcretegravity dams have not increasadter
2000; conversely there is an apparent increase in the number of Roller Compacted
Concrete (RCC) and Concrefeced Rockfill dams (CFRD).This statistics reveal
that, in the last 50 year clay core rockill dams have been preferred PSHW

for cases where clay stoclexist in a close proximity to the construction site,
resuling in economical solutionsSimilarly, RCC dams seem tioe an attractive
alternativewith increasing numberespecially after theleregulationlaw in 2005,
which allowed the private sector to build and operate dams and hydropower plants.

Both design and construction practida Turkey have lot of experiencavith earth
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fill dams. However,the experiencan the design and construction dghe other
alternatives (RCC and CFRD) were quite limited since they have not been built in
Turkey before 19906s.

Lately, RCC dams havegained popularity overthe Conventiondly Vibrated
Concrete (CVCYue to the following reas i- this type of construction does not
requirecostly formwork, which reduces workmanship and incredsegonstruction
speedwith no slump concretai- it hasalow watercement ratiogontrollingthe heat
of hydration of mass concrei@ it has large aggregaté=ading tomore economical
concreteand iv it has a reduced heat of hydration due to the addition of pozzalan to
the mixture (ACI 207). In Turkey, althoughthere areonly 3 functional RCC dams
namel y Su-andt¢é, DaBy savdral R€@C dams acarrentlybeingbuilt.

In fact, some RCC dams are aboubttaken in servicer they are well into their
construction and design stagehe number of RCC danmaroundthe world before
2009 is more than 25@zcan2008. Therefoe, this dam body typdas startedo
supersedéhe otherdam types

Naturally, damsareconstructedn riversflowing throughlarge or deep valleyso as

to amass water in their artificially createdservoir.As stated by Carter (2008)

AFaults c¢crop out as | inear features along t
easily eroded zone between harder, unfaulted rock, so they can localize narrow linear

valleys such as the San Andreas Rift Zone, separatinBejes Peninsula to the

we st from mainland Cal i the probabke canstructtoh e east 0.
zones for damasuallylie in earthquakg@rone regionsFor example, 98.6 percent of

the dams being constructed ire¥fern Chinarelocated in high tonoderate seismic

hazard zones (Jackson 201& similar situation is valid for Turkey, wher80% of

the dams are in earthqualk@one zonesThus, theras a seriougisk of damagefor

these facilities that might endangerboth the health and wealth of the
society.Although dams are prone to earthquake excitation effects, theyusaaéy

performedbetter than the buildings the last century. A study by Nuss and his

colleagues (Nuss et #2012 investigated seismic perfmances of functional dams

shakenby earthquakes having peak horizontal ground accelerations (PHGA) of

larger than 0.3g. This study presents the observefbrpence of the selésd



concrete dams, including RCC and arch ones, throughout the (Wadde 1.1). In

this table, it is apparent that one total collapse, namely Shih Kang Dam, has been
observed. Also, some dams lilkke Koyna Dam, the Rapel Dam, etclost their
functionalities after the earthquake as thégad some major cracksin their body

and/or some damage their appurtenant structure$hese observations should not
make design engineers overconfident of the seismic performances of dams as these
huge structures require spdcatention both at the design and construction stages
(Nuss et al 2012).

The behaviour of dams, especially under the effect of seismic actions, is one of the
most complicated problems in earthquake engineering. This is because; dams usually
rest on flexible foundations and interact with tiegervoirwater, which necessitates
taking the darAfoundationreservoir interaction into accouifr determining their
seismic behaviourFurthermore, the compressibility of the water plag important

role considering the fundamental frequency of the resemd the dam, which
necessitatethe use ofrigorous analysis techniques in the design process of these
special structures. Alsthe complex geometry of the valley and the dam necessitate
consideringhe higher mode effectd he crack initiation and propagation on the dam
body further omplicates the multiphysics problem. Based on these arguments,
furtherresearch is still needed the area of seismic responaead riskestimation of
thedams.

1.2 RCC Dams

By definition, RCC is a kind of concrete having no slump. This property gives the
opportunity to place and compact this type of concrete by utilizing usuatfglarth
equipment (Mehta and Monteiro 2014). This property speeds up the slow nature of
concrete placement. In other words, CVC procedure is composed of concrete
placement, consmlation and compaction, resulting in significant labor work. RCC
procedure increases the ceffiectiveness of CVC over the eatftthdams, which are
known to be fasteto-build due to the advances in eaflacement andin
compaction equipment over thast few decades. RCC combines the advantages of
CVC with the easyo-place property of earthll dams. Consequently, RCC hibsen
replacing CVC for mass concrete (Mehta and Monteiro 2014). The idea of RCC is
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based on the fact that the unhardened compasghould sustain the weight of a
compaction device as the placement of this material without formwork is only
possible if large amount of compaction energy is transferred to the concrete batch
(Mehta and Monteiro 2014). Consequently, CVC and RCC arereiiffen their
consistency requirements. Unlike CVC, RCC shadequatelyoe dry to carry the
vibrating cylinder for compaction and should have enough water for hydration

process.

RCC technology was firsttilized inthe Tarbela Dam, Pakistan. In this dipption,
more than 2.5 million fhof concrete was placed betwe#d74 and 1982(Klieger
and Lamond 1994)n 1996, there were approximately 200 R@a&ms completed,
under construction dn design stagén the world. Recently, there exssinore than
300 RCC dams functional in the USA alone (Nawy 2008). Although R&&more
commonlyusedin the USA at the beginning, it has become more popular in China,
Brazil, Spain, etc. Rolled Compact&hm (RCD), a different version of RC(Chas
become mee prevalent in Japan. In this constructieahnique a shell of at least 3m
thicknesscomprised of CVC isusedaround a lowcement RCC core. This shell
mainly coverthe faces including upstream, downstream, bottom and tdpeaddam
body. In a new trendt is common to use more RCC than CVC in RCD construction.
This construction typelid not find widespread usén countries other than Japan
(Nawy 2008.

Similar toCVC, RCC could be obtained by utilizing any type of eatrand cement
pozzolan mixtureHowever, cemenRpozzolan mixturesi.e. cementitious material,

are preferred to reduce the heat of hydration in mass concrete applications. The RCC
strength is mainly dependent on the compaction quality and effort, \water
cementitious material ratios atite aggregate quality. The construction procedure of
RCC is summarized iRigurel.1 adapted frontJji (2010). It is apparent fronfrigure

1.1 that the placement of RCC is different than CVC. While placing RCC, the aim is
to form a sufficient bond betweethe successive layers. This goal is generally
accomplished by restrictinghe time between two successive layer placements,
which prevents coljbint formation betweenhe lifts. This precaution is vital for

both increased strength and reduced permeation (Ozcah 2008



Table 1.1. Concrete Dams Subjected to Significant Shaking [Nuss et al. 2000]

Dl Country hiSiaht e st Earthquake Dli:Sa:.u;[O Mag PHGA (g) Remarks
(completed) (m) (m) (km) :
Concrete Gravity Dams
Lower Crystal San Franciscd 0.5271 .
Springs (1890) USA a7 183 (1906) 04 8.3 0.68 Not the slightest crac
Koyna (1963) India 103 853 Koyna (1967) 3 6.5 0.63 Cracks in both faces
Williams (1895)| USA 21 27 LO’(‘EBP;;H"" 9.7 71 0.6 No damage
Multiple arch modified
Landers(1992) 45 7.4 0.18 to gravity dam in
Bear Valley 1988.
(1912, 1988) USA 28 110 Big Bear No damage, except
(3992) 14.5 6.6 0.57 slight displacement o
crest bridge girders
Gohonmatsu No damage of this
(1900) Japan 33 110 Kobe (1995) 1 7.2 0.83 masonry dam
ShihKang . - Vertical disp. of (9 m)
(1977) Taiwan 21,4 357 Chi Chi (1999) 0 7.6 0.51 Rupture of concrete.
Mingtan (1990)| Taiwan 82 - Chi Chi (1999) 12 7.6 0.47 0.5 No damage
Western Cracks in Control
Kasho (1989) | Japan 46,4 174 Tottori (2000) 3or8 7.3 0.54 Building at crest
Western Small crack at
Uh 6) Japan 14 34 Tottori (2000) Lors 73 116 spillway base
Takou (2007) | Japan 77 322 | Tohoku (2011) 109 9 0.38 Crait;]g‘;ft%?;es?ous
Miyatoko Japan | 48 - | Tohoku (2011) 135 9 0.32 No damage
(1993)
Concrete Arch Dams
Gibraltar Santa Barbarg No damage. Modified
(1920, 1990) | YSA 52 183 (1925) - 6.3 >03 in 1990 with RCC
San Fernando No cracks in arch.
(1971) 5 6.6 0.671 0.8 Open joint between
Pacoima (1929] USA | 113 | 180 argh ::‘.’Oti::u(ztcz?‘:k
Northridge pen | h
(1994) 18 6.8 0.53 between arch and
thrust block
Ambiesta GemonaFriuli
(1956) Italy 59 145 (1976) 20 6.5 0.36 No damage
Santiago Damage to spillway
45 7.8 0.31 ;
1 k .
Rapel (1968) | Chili 111 | 270 (1985) and intake tower
Dam performed well.
Maule (2010) | 232 8.8 0.302 Cracked pavement.
Techi (1974) | Taiwan | 185 290 | ChiChi (1999)] 85 76 05 Locagtcrda;;";? e‘;ftcurb
Shapai RCC . Wenchuan 0.251
(2003) China 132 250 (2008) 32 8 0.50 No damage
Concrete Buttress Dams
Hsinfengkiang . Reservoir Horiz cracks in top
(1959) China 105 440 (1962) 1.1 6.1 0.54 part of dam
Sefid Rud Near Horiz cracks near
(1962) Krai 106 417 Manjil (1990) | dam 7.7 0.71 crest, minor disp of
site blocks

Notes: Mag.= Magnitude (Mor Ms for less than 6.5 and MS above 6.5), PHGA= Peak horizontal ground

acceleration



The use of roller compacted concrete has gained popularity since the development of

the materi al i n the early 197006s (Raphael 1¢
the reduction in the quantity of cement used, and the corresponding decrease in the

heat of hydration are the primary advantages that led to an increased use of RCC in

dam construction. When fly ash or pozzolans are available nearby the construction

site, the us of RCC results in a much more economical solution compared to the

placement of CVC. Such benefits of employing RCC in dam construction were also

recognized in Turkey (Dursun and Gokcol, 2011).

The main disadvantage, if to mention one, of RCC is that RCC loses its cost
effectiveness in some projectstife appropriate aggregates could not be found in
close proximity to the construction site and if available foundation is poor in quality
or founddion rock is not close to the surface (ACI 207). However, due to the
significant reduction ithe cement amounsome designers managed to employ RCC
with fly ash delivered from over few hundred &rfKagan Solmaz from Dolsar,

personal communication, 2015
1.3 Literature Review

This section presents the important studies on seismic response of concrete gravity

dams focusing both on numerical simulations and laboratory experiments.

1.3.1 Linear Elastic Analysis of DamFoundation-Reservoir Interaction

From t he begiggnificantgamaumt of 1eSedrbtaye heen carried out

to investigate the behavior of gravity dams under the effect of ground excitations.
The challenges of these special structfioeshe researchers includesmodeling an
extremely complex and uncertain interaction problem of -deservoirffoundation,

ii- proposing design methods to maintain the functionality of dams due to their
importance to sustain life, {ipreventing the possible risks related to the complete or
partialcollapse of dams.

The first attempts were to clarify the earthquake effects of the reservoir on dams,
which has been one of the most popular topics in dam engineering. In order to have a

better understanding on the interaction of dam with its resek¥astergaard (1933)
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proposed a simplified method in his groundbreakstgdy In this method, the
hydrodynamic pressure is calculated by Eq. 1.1 illustrat&turel.2.

’ RCC Mixture
Preparation

( Transportation of
RCC

{ Spread RCC with
wheel loader

’ Spread RCC with
Buldozer

’ Cut vertical joint Next Layer

7

l Compact RCC with
Vibrating Roller

{ Clean the surface of
concrete

Making Joint by Vibrating Cutter

Figure 1.1. Steps in RCC ConstructidiJji 2010

B -0 00 a &a 1.1

wheren is the hydrodynamic pressure, i& the unit weight of waterH is the
reservoir height,c0 and z are is the horizontal acceleration and the vertical

coordinate of any point at which the pressure value is sought, respectively.

In Eqg. 1.1,00 should be determined from the expected ground acceleration. In dam
engineering practice, it became common to define additional masses at upstream face
of gravity dams and to perform a dynamic analysis (spectrum or time history) to
calculate the hydrodynampressures.



Agx

Figure 1.2. lllustration of Hydrodynami®ressure

The main assumptions of Westergaarddéds added
1 The water compressibility is neglected.
1 Theupstream face is assumed to be vertical.
1 The dam base is assumed to be fixed (no reseimandation interaction).
1 Surface waves are ignored.

This concept wagnodified by Kuo (1982) to eliminate thepstream geometry
restriction by reformulatingthe hydodynamic pressurecalculations. InKu o 6 s
formulation,local total normal acceleration insteadtio¢ global horizontal onevas
employed which helped to removedhe restraint on the vertical upstream face

geometry.

After the pioneering work of Westergaard (1933) on calculating the hydrodynamic
pressure during the earthquake excitatitine seismic analyses and design of
concrete gravity dams were studied in detgilhopra and his colleagsistarting in
1960s At their first attempt, the effect of water compressibility was considered while
determining the hydrodynamic effects by Chopra (19@Hich removed one more
constraint on the hydrodynaeneffects. In this method, theydrodynamicpressure
histories werecompued under the effect of horizontal and vertical ground
excitations for rigidbased gravity dams and these pressures were detectssl to
significantly different than the ones proposeyg Westergaard (1933jue to the
compressibility of water Therefore, theinclusion of the effect of water
compressibility was deemed to be necessarytie hydrodynamic calculations and

Eq. 1.1 was also claimed to be ineffective during dynamic analysis (Chopra 1967).



Chopra and Chakrabarti (1970) developed a fieieenentbased program called
Earthquake Analysis of Dams (EAD) to analyze dam bodies under the effect of both
horizontal and vertical ground excitations. This program useddé plane stress
quadrilateral elements in its element librgfigure 1.3). However, it could not
combine the foundatiedam interaction as it only had the capability of modelling the
foundation as a different layer. Therefore, it was incapable of accounting for the
radiation damping due tthe infinite foundation layer. One yekter, Chopra and
Chakrabarti (1971) had used this programneestigatethe reason of damage to
Koyna Dam duringhe large magnitudé&Koyna earthquake in 1967. In their work,
they hadusedthe recorded ground motion on the Koyna Dam body and claimed tha
the reason for the observed damage was due to the fact that

i- the concrete strength was altered over the height of the dam as a common
practice in India, i.ethe highest strength concrete is used in the lower
parts of the dam and the strength graduadigrdases at higher elevations,
which was a logical approach as far as static loading conditions were
considered. However, the dynamic load application would ditaager
stresgsin higher elevations.

ii - Koyna earthquakground motionshad hidn-frequencydominant nature
whichincreasedhe demanslon the dam body.

ii - The design change during the construction phase of Koyna Dam
compelled an uncustomarily large section, causing higher demands and
stress concentrations.

This program was also utilized #&xamine tle typical gravity dam sections in the
vicinity of California. Pine Flat Dam was selected as the representative séctaon.

the dynamicanalyses of this dam, they had concluded thatupper parts of dam
body were more likely to underdargertensile stresses. This conclusion was jnst
opposite of the commonly utilized design criteria, i.e. simulating the effects of
earthquake excitations by laterally applied static forces, represented by a seismic

coefficient.
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Figure 1.3. Typical Finite Element Mesh with Nodal Point and Element Numbers in
Program EAD[Chopra and Chakrabarti 1970

Clough et al (1973prepared a finite element bagagram, ADAP, to conduct both
static and dynamic analys& arch damsin their program, they had formulated
curved shell, solid and thick shell elements to model dam body and foundation media
(Figure 1.5). Foundation effects were taken into account by using Vogt flexibility
method. In this method, flexibility coefficients related the normal, shear and
moments applied on a seinfinite elastc body to unit normal, shear and moment.
However, in their methodhe proper simulation othe hydrodynamic effectsvere
missing whilethe hydrostatic effects were considered during the static analysis.

Gutierrez and Chopra (1976) proposed a substructuring method to analyze dam
bodies composed of different parts littee foundation and reservoir media. In this
study, it was clairad that the error introduced Isybstructuring the whole structure

was negligble. This studyformed the theoretical basisf the frequencypased

substructure dynamic simulations from 19806s
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Figure 1.4. Principal Stresses over Koyna Dam b§@opra and Chakrabarti 1971

FOUNDATION ELEMENTS

(d) Example Mesh

(c) ShellElement

Figure 1.5. Details of Program ADARPClough et al 1973

Dasgupta and Chopra (1977) presented a mathemfatroallationfor the inclusion

of the damfoundation interaction while performing dynamic analysis. In this
reseach, a complewalued stiffness matrix for the foundation rosks developed
This matrix was determined to be frequemi®pendent and was derived by asgignm

a haltspacefoundation rockmedia Also, the foundation rock waassumedas
isotropic, homogeneous and viscoelastic. The nonlinear behaviour of foundaton

was not taken into accounthat study was another step to havesemtanalytical
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tool capdle of analyzing dam bodies withouthe rigid foundation and

incompressible reservoir assumptions.

Hall and Chopra (1980) developed an analysis procedure that accounted for the dam
reservoir interaction including water compressibility. The procedureappicable

in the frequency domain as the hydrodynamic response was determined to be
frequencydependent. Inspired by the work of Gutierrez and Chopra (1976), different
substructuresvere defined forthe dam bodyand reservoir by using finite elements
(Figure 1.6). An infinite reservoir region was also defined to consider the radiation
damping. The only restriction on the infinite region wake constant depth
assumptionin this approach, the foundation wassumedas a rigid media Danm
reservoir interaction was taken into account by utilizing the common nodes at the
upstream face of the dam body. At those nodes, additional loadsalenéateddue

to hydrodynamic effects and those loads were also considered while solving the
equation of motion(Eq. 1.2) The hydrodynamigressures, f; were obtained by
solving the twedimensional wave equatiogiven in Eq.1.3 which was valid for

smalldisplacenents, irrotational anihviscid fluids.
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Figure 1.6. Different Substructures for Dam and Reserybiall and Chopra 1980
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SR —— (1.3

where p is the pressure, c is the velocitthefcompression waves in water.

Chopra et al (1980¢ombined the works of Dasgupta and Chopra (1977), Hall and
Chopra (1980) and Gutierrez and Chopra (1976) to propose an analytical method to
determine the dasreservoirfoundation interaction duringeismic excitationin this
method, sustructuring methodology was also utilized to defthe dam, reservoir

and foundation parts. In this procedure, the dam body, the fluid domaithend
foundation material were modeled as finite element meshinfinite-length
continuum and viscoelastic Hallane, respectively.Similar to the procedure
proposed by Hall and Chopra (1980), the interactions bettfeedam body and

other substructures were simulated by nodal forces on the boundary nodes.
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Figure 1.7. SubstuctureRepresentation dhe Dam-ReservoifFoundation System
[Chopra et al 1930
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Fenves and Chopra (1984.a) combitieelaccumulated knowledge awi@évelopeca
programcalled EAGD. Thisapproachwas capable of perforimg both static and
dynamic analysis of gravity dams in 2D limited to linear analysis. It had both plane
stress and plane strain options the dam body elementsonsideing the dam
reservoirfoundation interactiorfFigure 1.8). The basis of thiprogramwasactually
formed in other studiesf Chopra et al (1980)n whichananalytical method fothe

rigorous analysis of gravity dams including désundationreservoir was proposed.

Substructuring
Hall and Choprd 980

Substructuring '
Gutierrez and Chopri976

WATER

ABSORPTIVE RESERVOIR )
BOTTOM Gg (1)

araen N fre g e ne st nyd et

et : T ACCELERATION
i\ FOUNDATION ROCK /

Substructuring

Dasguptaand Choprd 977

Figure 1.8. Dam-ReservoifFoundation System in Program EAGEenves and
Chopra 1984Ja

One year later, Fenves and Chopra (1985.a and 1985.b) deveopetlified
dynamic analysis methods for gravity damsthis methodthe dynamic response of

stiff structures like gravity dams to ground excitatiovess assumed to bprimarily

due to the fundamental mode of vibration (Fenves and Chopra 1985.a). Therefore,
response of dam body was determined frira analysis ofa single eégree of
freedom systent-enves and Chopra (1985.a and 1985.b) proposed the mathematical
equations for the dafioundationreservoir system and simplifigtie approacho a
simplified single degree of freedom representation of the complex systetims
approach, an equivalent single degree of freedom systasfiormed to simulate the
exact fundamental mode representation of -flammdationreservoir system. The
equivalent systerhadits unique period and damping properties thabrporatethe

effects of aded hydrodynamic mass of the impounded water and the enhanced
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damping coming from botthe foundation and reservoifthe conclusions of those
studies were crucial abe dam bodieswere, for the first timetreated as single
degree of freedom systenvhich could really reduce the complexity of experimental

studies.

These efforts were taken one step further by Fok et al. (1986) to develop a software
to analyze gravity dams ithree dimensiongFigure 1.9). A computer program
named as Earthquake Analysis of Concrete D&ASO) wasdevelopedSimilar to

EAGD, EACD could perform dynamic analysis of gravity dams by taking-dam
reservoir interactin into account. EACD was updated by Tan and Chopra (1995) to
include the danrfoundation interaction. Afterwards, Chopra and Wang (2008)
appended the analysis capability foasally-varying ground motionsnto EACD
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Figure 1.9. Dam-ReservoirFoundation System ithe Program EACFok et al
1984
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After deriving the complicated mathematical equation for -deservoirffoundation
systems] okke and Chopra (2013) derived a simplified response spectrum analysis
method capable of including dameservoirfoundation interaction and higherode
contributions. Inthat work, they utilized the conclusions of the previous works of
Chopra (1978)and Fenves and Chopr#1985a and 1985.b)Yo determine the
response of a singldegreeof-freedom system. Then, higherode effects were also

taken into account by utilizing static correction method presented in Chopra (2012).
Lokke and Chopra (2013) showed tthihis procedure could estimate the dynamic
response of a dam accurate enough to be utilized during preliminary and assessment
stages. B&ides, the reduced computational effort of this analysis techmase

noteworthy.

Meanwhile, other researchers liketfi et al (1987), Medina and Dominguez (1989)
modekd thedamreservoirfoundation interactions bgifferent techniquesA hyper
element technique capable of considering all possible interactions of a domain
composed of dam body, reservoir body and fatioth body was proposday Lotfi

et al (1987) At the boundary ofthe reservoir and dam body, the stress and
displacement constraints along normal direction to the upstream face of the dam
body were strictly enforced. This new technique could also hahellyered nature

of foundation rock. Medina and Dominguez (1989) proposed a new numerical
technique to perform 2D analysis thie damreservoirfoundation systems by using
boundary element metho8oundary element method did not require discretization

of interior media, i.e. only boundary mesh was sufficient. Therefore, this method was
alluring in models having infinite domaindust like Fenves and Chopra (1984.b),
they alsausedfrequency domain solution and did not include the-lmoear behavior

of matrials. One year later, this method was improved to include sediment effects by
Medina et al (1990). This methagedboundary element method anduld handle

both deepstratum and halépace idealizations of the foundation. They compared
their results wit the ones provided by Fenves and Chopra (1984.b) who claimed that
the sediment effects could be included by an absorptive boundary described by a

fwave reflection coefficiento. Medi na

of Afwave refteenht on fonefsedi ment effects
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damping especially for full reservoir cas@ssimilar conclusion was later reached by
Bougata andTassoulas (1991 and 2006

Tsai and Lee (1991attempted to tackl¢he solution of danrmeservoirinteraction
problemin thetime domain In their procedure, they alssedsubstructuring method
and divided the whole domain into three substructures, i.e. dam bodyieteduid
domain and fafield fluid domain, which was extending to infinity to represent the
radiation dampingKRigure 1.10). The farfield radiation condition was exactly taken

into account by using the formulation proposed by Tsai et al (1990.a and 1990.b).
Aforementioned numerical techniques alonghwmore recent ones such as the

perfectly matched layer8ésuand Chopr&2003 demonstrate the enormous efforts

and importance of the dameservoirfoundation system.
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Figure 1.10. Finite Element Mesh fdbam and Near Field, and Layer Discretization
of Far Field[Tsai and Lee 20Q7

1.3.2 Nonlinear Simulations

After significant effortson studying theproper modeling of the interaction lfiear
damreservoirfoundation systems, many researchattemptedto incorporatethe
nonlinear behavior of concrete their simulationsBhattacharjee and Leger (1994)
investigatedthe capabilities of currerdmeared cracknethods in nonlinear fracture
mechanics (NLFM), i.e. coaxial rotating crack model (CRCM) and fixetkcr
model with a variable shear resistaff€M), to simulatethe cracking patterns of
concrete dams. Thastudy was concerdted on twedimensional models and

significant number of experiments were simulated to validate the mddiedstress
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locking probem common in smeared crack models were suggested to be alleviated
more bythe CRCM. Bhattacharjee and Leger (1994) asserted that both methods, in
general, performed well btihe disadvantage of bothe CRCM and FCM were that

the estimatedccracks weremodly dependent on thavailable mesh geometryn
another studyconducted by Bhattacharjee and Leger (1995), penetrated water inside
a crack zone and its extra uplift contribution was modeled by ubmgffective
porosity concept. The water pressuresd@s crack were detected to deteriorate the

ultimate capacity of dam body.

Lee and Fenves (1998) proposed a-natkependent concrete model with softening
effect for both tension and compresshpnextendinghe concretglasticitymodel of
Lubliner et al (1989)They claimed that the concrete model could simulate the cyclic
test results of concrete well. They algeedthis model to predict the dynamic
response othe Koyna Dam tothe Koyna Earthquake. They concluded that the
damageevolution in the analysis was similar to the observed cracks since the
simulations revealed that theacks formed firstly at the downstream face in the
location where the slope changes. After that, the top portion started to rock as a rigid
body.

In arother study conducted by Hall (1998), a dimear procedurevas generated to
analyze arch dams in 3@igure 1.11). The proposed methotbuld deal wih the
opening of contraction joints as well as the previously opened body cracks. The
model had some assumptions and simplifications, i.e. treatment of foundation as a
massless medium, incompressible water, predetermined crack plane orientations, etc.
Degite its major assumptions, this procedure was a significant step towards the

development of nofinear analysis tools for dameservoirfoundation systems.
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Figure 1.11. Meshes for Foundation, Dam Body and Reserjéall 1993

Fronteddu et al (1998) tried to reveal the behavior of concrete lift jomder both

static and dynamic loading conditionshey conducted displacement controlled
friction tests on 18 differentomicrete specimens. Specimens had different surface
preparations, i.e. untreated, waldaisted and monolithic. Test results showed that
the waterblasted surface behaved similar to the monolithic concrete as the cracks
along the wateblasted surface wasugh. However, the untreated surface had very
flat cracks that resulted in a similar behavior to the independent concrete surfaces. In
addition, the cyclic behavior of concrete lift joints was detected to be very stable
without significant degradation. Ads the test results revealed that the coefficient of
friction was totally dependent on the velocitytbé cyclic loading and there was no
correlation between coefficient of friction and the frequency content of sliding cyclic

displacement.

Slowik andSaouma (2000) and Javanmardi et al (2005) took the idea of including
the additional water pressures inside a crack formation one step further and
investigated lie variations of water pressureside a crack during a seismic event.
The proposed numerical el was compared with the experimental tests and it was
concluded that only a small portion of a crack zone was saturated during a seismic
event and the uplift force in the cracked portion was determined to be relatively
small, verifying the zero uplift fee assumption commonlysedin the seismic

analysis. Furthermore, the rate of crack opening was very influential on the water
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penetration into a crack zone. If the rate was fast enough, the water could not
penetrate into the crack, which was observednduseismic events. In addition, it
was suggested that the factdrsafety calculations for the downstream sliding could

be performed withouncluding the water pressuie the prescribed crack.

RIGID BEAM J

]
rg [ i || isPRING BOX
115 1S 115 115 113 250 s J ]
RIGID T
SUPPORT  LOADCEL|
0 230 joint 1§0 ] ACTUATOR BEARING SUPPORT
lqcution =
Spo b = i LOADCELL
180 N q | 2
30 d B
E &
byw £85 ] | SHAKING
all bars MI0 VIEW A-A | TABLE
|7RIGID ‘
SUPPORT |
(a) Specimen Geometry (b) Test Setup

Figure 1.12. Details of Tests conducted ronteddu et al (1998)

Recently the researchers have struggled to incorporate the material nonlinearity into
the damreservoirfoundation interaction problem. However, ethmathematical
background of this problem was too complicated even for linear systeento its
frequency dependencyherefore, the new trend wasusemulti-physics to perform
dynamic analysis. Thiapproachwas feasible sincénite element softwarbecame
more efficient and more talentedue to the advances in computer technolagg
improvements inthe computational fluid dynamicCFD) and the structural
dynamics. In the multiphysics modelling two different regions i.e. fluid and
structure,were usedto modelthe fluid pressuresand the structural displacements
simultaneously{Ghaemian and Ghobarah 19%8n et al 2012).The partitioningof

the fluid and the dam bodywas based on the assumption that the solutions for the
two media could be achiedteasynchronously but the constraint equations at the
interface should not be violated, i.e. no flyenetration inside the dam bodkhis
compatibility equation was required #= fluid elements(Eulerian)had degree of
freedoms of pressure, velocity ateinperature whereas solid elements had only
displacement degree of freedo(Banerjee et a2014. The Eulerian fluid elements
also called acoustic element®uld simulate botltompressibleand incompressible
flow of inviscid fluids but the incompatikitly of nodal degree of freedoms with the

solid elementgnforcedresearchers to propose new element formulations. Therefore,
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Lagrangian fluid elements having only displacement degree of freedoms were
derived to eliminate the incompatibility of degreefodedoms Just like Eulerian
elements, these elements were suitable to mimic the behavior of inviscid and
compressible fluid¢Calayir et al 1996)This modeling technique had beetilized

by many researchers to investigate the effect of material nontinead the water

level in the reservoir on thieehavior of thedam body Arabshahi and Lotfi 2008
Akkose and Simsek 2010, Sevim et al 20&tL). Few researchers (Berndb98§

Ferro 2013 investigated the use of the hybrid frequency time domain sblutio
However, no significant contribution incorporating rigorous daservoir
foundation interaction along with proper concrete crackdefing is yet to be
proposedOuzandija et al (2014pnducted a numerical study to investigate the effect
of soil-structue interaction on thestress demads by considering the nonlinear
behaviour of concrete. In their research, they bhadd 2D finite element based
models with DruckePrager ANSYS 2010.a2010.d)plasticity for concrete. They
claimed that the stress demandsre larger when the sestructure interaction was

taken into account.

1.3.3 Seismic Design of Dams

After conducting numerous researches on the new modeling techniques for dams,
Ghanaat (2004) presented an assessment methtdtef&akety evaluation ofjravity

dams to reduce the effect of engineering judgmiengeneral, USACE (1994) and
FERC (1999) suggestedactor of safety of 1.5 and lifh compressive stress foine

new desigrandthe evaluation ofexisting dams, respectively. For the tensilessies,

the limit on maximum tensile séissess 2 but there is no limit for theverstressed
areas in the proposal bYSACE (2003) Therefore, a systematic method was
proposed relying odemandcapacity ratio (DCR) and cumulative inelastic duration

of streses In this method, the linear elastic time history results wesed to
determine the excessive stresses and DCR values. @heamulative inelastic
duration versus DCR curve of the dam was depicted and it was compared with the
limits (Figure1.13). If it exceedeshe limits, a more rigorous analysis, i.e. nonlinear
time history analysisshouldbe performed to reassess the desigthemperformance

of the dam. The issue of evaluating the safety of existing dams has recently been
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investigated by other researches like Gogoi and Maity (2005), -Blilis et al.
(2008),Yilmazturk et al (2015ktc.
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The state of the art seismic design of dams usually refh@massless foundation
model ofClough(1980) or the simplified apprach of Fenves and Chopri985.3.
Recently, there are suggestions requiring the use of nonlinear time history analysis
for the assessment and design of concrete gravity dams (U38CFEUBK 2012).

These requirements obviously necessitate appropriate modelling technigques and

robustconstitute models calibrated thoe experiments.

1.3.4 Experimental Work

Although there are numerowsudieson thesimulationof dams, the experimental
work is limited dwe to the tremendous sz®f the dam bodies restricting the
possibility of laboratory testing This problemwas usuallyovercome by utilizing
small scale factors constructingaboratory specimens or by instrumenting existing
dams. While performing labatory experimentsthe important issues were the
simulation of hydrodynamic effects and the acquirement of equivalent stress
distributionover the dam bodyAlthough te former issuavas addresselly placing

a reservoir separated by a plastic film frdme upstream dam fa¢iliwa and Clough
1980, the behaviour of dam bodies with empty reservoir cases was investigated in
literaturewith more emphasisThe latter problem was dealt with the utitiva of
addtional external forceswith the scaling ofthe gravitational acceleratioror

density of the materiplor by decreasing botithe modulus of elasticity and
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compressive strengiiNiwa and Clough 198@onlon and Hall 1991 and Harris et al
2000) In the literature,the scaling othe gravitational effestby utilizing centrifuge
machineswas favoredas this solutiorallowed to useoncretewithout changing its

physical propertiefJchita et al 2005)

The first attempt to perform a laboratory experiment was the determinatithre of
natural vibration fregency of a scaledearthfill dam model in Japan (Hatanaka
1955). Hatanaka (1955) prepared a miniature dam model composed -aigagaa
gelatinlike material obtained from seaweethese tests were the first of its kind
throughout historyThe dam model ltha base width of 0.33m, height of 0.08m and a
downstream/upstream slop&€2:1. The forcedribration tests were conducted on the
specimenThe forcedvibration was generated lexecuting andgtoppingthe shake
table suddenly. Durintheexperiment, the deformations of some points over the dam
model were recordedlhe study was quite successful in estimating the vibration

frequencies.

Keightley (1964) conducted a study to determineitihsitu dynamic properties of
Bouquet Canyon Dam, aarthfill dam having a height of 6in and a base width of
396m. Four vibrators were mounted to the crest of the dam body (both in upstream
and downstream directions) induce accelerations on the dam hobly addition,
accelerometers were placed to deti@e the natural vibration frequency as well as
the natural vibration shapes of the dam bddhe modulus of elasticity and tralear
modulus of the dam body wetmckcalculatedby measuring thelilatational and
shear wave velocityrespectively, which [bwed performing further analytical

studies foithis dam.

Due to the technologicallimitations the first laboratory testing on scaled dam
models was performed by utilizing different materiadserthan concrete téollow

the similitude lawHowever, aew excepionsthat did not complyith the material
scaling requirementdo exist in literaturgBaba 1980). One of the first rational
attempts tabservethe seismic behavior d¢fie concrete dambelongdto Niwa and
Clough (1980)In the scope of thagtudy, two different scaled dam specimens were
testedto investigate the joint movements between monoliths of arch dams and to

detect the cavitation and horizontal crackieffects o gravity dams.Vibration
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frequencies of both specimens were detectethgwach experiment by conducting
vibration testsThe similitude laws were enforced during each experiment to have
the same strain for both prototype and laboratory specinemsder b satisfy the
similitude law, the density of concrete westto be onstant but the compressive
strength andthe modulus of elasticity werescaled Thus, a new material was
produced by mixinghe plastercelite-sand with lead powder, which was necessary to
increase the unit weight. This material was demonstrated to cowifty the
similitude requirements, i.e. modulus of elei$yi, strength and unit weighifter
creatingthe scaledmaterial a 1/156scaled modebf the arch danthe Techi Dam in
Taiwan,was constructedn the first experiment, the possible joint opening effects
on the performance of arch dams were investigated. The seven blocks were placed
side-by-side on a shake table. The dimensions of the blfwiith-thicknesslength)
were 0.23ri0.08m0.34m. These blocks wereagked so that the upstreatitection
facesthe negative gravity directioffrigurel.14).

g0 =V ETRTER N e P Ale e -t

Figure 1.14. Segmented Arch Model on Shaking Tajewa and Clough 1980

Lead plates were mounted to simulate the hydrostatic effects on the model, which
was necessary to form thrust action. The ground motions were applied in two
separate directions, i.e. verticalotions forthe upstrearmdownstream component

andthe horizontal motions for cross canyon component. The failure was observed

due tothe crushing of concrete at joint fa@es a result othe reduced contact area

24



arising from the joint opening#n the secod specimenthe effectsof cracking and
cavitation on the behavior tieconcrete gravity dams were investigatéde 1/150
scaled version of th&allestsection ofthe Koyna Dam located inndia and damaged
heavily in 1967 was used A reservoir tank wasconstructed to include the
hydrodynamic effets. The end of the reservoir tank was connected to the upstream
face of the dam section by placing a thin plastic layer, which had negligible
resistanceFirst, the forced vibration tests were performed for bibinempty and

full reservoir cases. The change ieduencydue to the reservoir presenoeas
determined as 25%. Duringe dynamic testing of the structure, body cracks were
detected, which were similém the ones observed in the real structbi@wever, the
postcracking response of the dam revealed thatdam body could sustain the
hydrostaticand gravity effects after dynamic actions although it had largeksran

the body

Figure 1.15. Koyna Dam Model with Reservoir Taikliwa and Clough 1930

A similar test program was held ihe California Institute of Technology by Donlon
(1989). This studyused Pine Flat Dam as the prototype dam. But, this time, a
comparatively larger scale, 1/115, was used. The hydrodynamic effects were also
included by using a similar methodology summarized in Niwa and Clough (1980).
Polymer and plastdrased materials werenployedto comply with the similitude

laws during the course of thatudy. Donlon (1989) claimed that the mosick
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proneregion was the neck of the dam body and no collapse was observed during
three experiments, which was deemed due to the orientdtiomoed cracks, i.e-v

shaped or wsloped downstream cracks (Donlon 1989).
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Figure 1.17. Observed Cracks in Different Experimefionlon 1989
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In other studies, the shake table simulations of a gravity dam modeé¢ &oyna

Dam wereconductedwith different scaldactors Thefocuson the Koyna Dam was

due tothe fact that this dam was the only one with an observed damage having
recorded acceleration historiestil 1 9 9.0n¢ak of these studies, the similitude law
was satisfied by producing a new matevigth a higher densityHarriset al (2000)
performedthe experimenton al1/50-scale model. In ¢t study, two different tests
were conducted, i.e. one with cradlue to shrinkage effects and one without any
previously formed cracksThe reservoir effects were excluded to eliminate the
waterstructure interactions. In another effort, Wilcoski et al (20@tjeased the
scale to 1/20 and condectdynamic tests. The model was tested under sinusoidal
motions and both the crack pattern and the crack locatiahg &ilure stage of the

dam weredetected to be similar to the one observed in the real baseldition,
Tinawi et al (2000) performed study on the investigation dfie cracking and
sliding behavior of concrete gravity dams under dynamic effects. They utdized
shake table tayenerate seismic actions on four different specimens having both
upstream and downstream notches. Tinawi et al (2000) concluded that the
pseudostatic danseismic safety evaluation for sliding might be performed by 0.5
PGA and 0.67 PGA for high and low fieencyeathquakes of USA, respectively.

The sliding behavior of concrete gravity dams vedso investigated by Mir and
Taylor (1996) Shake table tests were conducted on 6 different specimens with a
scale of 1/30. In these tests, the hydrostatic effeetse included but the
hydrodynamiconeswere excluded by using a relatively short tank with a-low
stiffness rubber foartiner insideto allow the absorption of hydrodynamic pressures
and to avoid the sloshing effects. Thevas no bond between the specimseand

their foundations, so the only base resistance came from the base frigtion.
specimens were testezbnsecutivelyunder three different ground motions. Test
results revealed that the hydrostatic pressures reduced the downstream sliding
resistancerad therefore this mode of failure was the dominant one for all specimens.
In fact, the upstream sliding and toe overturning would beéxpected to occur

unless uplift pressures existed or the reservoir was empty.
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Figure 1.18. Test SetupMir and Taylor 199%

In 1995, Plizzari et al(1995) presented a new technique for simulating the failure
mechanism of concrete gravity dam models under the effect of hydrostatic forces
including dam overtoppin effects. Although there were some reported centrifuge
testings in Japan up that date (Takata and Kuribayashi 1961), these attempts were
made on plexiglass and the hydrostatic effects were excluded. Irsttidg a
different material was not designéal accommodate the requirements of similitude
law. The gravitational acceleration was scaled by increasing the gravitational
acceleration with a centrifuge machine to create the same stress distribution over the
laboratory model with the prototype one. Jhechnique was commonlysedin
geotechnical engineering (Ko 1988). Howeviom the viewpoint of structural
engineering, this problem was solved by scaling down both the material strength and
modulus of elasticity as explained in the preceding paragrdplthisresearch, the

crack propagatiolf gravity dam models under the effect of hydrostatic fowcas
investigated. Eight 1/106caled specimens were testeHiggre 1.19.a). The
hydrostatic forces were generated by placing an upstvaamped container next to

the dam model. The water level was increased till the crest and then the overtopping
effects were snulated by exerting air pressure on the top of the dam till the failure.

This study revealed that the upstream base cracks may penetrate in the foundation
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rock if the connection of dam body and foundation was strong endtighré
1.19.b).
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Figure 1.19. Centrifuge Test Resul{®lizzari et al 199b

Uchita et al(2005) presented a study on the staHtthe-art of the shake table
experimerg for dam testingIn their research, they performed a shake table
experiment of a concrete dam model of a typical gravity dam-sexgon in Japan.
The target of this experimental work was to genemtperimental datdor the
verification of numericaltools as they claimed thé#te linear analysis tools most of
the time overestimadkthe stresses due to the lack of stress redistribution steggmm
from the joint openings andhe crack nucleation and propagations (Uchita et al
2005). It was claimed thaproper nonlinear analysi®ols were required, which
necessitated experimental data f@lidation Consequentlyfor the first time in
literature Uchita et al (2005) placed the shake table insideentrifuge machine
(Figure 1.20) so that the dynamic tests could be conducted without violating the
similitude requirementsin other words, the gravitational acceleration was increased

according to the applied scale to create the same stress in the scaled spduyen.
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usedunscaled material propertiexcept thefracture energyThe aggregate sizes
were scaled down to reduce the fracture process zone as suggeStulima et al
(1991). The reservoir effects were also inclutgdplacing a water tank inside the
centrifuge machineand two specnens were tested. In the first testuridation
failure had occurred so they took precautions in the second spelsymeareasing

both the width and depth of the foundation and changing the reinforcement detailing
at the crack zones. During the second test, some body cracks at the locatsotiewe

crosssection changes as wal baseracks werebservedFigurel.21).

Sevim et al (2012) hadised ambient vibration tests to investigateet seismic
behavior of the highest arch dam constructed in TurteyBerke Dam. They had

used the enhanced frequency domain decomposition (EFDD) technique to extract the
fundamental frequencies of the tested dam. After determining the fundamental
frequerties experimentally, they had examined the capability of a software, ANSYS,
to predict the fundamental frequency of the same specimen when the res@soir

full. In their numerical model, they had useddrangian fluid elements for modeling

the reservoiland 8node solid elements for dam body and foundafigure 1.22).

They concluded that the numerical modeuld estimatehe first eightfundamental

frequenciesvith an error of less than 10% after the numerical model was calibrated.

Recently, the shake table efforts made in previously explained studies were repeated
for different sections, scales or materials. For instance, Mridha and Maity (2014)
investigated the dynamic response of reserstan systems. In that study, 1/150
scaledmodel of Koyna Dam wagsedand the mixture was prepared from bentonite,
cement, water and sand to obey the similitude law. The experimental behavior was
compared with the numerical ones and it was asserted that the estimated cracks
matched with the expenentally observed one&ifure 1.23). In another study, the
seismic safety of a newly designed concrete gravity dam was tested under the
recommended P&level for the planned site by using shake table tests, whose scale
was set 1/100 for the length (Phansri et al 2015). After determining the fundamental
frequencies by conducting resonance and ambient tests, the dynamic tests were
performed under the effe of sinusoidal excitationsThis study was also used

bentonitebased concrete to satisfy the similitude requirements. The maximum base
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shear coefficient to cause failure of the dam model was determined and it was
suggested that the capacity of the dandehavas approximately 1.40 times the PGA

of the maximum credible earthquake.

These experimental studies demonstrate that seismic response of concrete dams were
almost always investigated by using a shake table wiithbut centrifuge machine.

The otheralternativefor seismic testing, i.ethe pseudedynamic testingorocedure
developed by Takanashi et al (1975) and further improved by Mahin et al (1989) and
Nakashima et al (1990) have never been used in the testing of dams.
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Figure 1.20. Dynamic Test inside Centrifuge Machifigchita et al 200p
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Figure 1.21. Observed Cracks during the Second Specifehita et al 200p
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Figure 1.22. Numerical Model irSevim et al (2012)
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Figure 1.23. Comparison of Crack Patterfidridha andMaity 2014

1.4 Object and Scope

In-situ and laboratoryexperimental studiesto better understandhe seismic
performance of concrete gravity dams are insufficient in nunther to the
complications regardinghe tremendous sizes of dantbeir interactionwith the
reservoirandthe high costs of equipment and testis explained in the previous
subsection, researchers generalpted for laboratory tests orscaled models by
using new mixturegor the materialor by altering the effects of gravity utilizin
centrifuge machines to fulfill the requirements of similitude law. Dynamic loading
was mostly simulated byhe shake table However, me of the most important
disadvantageof the shake table tests is tshort duration of the ground motion
period due tathe (time) scaling of the motion. It should be reminded that use of
shake tables requisghe scaling of the motion by Y Gn time, which leads to
extremely short testing durations resdt in significant difficulties in the
measurement and observatiof the seismic response and the crack propagation
within the specimenBased on the shortcomings of the literature on dam testing and
necessity of testing the seismic response of CVC and RCC gravity dams, the research

presented herein was conducted. dhgctives of thestudyare:

1 To present anew approactfor the testing of the seismic performance of
gravity dams by employing a pseudalynamic testing (P3) method
specializedor concrete gravity dams.
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1 To examine the seismic ermance of anRCC dam in Turkey, i.ethe
Melen Dam which is under construction.

1 To investigate the performance diie existing nonlinear finite element
analysistool to estimate the observéaghaviour

1 To compare the seismic performance of CVC and RCC dam sebawimg
similar material strengths.

1 To analyze the effect of different material strengths on the seismic

performance of the RCC dams.

In the scope of this study, the details of the testing procedure are outlined in Chapter
2. In this chapterthe necessary calculations to form the test specimen and test setup
are also summarized. In Chapter 3, the mixture designs for the planned test
specimens are presented. In Chapter 4, the details of the test setup intheding
instrumentation anthe verification of test procedure are explained. In Chapter 5, the
test results for each specimen are summarized. In Chapter 6, two different numerical
techniques to simulate the experimeriiehaviorof each specimen are presented.
The abilities of these numeacmethods to predict the crack pattertng force and

the displacement demands are discussed. In Chapter 7, the conclo$iohis

dissertation are drawn.

The tests presented herein are first of its kind in the literature. It is believed that the
outcamne of this dissertation will help engineers to test dam models economically and
to obtain predictions of the expected seismic response of gravity dam monoliths

under earthquake effects.
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CHAPTER 2

APPLICATION OF PSEUDODYNAMIC TESTING FOR DAMS

2.1 SingleDegree of Freedom Approach

Existing experimentalmethodsare challenging for simulating thedam systems
becausehese huge structuréavecomplicatednteractions othereservoirthedam

body andthe foundation Therehas beera constant effort by numerous researchers
to simplify the dam analyses atite design problem. Ithe literature, the distinctive

idea of treating damsystemas a single modstructureis proposed first byFenves

and Chopral984a, 198.a,198.b and 198%. The method stems from the fact that
the dynamic response of stiff structures like gravity dams to ground excitations is
primarily due to the fundamental mode of vibratidrerfves and Chopra 1985.

This statement was verified by comparing ttm®dal responses as well as the
principal stressesor Pine Flat Dam sectioobtained from the single degree of
freedom system (SDFS)ith the ones determined fromigorous semanalytical
analysis (called as exact solution), explained later in Sectiom@e2results showed

that both the first fundamental vibration period and, more importantly, the principal
stresses could be predicted by SDFS within an error of less than 10%. This result
demonstrated that the SDFS response of Dam structures was donmintuetr i
response and the approach of Fenves and Chopra (E9#b1885.b) for treating the
dam body as a SDFS was rational.

Table 2.1. Comparisons of the SDFS and Exact Solutions
[Fenves and Chopra 1986

First Fundamental Principal Stresses
Case Foundation Reservoir Period (s) (MPa)
SDFS Exact SDFS  Exact
1 Rigid Empty 0.311 0.317 1.66 1.54
2 Rigid Full 0.377 0.386 1.81 1.80
3 Flexible Empty 0.369 0.386 1.08 1.19
4 Flexible Full 0.448 0.482 1.90 1.50
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Fenves and Chopra (1985.a) deduwbe relevant mathematical equations for the
damfoundationreservoir system andnadce some simplifications toderive a
simplified single degree of freedom representation of the complex systetmat
approach, an equivalent single degree of freedom systesformed to simulate the

exact linear elasticfundamental modeesponseof the damfoundationreservoir
system. The equivalent system has its unique period and damping properties that
interpret theeffects of added hydrodynamic mass of the impounded water and the

enhanced damping coming from bdtie foundation and reservoiFigure2.1).

1 ®
Absorptive Reservoir vt
Bottom Material
T

Figure 2.1. Simplification ofthe DamWaterFoundatiorRock System
[Fenves and Chopra9854

Fenves and Chopra (1983 calculatel the reservohstructure andhe structure
foundation interactionseparatelyThe dam body, the base rock and the impounded
waterwereall treated as lineaglastic medialn addition, the base rockasidealized
as a homogeneous, isotropic and viscoelastic-giaife. At the dam base, the
deformations other than rigid body ongsreignored. The impounded water the
upstream directiomwasassumed to have a constdepth and an infinite length. The
reservoir materials, i.e. sedimenigereintegrated to the model by a reservoir bottom

damperthat partially absorbs incident hydrodynamic waves.

In dealing with the reservoir interaction, the hydrodynamic effeet® obtained by
solving the two dimensional wave equati@he appropriate boundary conditions for
the impounded watewvere employed fothe free surface at the reservoir level, the

absorptive boundary at the reservoir base and the dam body at the upstream
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direction. Fenves and Chopra (1983) slexithat theexactinteraction betweethe
dam body and the compressible fluidsulted inthe complexvalued frequency
response faction for the modal coordinateg&d. 2.4 by solving the equation of
motion for SDFS dminant behavio(Eq. 2.1) The steps for the derivation of modal

coordinates are summarized below.
Gz6 @6 o azo O (2.1)

By insertingthe equationbelow into the equation of motion to represent gsponse

as aSDFS dominant one, Then, the equation of motion becomes

~
\

6 chifd %o cfdo 2 6 VM @ afw (2.2)

0 200 6200 0zZdo 026 _ f D 2% MH 2Q0(2.3)

Fenves and Chopra (1984 fimovidedthe stepby-stepmathematical solution of the
above equation. Aftethe necessary mathematical manipulations, the excitdtion
frequency dependent modal coordinat€s 1 ) due to he interaction of the dam

body with tie impounded water could be found as follows:

™ (2.4)

where M1, C. and K are the generalized mass, damping and stiffness of the
fundamental modsummarized in Appendix AThe other terms are also peased in

Appendix A.

After the exactderivation of thefundamental modal respon@eqg. 24), Fenves and
Chopra (1985.a) obtag@d an equivalent single degree of freedom system (SDFS)
The properties of SDF®ere calculated by modifying the properties of an empty
damreservoir system. The modificat®were due to the added mass and damping
caused by the hydrodynamic effeatsdthe foundation flexibility and dampingrhe
frequency dependent hydrodynameffects were assumed to be frequency
independent and their valuegere calculated at the frequency of the equivalent
systenmi] . This assumptionvas validated by Chopra (1987) for a nrabsorptive

reservoir bottom. Thereforehe frequencyindependent hydrodynamitermswere
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assumed to bealculded by rewriting Eq. 2.1 withthe help of the standard
generalized properties for the fundamental mode AE2}6).

Fenves and Chopra (1985x\%rified the effectiveness of the equivalent system by
comparing horizontalcxeleration responsed simplified and exact SDFS solutions

due to the application of harmonic excitatiofRgg(re 2.2). In their comparison, the
foundation flexibilitywasignored (rigid foundation casejhe equivalent SDFS had

an acceptable agreement with the exact system for a wide range of dam structure
modulus(§) and wave reflection coefaldityofi ents (U).
the equivalent SDFS can be found in Fenves and Chopra (1985.a).
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Figure 2.2. Comparisorof Horizontal Acceleration Responses of Equivalent SDFS
and Exact System due to Harmonic Horizontal Gradations[Fenves and Chopra
1985.3

Fenves and Chopra (1985fajtherinvestigate the foundation flexibilityeffects on

the dam body response in addition to the aforementioned hydrodynamic .effects
After formulating the equation of motion to incorporate the translational and
rotational degrees of freedoms at the foundation level, the analytical solution for the
modal coordinate under the effect of a harmonic ground acceleratam
determined.Similar to the reservokdam interaction case, Fenves and Chopra
(1985.a) made simplifications to obtain an equivalent single degree of freedom
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system (SDFyincluding foundation flexibility.The properties othe SDFSwere
calculated by modifying the propertie$§ an empty and rigid based daeservoir
foundation system. The modificatiovasdue to the added mass and damping caused
by the flexible foundation. The frequency dependent foundation flexibility effects
werealso assumed to be frequerngependent antheir values are calculated at the

frequency of the equivalent systgm,.

Fenves and Chopra (1985x\&rified the effectiveness of the equivalent system by
comparing horizontal acceleration responsesimplified and exact SDFS solutions
due to theapplication of harmonic excitation&igure 2.3). In this comparison, the
reservoireffectswereignored (empty reservoir case). The equivalent SES8Its of
the frequency response function waeeptableompared tdhe exact system fa
wide range of dam structure modulus)(BMore details about thealidation of the

equivalent SDFS can be found in Fenves and Chopra (1985.a).
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Figure 2.3. Comparisorof Horizontal Acceleration Responses of Equivalent SDFS
and Exact System with Empty Reservoir Condition due to Harmonic Horizontal
Ground MotiongFenves and Chopf985.4

Fenves and Chopra (1985.b) comlbirteeir findings for separateactions ofthe
reservoirdam andhe foundationdam interactions. Thisemarkable efforforms the

basis ofthe simplified finite element models (massless foundation and added mass)
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that are widely used ipracticetoday. The formulations in the previously discussed
parts arecombined togetheto include the reserveibundationdam interactions
simultaneously.The details on the combined reserwd@m and foundaticdam

interactions are summarized in Appendix A.

The aproachof Fenves and Chopd985.a)provide a simple sufficiently aorate

and elegant approach for dam analysis as demonstrated above. Inspired from this
approach, this dissertation attempts to employ single degree of freedom approach for
the pseudedynamic dam testing.

2.2 Rigorous Approach

A semtianalytical finiteelementbased procedure fdne rigorous analysis of gravity
dams including danfoundationreservoir was proposed byFenves and Chopra
(1984.H. By utilizing this research, Fenves and Chapl984.3 developed a
program, EAGDcapable of analyzing gravity dams by considering thearaations
with their environment ir2D. An extension of this procedute 3D, EACD,was
proposedy Foket al(1986).

This approach was suitable for determining the earthquake response of gravity dam
monoliths but was limited to the linear elastic response. In the analysis, there exist
three different media : the dam body, underlying flexible foundation thed
impoundedwater in reservoir Kigure 2.4). Concrete inthe dam body andthe
reservoir water were idealized as linear elastic materials whereas the foundation rock
and sedimentaere assumed to be velastic habkspacanaterials.

< :

| Reservoir Water |

AN
]
Absorptive Reservoir '
Bottom Material N Dam N

ag‘(t) —»

__ Free Field
Acceleration
a0 1

FoundatiorRock

Figure 2.4. Idealization of DarrFoundationReservoir System in EAGD
[Fenves and Chopt84.3
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Fenves and Chopra (1984 dgvelopeda frequency domain hybrid numerical and
analytical finite element approach. In their substructure approach, the equation of

motion of the damreservoirfoundation system is given in Eq52.

a I o T nm o omo N
T oa P 0 0 mYl o oiQ
, _ (2.5)
ap Y T
ap YUY U

wherey wasthe excitation frequencyn andm, weremass submatrices forthe dam
andthe dam basegs wasthe constant hysteretic damping for tt@ncrete in dam
body, k andk, werestiffnesssubbmatrices forthe dam andhe damfoundation rock

interface,i[1 andi[1 wererelative displacements fohe nodes above the base

and at the base, respectively, was directional unit vector,Y 1  was the

hydrodynamic forces at the upstream fagze;] wasthe hydrodynamic forces at
the reservoir bottom. Sand Jq were the submatrices in the forcdisplacement
relation of the found#on rock substructure (EQ.6). These terms are also shown in

Figure2.5.

Y0 Ya0) ) _ V) .
Yi0) Y0) A0) T ) '
M= Y Yal )X 0 )Y ) (2.7)

and’Y 1 wasthe condensed dynamic stiffness matfxthe foundation (Eq2.7).
By the equilibrium and compatibility equations at the daomdation intersection
Y1 +¥7 =011 =i1 ) Eq.28could be derived to substituté |

in Eq.25.

Vi )= el 1) a0 )Y )T ) (2.8)

—8 . . .
where,”Y 7 wasthe forces on the bottom of dam at débundation intersection,

—8 - .
'Y 7 wasthe forces on the surface of the foundation] was the relative
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displacements at the reservoir bottom

displacements for nodes on the surface of foundatipn,
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Figure 2.5. Substructures Representation of DR@servoirfFoundation System

The complex valued foundation stiffness mati¥x]
numercal method proposed by Dasga@mnd Chopra (1979). The bottom absorption
was modeledapproximately by the modification of the boundary condition at the

reservoir bottom. Its effeavasincluded by a wave reflection coefficig

[Chopra et al 1930

was obtained by using the

(0)

t hat

represents the ratio of the amplitude of reflected hydrodynamic pressure wave to the

amplitude of a vertically propagating pressure wave incident orefigevoir bottom,

which dependedn the damping coefficient of the reservoir materials, &ahe

velocity ofthe pressure waves in water.

The hydrodynamic force¥ 1]

weree v a |

uat ed

by

s ol

Vi

ng

t

h e

an infinite channel and coupled with the upstream face deformation. In the solution,

the effect ofthe surface wavesvasneglected for the boundary condition of thedre
surface. The solution includetie water compressibility so that the hydrodynamic
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responsavas excitation frequency dependent. Further details of the method can be
found inFenves and Chopra (198%.a

EAGD is appropriatdor analyzinggravity dams withstraight and keyed contraction
joints, for which the plane stress andhe plane strain assumptions are valid,
respectively. In EAGD, the dam body is modeledaldinite number of planar four
node elementwhose details are given in Taylet al (1976).Both quadrilateral and

triangular elements could be utilized while defining the dam section.

The reservoir watewas described bya fluid domain. This domain is assumed to
extend to infinity in the upstreastirection and to have a constant de@b. wave
equation is used in the solution phase wigffiaultunit mass( =il ton/n?¥) anddefault
pressure wave velocity(C=1438.7 m/s Consequently, theeffect of water
compressibilityon the response of dam body considered in the analysis. In

addition, he bottom of reservoir should also be horizontal.

The energy absorption due to reservoir bottom materials (sedim&atsalso
included in the analysias described in Fenves and Chopra (1983 akflection
coef f i wasdefined aé §iven in Eq. 2.5his coefficientprovidedthe rate of

reflection: U = 1 thedpressuref waves at theeréskereoir boitoonrando f

U=0 for f ulthepressuse svavestatithe resewvdir bottom.

The effect of flexible foundation on the respomdaelam bodywasalso considered

by the dynamic stiffness matrix of the foundation r@leknves and Chopra 1984.c)

For this reasonhe frequency dependent compliance functions should be determined
for eat degree of freedom at the nodes on the flexible foundation boundary for a
constant hysteretic damping value. The hysteretic damping for the foundation rock
should be determined before the analytical model formation from site tests. The
detail for the hysretic damping determination is summarized in Fenves and Chopra
(1984.a).

The energy dissipatiomvas also included in the analysis by constant hysteretic

d a mp i $h Gor & dam body with empty reservoir lying on a rigid foundation, the
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hysteretic daming was twice the viscous damping ratio, which is constant for all
natur al V i b r=a2fziAoconstamtoviseiss dgmging for all modes is

possible as EAGD works in frequency domain.

Although EAGD s anal yt i c alsupecicatp atber availabiegeserala r e
purpose finite elemersoftware EAGD hadno graphical user interface or auto mesh
options. However, there have recently been some efforts to produce faarstly
graphical user interface for EAGD (Yucel 20BLr €@16.

2.3 Ps=eudo DynamicTesting of aGravity Dam Monolith

The rigorous solution presented in this section is assumed to be the exact elastic
responsdor the damreservoirfoundation interaction problem. It is used in the next
section to calibrate the simplified gie-degreeof-freedom model to develop a

pseudedynamic testing method.

2.3.1 Assumptions involved in Testing Procedure

One of the important steps of this dissertai®to propose a new testing procedure
for the seismicperformance evaluation of concrete gravity dams by utdizhe
pseudo dynamic teéagy method.Fora distributed mass systefike gravity dans, the
application of the pseuddynamic testing procedure is a significahtalenge.As
explained in the prewous subchapters;enves and Chopra (198% had proposed
two different techniques to analyze a 2D daservoirfoundation system under

seismic excitations:

1) A simplified single degree of freedom (&B) approachFenves and Chopra
1985.aand 1985.p enabling the estimation of the seismic demands on the
monolith approximately.

2) Arigorous frequency domain semmnalytical numerical procedure codified in

the finite element program EAGD (Fenves and Chopra 1984.a),

The SDOF approach is sufficiently accurate in estimating the base shear and
overturningmoment demands at the dam basd can be used for preliminary design

purposes, especially for checking the condition oftihse of the dam as given in
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Basili and Nuti(2011) Inspired from this idea, a pseudgnamic testing scheme is
formulated for the testing of a scaled damdelusing the SDOF approach in this
study. For this purpose, the scaled cresstion of a dam is idealized as a distributed
stiffness systemp to its critical height (f) where a concentrated mass (m) is located
as shown inFigure 2.6. With a proper selection of m ang, learthquake induced
stress demandat the base of the dam can match those obtained from a rigorous
procedure Eenves and Chopra 1984.Aence a SDOF idealizatiaman beshown to

be a viake option for conducting pseuddynamic tests of dam monoliths under

seismic loading.

8m i
it Numerical 0.11m
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Figure 2.6. Models sed in Validation of Pseudo Dynaniiests: (a) Prototype Dam
and (b) Scaled Dam Model/Specimen

A 1/75 scaled version af20 metethigh Melen Dam, built for water supply and
energy generation purposes in the North West of Turkey, is utilized for this
validation study. This prototype dam is composed of monoliths of 15m widtie
geometrical properties of the tallest sectioh the dam along with the scaled

specimen are shown kigure2.6.

The spectrum compatible ground motiorfSig(re 2.7.a) for this project were
developed based on the site specific design response spectrum used itudghe ac
design of the dam body (Akkar 201@r three different seismic hazard levels,
namely the @erational Based Earthquake (OBE), the Maximum Design Earthquake
(MDE) and the Maximum Characteristic Earthquake (MCE) levels. The peak ground
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acceleration of the ground motiofeg the OBE, MDE and MCHevelswere 0.11g,
0.16g and 0.33g, respectively. The original time histories were compressed in time
by a factor ofpfVix uto account for the effects of scaling with respect to similitude
law (Bertero et al 1984 and Elkhoraibi and Mosalam 2007). The response sgect
both the unscaled and scaled ground motions are preserttiggiia2.7.b andFigure

2.7.c.

The assumptions for the $B pseudo dynamitesting of the scaled dam section are

given as follows

Assumption 1:Hydrostatic and inertial forces act at a point locatedway from the

dam base and the magnitude of the inertial and hydrodynamic forces are dictated by

thevalue ofconcentrated mass m.

In order to justify the validity of the first assumption, the value of concentrated
(numerical) mass m and its locatiop (ne. the height of the scaled dam) must be
determined. To accomplish thigsk base shear force (V) and overturning moment
(M) time histories ofthe prototype dam arebtained from a seismic analysis
including dami’ reservoir interactiomnder the effecdf different motions Then, the
effective height (e) of the prototype dam is calculated frarstbpe of the MV time
history Figure2.8.a). The height of the scaled dam, Is calculatednultiplying the
effective height by the scale factdtrwill be shown in Chapter 2.3 that the slope of
M-V diagram is nearly constant thughout the application of ground motion, which
proves the applicability of a constant height assumption duringxperiment.it
should be reminded that the choice of the effective height directly affects the
numerical mass value required to match thesstdistribution over the dam base in
both the scaledamand prototype damin short the effective height and numerical
mass valuesare meaningfulas a couple Consequently, one could change the
effective height and come up with a different numerical nasskbong as the stress
distributions at the base of both the scaled dam and prototype dam have a good
agreementThe numerial mass required for each hazard levealso obtained ly
comparingM, V, and{ demand histories frorthe scaled dam model with thenes

from the prototype dam model. It isenproved thata SCFS system with a proper
numerical mass (to match the fundamental period of the prototype dam) results in a
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excellent match in M, V and responsesThe details fovalidationsarepresented in
Chapter 2.3.1 2.3.3

Assumption 2 The gravity induced vertical stresses at the base of the dam can be

simulated by applying aaxial forceat a height sufficiently away from the dam base
on the scaled dam.

The accuracy of theecondassumptions investigated by comparing the results of
two different static (linear elastic) analyses. Base stresses obtained fretadtie
stressanalysis of the prototype dam model (unscaleidure 2.6.8) subjected to
gravity and hydrostatic loads are compared to their counterparts obtained from scaled
dam model Figure 2.6.b) loaded fa height of b from the base with a lateral {jF

and vertical force (fJ. For the givenhydrostatic force (f, the vertical force (B

was selected to match the base stress profile between the two models by using a trial
and error procedurélhe selecté /, and k are found as174kN and 400kNThe
agreement of the base stresses is excellent as shdwgune2.8.b, enabling the use

of point loads for the simulation of the hydrostatic and gravity loads. Such a close
match in the base stress estimations is lighravith the results of the SEB
approximation ofthe darareservoir system as given by Fenves and Chopra (1984.b).
Their studies have shown that upon the representation of the fundamental frequency
and the damping characteristics of a daservoir system with a $t3 oscillator,

one can have a @b capable of estimating the earthquake induced demands (base
shear force, overturning moment and base vertical stresses even by employing Euler

Bernoulli beam theory) with a reasonable accuracy.
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Assumption 3:Values of m and hdo not change with earthquake induced damage

during the period of the ground motion.

The third assumption can be validated by observing the change of the fundamental
period of the system during each test. Hui (1992)medthat the base cracks do not
change the fundamental period of the system drastically. Given that the period
change during seismic action is limited, the hydrodynamic and in&teds can be
estimated with SBS model with fixed m and has shown inFigure 2.14. In
addition, this assumptiois also bevalidatedwith the identified periods during each

experiment presented in Chapter 5.

Assumption 4:Dynamic strength enhancement oficeete is indirectly considered.

The fourth assumption is related to the material properties of the specimen and the
dynamic nature of the loading. The strength increase of concrete as a result of rapid
loading cannot behtained during the pseudo dynamic test due to the slow nature of
this testing procedure. However, the concrete strength was adjusted such that the
static tensile strength of the scaled model matches the dynamic tensile strength of the
actual dam section der high loading rates. In the scaling process of the test
specimen, the stress and strain values are scale independent whereas the fracture
energy of the concrete was scaled by the reciprocal of the scale, i.e. 1/75 @Uahita
2005). Therefore, the fcture process zone of the concrete should be reduced to
decrease the fracture energy (Saouetaal 1991 and Uchita et al 2005). To
accomplish this, the aggregate sizing was also reduced by the scale factor during the

concrete manufacturing process as dised in Chapter 3.

Assumption5: Uplift pressures are not considered before, duand after seismic

excitations.

As explained in Chapter 1, Javanmardi et al (2005) showed that the effect of uplift
pressures during dynamic loading could be neglected due to the small saturation

lengths during crack opening period. The other argument might be the fact that the
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foundation soil of the dam body usually jgtouted before construction, preventing
the minor crack formations in the foundation rock. In addition, the application of

drainage systems beneath the dam body would apparently reduce the uplift forces.

Assumption6: The presence of water penetrating ititecracks andheinfluence of

water in the crackeeducing the fction coefficient is neglected.

This assumption was also verified by Javanmardi et al (2005) by conducting water
flow and water penetration expeemts onconcrete specimens. They determined the
saturation length of cracks and concluded that only a small portion of a crack zone
was saturated during dynamic loading. Therefore, this amount of penetrated water
hasnegligibleinfluence on the behavior tiie crack zone, including the reduction in

friction.

Assumption?: Cracking is assumed to take place within Itheer 6/1¢ of the dam

model. Cracking above this region is assuiioelde negligible

The lastassumption could be justified by investigating the workSmysal et al
(2016) Soysal et al (201§)resented estimated crack propagations on a dam body by
performing incremental dynamic analysis by utilizing a-dased finite element
model. In the mods| the hydrodynamic effects were also considered by utilizing
compressible fluid elements and absorptive boundary elements. They showed that
PGA levels of around 0.35g, which corresponds to PGA level of MCE scenario,
causedcracks, mostlyat the base othe dam sections or some body cracks within
60% of the dam height.

2.3.2 The Outline of the Testing Procedure

The praedure used in determining tinecessaryparametersi.e. m, i, K, and k
(Figure2.9) is outlined as follows:
1) Conduct rigorous seismielastic stressanalysis of prototype dam model

including dam reservoir interaction, as presented in Sectiora@d pbtain
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the fundamentafrequency (T°), base shear force (V) arte overturning
moment (M) time historied{gure2.8.b),

2) Determine the effective height (e) from the slagfeoverturning moment
shear force response. This height is then multiplied by the scale factor to
obtain the height of the scaled darm, h

3) Build the laboratory specimen with the scaled dimensions and effective
height and conduct an initial loading test (vertical load that simulates gravity
loads and a small lateral force) to obtain the actual stiffness of the specimen
(considering any uninteled base flexibility of the setup),

4) Calibrate the firte element scaled dam model &) to match the stiffness
of the test specimen by selecting the appropriate modulus of elasticity,

5) Determine the numerical mass m such that the fundamental period of the
prototype dam with reservoir (from EAGD in this study) matches the
fundamental period of the scaled dam model times the square root of the scale
factor with a certain tolerance (N5% |

6) Conduct dynamic analysis on the scaled model from Steithdconcentrated
mass from Step 5. Compare the demand parameters (overturning moment,
base shear force and toe vertical stress time histories) with the results from
Step 1 (prototype dam) considering appropriate scale factors. Check the
errors on the masmum and minimum of these quantities,

7) If the errors of the maximum demand parameters are more than a specified
tolerance (N20% in this study), adjus:

8) Determine the vertical forceyFacting on the scaled model that results in
similar base stresses to the hydrostatic plus gravity induced base stresses of
the prototype model. Apply the static lateral force as the hydrostatic force.

9) Conduct the ground motion test with the selected mass m. Identify the
dynamic properties of the tested dabBetermine the effective elongated
fundamental period of the specimen due to possible cracking.

10)Go to step 1 and redo all steps for the next ground motion.

The procedure outlined above mainly relies on two key calibrations:
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i. Matching the overturning momeand base she&om the action of a&ingle
pistonlocatedat an effective height with the base moment on the prototype
model,

ii. Matching the fundamental period of the prototype dam with the fundamental

period of the scaled dam model.

Hence, it is very similar to the simplified single degree of freedom approach of
Fenves and Chopra (1984.b). The main difference from that approach is the use of
EAGD instead of simplified formulas for the determination of effective mass and
height so thaground motion dependency on stresses, moment or shear force are
better considered. For the benefitaobetter matclof the stresses (or moments and
shear forces), the procedure allows for a fine tuning of the numerical mass if needed,

sacrificing from he exact match of the fundamental period.

2) Determine k. 3) Find ki of the scaled dam )
= model from initial loading test.
1) Analyzethe prototype E off —
damandobtain Ti*and M, V. = 3
= w
V (kN) 6 (mm) /
@ — 4) Calibratethe scaled dam\
| 5Y ¢A—t¢ model to match stiffness.
No L &EI MODEANC Y "YEBa hp ) \
¢ ST J

Demand
Parameter Jol.
Errors

8) Find k to match 9) Conduct PsOrestfor the 10) Identify the dam
hydrostatic base stresses. selectedyround motion. properties.

Figure 2.9. Flowchart Explaining the Testing Procedure

6) Comparel e mand par a
histories M, V and” (o).

In thefollowing sedions, the above procedure is implemented for the three different

testspecimensywhose details are explained in Chapter 4:

1 Specimen 1: Conventionally vibrated concret€VC) with uniaxial

compressive strength of 28Pa on the day of testing.
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1 Specimen 2: Roller compacted concrete (RCC) with uniaxial compressive
strength of 19vIPa on the day of testing.
1 Specimen 3: Roller compacted concrete (RCC) with uniaxial compressive

strength of 29MPa on the day of testing.

2.3.2.1 Specimen 1CVC Gravity Dam

The summary ofthe parametergiven in the above procedurEigure 2.9) for the

CVC gravity damspecimerwith 25 MPa are presented this sectionfor the OBE,

MDE and MCE motions are summarized herémnthe following figures, the terms
APrototypeodd aanrde fuSscead edo refer the anal
(numerical model for unscaled dam) and ANSYS (numerical modehé&oscaled

single mass distributed stiffness model presenté&dgare2.6).

Step 12: First, the effective height of the prototype dam was found as 70 m from the
slope of Mi V response of the prototype dafidure2.11). Therefore, the height of

the specimeifhy) wascalculated as 0.95 m.
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Figure 2.10. Determination of Effective Heiglibr Specimen 1 (a) OBE, (b) MDE
and(c) MCE motions
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Step 3:The initial loading test on the scaled CVC dam specimen gave allater
stiffness of 59%N/mm (Figure2.11).

Step 45: The modulus of elasticity of the ded dam modelvasselected as 1850
MPa to obtain the same stiffness as the scaled dam spehigeme 2.11). The
fundamental period of the prototype dam with full reservoif)(Was calculatedas
0.43 sec. Forthe scaled dam, this correspondeda fundamental period {3 of
about 0.05%sec foundoy dividing T:P by the gjuare root of the scale factor. Therefore,

the first trial on the numerical magsscalculated as 37.5 ton.
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Figure 2.11. Preliminary Test for Lateral Stiffness DeterminatairSpecimen 1

Step 6:The numerical mass (m) calculated at Stemey not guarantee that M, V

andthe stress time histories of the specinareestimated perfectly. There may be a

numerical mass that produces better internal force and base stress history
estimations. At thisstage, SPS models with different masses were analyzed

investigatethe bestmatchfor each hazard levellhe analysis lts for different

numerical masses can be found in AppendiXCBmparisons of analysis results for

the base shear, overturning moment and toe vertical stress time series between the

full scale dam (prototype dam) and the scaled dam model for OBE, MDKI@G#&d

motions are presented Figure2.12 - Figure 2.14. Thosefigures correspontb the

best match cases for each hazard lewvekthose figures, SDFS system results are

named as fAScaledo and the scaled HAGD overt
EAGD stress results ar i couldbp comduded frand as fAPr c
Figure 2.12 - Figure 2.14 that he agreement between the analysis results with

rigorous consideration of dam reservoir interactfprototype dam) and the scaled

dam model with concentrated massas excellent. The errors in the fundamental

period, the maximum and the minimum base shear force, the overturning moment
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and the vertical stresses at thewsepresented iable2.21 Table2.4 for varying
values of numerical mass The numerical mass that providée best match for the
fundamental periodurned out to bea reasonable match for the other demand
parameterdor OBE and MDE motiongerrors being less than 20%r vertical
stres$. For the MCE motion, the numerical magasselected such that none of the
consideed maximum demand parametersl laa error larger than 20% with 3%
error in the fundamental frequendy. all of the analysis, the damping was assumed
to be 5%.

120

;2: od . Scaled (m=37.5t) ——Prototype

'-g 0 AP nvnvﬁ_.vh' VR“A ﬁ-h hé & AH&YL ﬁ‘._li_ d;'n'um'ﬁuﬁvhv"n"h" aniv.vnu.'.fv_'_.'..v‘ Pt

% 60 11 0.5 1 1EVYHW ; 25 3 35 4 als
-120

E 8000

5 2000 L e Scaled (m=37.5t) ——Prototype

: 0 numn_.nkﬂﬁhhﬁﬁﬁﬁﬁﬁﬁgn AR\ A A A A AR AA

: 11 e

£ -4000 T 0.5 1 1. 2 2. 3 35 4 415

< 8000

— 24

2 12 -: ......

s Ll ks

8 0 _- ....................

g 12 1} 5

v 24

Time (s)
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Table 2.2. Comparisons of the Errors in the Response Quantities for Scaled Dam
Modelsof Specimen ith Different Mass m for OBE motion

Percentage Errors Values with respect to Prototype Dan
(%)
m (ton) f Vimax ~ Vmin  Mmax  Mmin  UOymax Cy,min

20 377 -238 -443 -6.0 -255 -39.1 -204
30 125 -16.8 -340 27 -11.8 -28.1  -13.0
35 4.2 3.5 -149 279 141 -7.0 8.7
37.5 0.6* -5.7 -21.2 165 5.6 -14.0 -1.1
40 -26 -185 -30.8 0.7 -7.3 244  -145
45 -81 -315 -472 -153 -29.6 -425 -28.1
55 -16.9 -30.8 -47.2 -146 -308 -435 -275

*The minimum error within a column is showrbinld italics

Table 2.3. Comparisons of the Errors in the Response Quantities for Scaled Dam
Modelsof Specimen ith Different Mass m for MDE motion

\

Percentage Errors Values with respect to Prototype Dam (%),

m (ton) f V max V min M max M min Cly, max Cy,min
30 9.1 -18.7 -34.3 -40.3 -50.9 -32.7 -20.0
37.5 -2.6% -16.0 -30.2 -38.1 -47.6 -28.3 -17.3
40 -5.6 -1.8 -21.2 -27.8 -40.7 -19.1 -3.3
50 -15.8 -36.7 -56.8 -53.2 -68.0 -55.6 -37.5
*The minimum error within a column is showrbimld italics
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Table 2.4. Comparisons of the Errors in the Response Quantities for Scaled Dam
Modelsof Specimen 1ith Different Mass m for MCE motion

Percentage Errors Values with respect to Prototype Dam (%)
m (ton) f V max Vmin M max M min Oymax  UOy,min
45 54 -13.2 -22.1 6.2 6.9 17.5 23.3
55 -1.5* -6.7 -11.6 14.1 21.1 3.7 14.7
65 -3.0 20.8 -6.8 48.0 27.9 24.1 59.9
75 -4.6 41.3 -223.2  -99.6 -99.6 71.3 87.1

*The minimum error within a column is showrbioid italics

Step 7:The numerical mass that resulin minimum percentage error in M, V and
e for OBE, MDE and MCE motionsvere found to be 37.%, 40t and 55t,
respectively.

Step 8:The vertical external force (Fto producebase stress distributicggualto
theone in theprototypeis readily calculated in a trial and error procedure ask#00
(Figure2.8).

Step 910: The pseudo dynamic test of this specimersperformed and its detailed
results are presented in Chapter 5.

2.3.2.2 Specimen 2RCC Gravity Dam 1

The parameters given in thestingprocedure Figure 2.9) for the RCC gravity dam
specimenwith fc=15 MPa aresummarizedn this section The prototype dam for
Specimen2 hada uniaxialcompessive strength of 15 MPa.

Step 12: The effective height of the prototype dam vaésofound as 70 m from the
slope of Mi V response of the prototype dafiqure2.15). Therefore, the height of

the spetnen (Ip) wascalculated as 0.95 m.

Step 3:The initial loading test on the scaled dam specimen gave a lateral stiffness of
438 kN/mm Figure2.16).

Step 45: The fundamental period of the prototype dam with full reservoif)(Was
calculated as 0.4%ec, corresponding to a fundamental period) (Gf about 0.06sec

for the scaled dam. Consequently, the required numerical mass of the scaled
specimen was calculated 37.5 tons. This mass wamsidered as anitial guess in

the trial and error process.
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Figure 2.16. Preliminary Test for Lateral Stiffness DeterminatadrSpecimen 2

Step 6:For Specimen 2, the comparisonbafse shear, overturning moment and toe
vertical stress time series between the full scale dam (prototype dam) and the scaled
dam modelSDFS)for OBE, MDE and MCE motions are preseniedrigure2.17-

Figure 2.19. Compari®ns of analysis results fohdse figures correspoedto the

best match &ses for each hazard level. Téstimaionsfor different numerical mass
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valuescan be found irAppendix C It can be concluded frofigure2.171 Figure

2.19 that the agreement between the analysis results with rigorous consideration of
dam resevoir interaction (prototype dam) and the scaled dam model with
concentrated massvas promising The errors in the fundamental period, the
maximum and the minimum base shear force, the overturning moment and the
vertical stresses at the toe are presemda@ble2.57 Table2.7 for varying values of
numerical massesFor Speanen 2, the numerical masses causing the best
fundamental period estimate for all hazard lealsmost 2%)also resukd in an

error less tha 30% on the vertical stress histories

120
—_ 80 ¥ e Scaled (m=37.5t) —— Prototype
g
1
2 als
: |
7]

-120
‘g‘ 8000
S e Scaled (m=37.5t) ——Prototype
E 4000 4 ( ) yp
T 0 1
]
£ -4000 A
=]
2 -8000

2.4
< F e Scaled (m=37.5t) —— Prototype
g 17 | ( ) yp
£
= -1.2 4
]

-2.4

Time (s)
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Table 2.5. Comparisons of the Errors in the Response Quantities for Scaled Dam
Modelsof Specimen 2vith Different Mass m for OBE motion

Oy, max
17.4
17.4
-11.8
-1.6
-13.9
36.4

Cly,min
14.7
14.7
-2.9
5.8
3.2
52.7

Percentage Errors Values with respect to Prototype Dam (%

m (ton) f V max V min M max M min

20 36.9 -8.2 8.3 22.9 17.7

30 11.7 2.7 25.5 30.7 37.0

35 3.5 -17.2 -5.7 10.7 2.8

37.5 0.0¢ -12.3 -8.1 17.6 0.4

40 -3.2 -10.2 5.2 20.6 14.7

45 -8.7 29.9 45.6 74.1 58.9

50 -13.4 78.2 1134 138.8 133.1

99.9

109.3

*The minimum error within a column is showrbivld italics

Table 2.6. Comparisons of the Errors in the Response Quantities for Scaled Dam
Modelsof Specimen 2vith Different Mass m for MDE motion

Oy, max

-15.8

-28.8
8.5

ljy,min
-7.6

-12.9
5.8

Percentage Errors Values with respect to Prototype Dam (%),
m (ton) f V max V min M max M min
30 9.5 1.6 21.8 -24.0 -18.0
37.5 -2.1* -16.4 -19.8 -37.0 -47.0
40 -5.2 -11.2 -5.3 -31.9 -38.3
50 -15.2 81.6 107.1 35.6 39.0

84.1

89.0

*The minimum error within a column is showrbild italics
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Table 2.7. Comparisons of the Errors in the Response Quantities for Scaled Dam
Modelsof Specimen 2vith Different Mass nfor MCE motion

Percentage Errors Values with respectRoototype Dam (%)
m (ton) f Vimax  Vmin© Mmax  Mmin  UOymax Cly,min
45 9.1 278 144 606 60.2 36.7 36.1
55 -1.3* 169 7.4 46.8 504 28.3 24.4
65 -9.2 454 242 828 73.9 48.4 54.8
75 -155 65.6 427 108.1 99.9 70.6 76.3

*The minimum error within a column is showrbioid italics

Step 7:The numericamasses that result minimum percentage error in M, V and

Uwe for OBE, MDE and MCE motions are found to be m=37.80t and 55t,
respectively.

Step 8:The vertical external force (Fto produce base stress distribution equal to
the one in the prototype is readily calculated in a trial and error procedure as 400kN
(Figure2.8).

Step 910: The pseudo dynamic test of this specimen is performed and its detailed
results are presented in Chapter 5.

2.3.2.3 Specimen 3RCC Gravity Dam 2

The parameterir the RCC gravity dam with-#25 MPa are presentedl this part.
The prototype dam for@cimen3 is alsoassumed to have the same compressive
strength. Therefore, thenalyses of the prototype dam aeactly the same as the
CVC gravity dam.The application of the aforementioned procedure for the OBE,
MDE and MCE motions are summarized herein.

Step 12: The effective height of the piotype dam was found as 70 m, being
analogous to Specimen Thus the height of the specimeny)his calculated as 0.95

m.

Step 3:The initial loading test on the scaled CVC dam specimen gave allater
stiffness of 61KN/mm (Figure 2.20). This initial stiffnessis also very close to the
one obtaed for Specimen 1 (598\N/mm). Accordingly, he stiffness of Specimen 3

is very similar to the stiffness of Specimen 1 (CVC gravity dam specimen), along
with the same prototype properties. Consequently, the following steps (5t&p)4

will not be perfemed again for RCC gravity dam 2. Therefdhes numerical masses
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of 37.5t, 40 t and 55 t for OBE, MDE and MCE motions, respectively, are assumed
to bring about mi ni mum p gelfoc hendpecigyen iner r or s

concern.
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Figure 2.20. Preliminary Test for Lateral Stiffness Determination

It can be observed that due to the difference in the initial stiffness of specimens
similar numerical mass values were found to be valid for gestirshould be noted

that this situation may not be valid for different test campaigns.

2.3.3 Concluding Remarks

The capability of a distributed stiffness and concentrated mass system (SDFS) to
capture the behavior of a distributed mass and stiffness system (EAGD or prototype)
wasinvestigated in this section. The demand parameters like stresses at the base of
the dam, the overturning momentsthe base shears as well as the fundamental
periods were compared. The results were promising as both the magnitude and
frequency contents of each demandapaetercould be captured well for each hazard
level. It should benotedthat these results are valid for elastic analysis. The validity

of the method should be -mevestigated during the experiment by analyzing the
change in the fundamental period durthgexperiment. In Chapter 5, this issue will

be discussed by referring the identification results of each speciménwill be
presented thahe fundamental period changes of each specimen under the effect of
earthquakes of differerttazard leved were very limited, which implies that the

stiffness of the sstem remains ragly unchanged.
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CHAPTER 3

MATERIALS

This chapter describes the materials utilized throughout the experimeogaam
and the effect of scaling othe material response. The results of this chapter
demonstrate the applicability of using scaled aggregate materials to represent

unscaled properties.

3.1 Aggregates and Sieve Analysis Results

Five different batches of aggregateommonly usedin practice were supplied
(Figure 3.1) and themixture ratios for different concrete typése. conventiondy
vibrated concrete(CVC) androller compactecconcrete (RCQ)were determined
First, the maximum aggregate ssA®AS) wereselected for each concrete typer
convenienceas well asrepresenting thecurrent businesgpractice, MAS were
selectedas 30mm and 50mm for full-scaleCVC and RCC, respewtly. On the
otherhand for the 1/75 scaled concrete mixture, MAasscaledby selecting ias 3
mm to reduce the fracture process zone as suggested by Saouma et al (1991)
Specimens with scaled and unscaled aggregate sizes were prapdréestedo

investigate the effect of scaling on the mechanical properties.

The physical tests, namelgieve analysis, unit weightand waterabsorption
capacity, forthe coarse and fine aggregatesere carried out byfollowing the
recommendations ASTM C 12712 and 12812, respectively. The aforementioned
properties of each aggregate baacbpresented in the following subsections.

3.1.1 Sieve Analysis Results

For each aggregate batch, sieve analysese performed at Materialsof

ConstructionLaboratory ofMiddle East Technical Universityr hegradation curves
of each aggregate batdre presented inFigure 3.2. By utilizing the obtained
gradation curves, the ratios of aggregate batches in each concretevaype

calculated in order tanaximize the density ofhe mixture. In other words, the
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availabbe batchesvere mixed so that theroid amountsbetweenthe particleswere
reduced. To accomplish this go#ihe gradation curve of aggregate mixtwas
arrangedto approach thd&ul | er 6 s C Eq. \3.&¢ (Fylér are nThompson
1907). In Eq. 3.1, depresentsopening size of'l sieve, Dhaxis MAS and pis the
percentage passing sieve.

n — 3.0

d) 1530 mm Gravel e) 3050 mm Gravel

Figure 3.1. Different Batches of Aggregates

The mixture ratios for both scaled and unscaled CVC and RCC concrete types are
given in Table 3.1 and Table 3.2. It should be emphasized that two different
aggregate mixtures were prepared by usitigasn sand or crushed stone as the
choice of aggregate was not clear at this stage. Furthermore, the comparisons of
gradation curves of aggregate mixtures
Figures 3.3 and 3.4. From those figures, it could easiipfieered that there was an

acceptable match between each mixture gradation curve and its corresponding
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Figure 3.2. Gradation Curvefor the Different Batches of Aggregates

Table 3.1. Aggregate Mixtures witl®-3 mm Stream Sand

Scaled CVC Scaled RCC Unscaled CVC Unscaled RCC

0-3mm Stream

100% 100% 45% 25%
Sand
0-3mm Gravel - - - -
3-15mm Gravel - - 25% 225%
15-30mm Gravel - - 30% 325%
30-50mm : _ _ 20%
Gravel
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Figure 3.3. Gradation Curves fdConcrete Mixtures
(Fine Aggregate fromd-3mm Stream Sand Batch)

Table 3.2. Aggregate Mixtures with-@ mm Gravel

Grain Size (mm)

¢) Unscaled RCC

Scaled CVC Scaled RCC Unscaled CVC Unscaled RCC

0-3mm Stream
Sand
0-3mm Gravel
3-15mmGravel
15-30mm Gravel
30-50mm
Gravel

100%

100%

45%
25%
30%

25%
22.5%
32.5%

20%
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3.1.2 Specific Gravity and Water Absorption Capacity Experiments

The unit weights and watebsorptioncapacities of each batehere determined by
utilizing ASTM C 12712 and 12812 at Materials of Construction Laboratory of
Middle East Technical University. The results for fine and coarse aggreayates
presented imable3.3 andTable 3.4, respectivelyThese densitieareutilized while
determining theweightsof each aggregate batch in a®laf concrete mixture. The
water absorption capacities are also important as they directly affect the water
content that will take action in the hydration process. The water amount during

concrete mixturgreparationgrearranged according to the water absorptiontaed
water contehof each aggregate batch
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Table 3.3. Unit Weights and WatekbsorptionCapacities for Fine Aggregates

0-3 mm 0-3 mm
Stream Sand Gravel
Specific Gravity (SSD)  1.681 ton/ni 1.628 ton/m
Specific Gravity (Dry)  1.613 ton/ni 1.584 ton/m
Water Absorption 4.201% 2.796%

Table 3.4. Unit Weights and WatekbsorptionCapacities for Coarse Aggregates

7-15mm and 1530mm 30-50mm
Gravel Gravel
Specific Gravity (SSD) 2.713 ton/m 2.556 ton/m
Specific Gravity (Dry) 2.705 ton/m 2.547 ton/m
Water Absorption 0.294 % 0.475 %

3.2 Chemical Properties of Cement and Pazolan

The cement type CEM IPprtland Cemeitwas used throughout the experimenta

program as this typeontainsno pazolan or other additional chemicals. While

producingthe RCC, some przolan should also be added to the mixture in oraler t

reduce the heat of hydration. For this purpose, the readily available fly ash from

Iskenderun Iron and Steel Enterpriseasused. The chemical properties of bt

cement and fly ash should comply with the limits recommended by the
corresponding stamdds.The chemical compositions of those binding materisdse
determined in Turkish Cement anMtheresulsct ur er s o
aregiven in Table 3.5 and Table 3.6. It could be concluded from those tables that

both cement and flyskh ae compatible with ASTM C15Q2 and ASTM C61482,

respectively.
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Table 3.5. Chemical Composition of Cement

Oxides and Other Properties % by Weight ASTM C150 Limit

SiO» 18.30 -

Al,O3 4.27 -

FeOs 4.10 -

CaO 62.20 -
MgO 1.29 Max. 6.0
SGs 2.78 Max. 3.0

NaO 0.18 -

K20 0.60 -
IO o5 waos
CI- 0.0102 Max. 0.1
2-Day Comp. Strength 19.2 MPa Min. 12.0
7-Day Comp. Strength 36.1 MPa Min. 19.0
28-Day Comp. Strength 48.7 MPa Min. 28.0
Initial Setting Time 235 min Min. 60.0

Final Setting Time 445 min Max. 600.0

3.3 Water-Cement Ratio

In this part, the watefi cementitious material ratios for an average target
compressive strength of 25 MIZA/C (both scaled and unscaledh MPa and 25
MPa RCC (both scaled and unscaled}re determined. Concrete batchesre
mixed by using different watér cementitious material ratios arnie 7", 28" and

90" day strengths of 150x300 mm cylindrical spesitaweredetermined.

For unscaled CVC mixture, the waiecement ratio was assumed to be (8S5his

ratio was determined not to cause workability problems during initial .trlals
addition, for the scaled CVC, this ratio was increased in order tpeasate the
increased aount of water absorption stemmifigm using no coarse aggregates in

the mixture, which increased the surface area of aggregate batch. Thus, the amount
of cement should also be larger than the unscaled CVC since the required €alcium

SilicateHydrate (CS-H) gel (concrete paste) to bind the aggregates together was
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more due to this increased surface area of aggregates. In the trial and error process to
determine the cement amount for gaining the target compressive strength, thie water
cement ratios were taken as constant but the cement amaswaried for different
concrete batches. Consequently, the cement amount versus compressive strength

curves were obtained for CVC.

Table 3.6. Chemical Compositioof Fly Ash

SiO; 63.79 -
Al;O3 19.04 -
FeOs 6.76 -
CaO 1.68 -
MgO 1.65 Max. 6.0
SGOs 0.30 Max. 3.0
NaxO 1.11 -
K20 2.18 -
Equivalent Tot. Alkali 254 :
(Na,0O+0.658K:0)
Free CaO 0.14 -
CI 0.0067 -
Reactive CaO 0.31 -
Density 2.340 ton/m -
Ret ained 45 20.6 Max. 34.0
28 Day Strength Activity 78.0 Min. 75
Index
90 Day Strength Activity 90.2 Min. 75
Index

In the preliminary trials, the scaled CVC sampespared fron0-3mm stream sand
werefound to have less strength compared to the unscaled ones composed of gravel
(55% of totalaggregate maksThe other problem with the stream sand batakthe
probable difference in the modulus elasticity betweenthe scaled and unscaled
concrete mixtures. In order to eliminate those drawbacks, gravel wattiecided

to be used as fine aggregate
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The RCC mixture desigrwasperformedwith the aid ofACI 207 (1999). In ACI 207
(1999),the curvesto determine botlthe wateri cementitiougmaterial ratios anthe
cementitiousmaterial amounts for a target compressive strength \atl@edesired
age of concrete including"7 28", 90"-day and iyearare presentedFigure 3.5).
Those curves arderivedfrom the database of field core tests of RCC dams built in
the USA In this dissertation, the fly ash amounttaken as 40% of cementitious
materialin order to be compiple with ACI 207 (1999kurves.In addition, the water

i cement ratio is assumed as OfdOthe unscaled RCC mixture
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Figure 3.5. Curves Used in RCC Mixture Design (ACI 207) : (a) Water
Cementitious Material Ratio and (b) Cementitious Material Amount

The compaction necessary for the placement of R@€simulated by a pneumatic
hand compactor in the laboratorgnvironment (Figure 3.6.a). The uniform
compaction of specimengasensured byo0O-mm-thick plates for both 100x200mm
(Figure 3.6.b) and 150x300mmH~gure 3.6.c) cylindrical specimens. The concrete
was placed in layers of 70mm and 100mm in the 100x200mm and3050xm
molds, respectively. Each layavas compacted by using a pneumatic hand

compactor Figure3.6.a). While compacting the specimens, the auasto generate
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the same compaction energy per second as the one given by vibrating rollers in

practice. Thesalculations on this phenomenon presented in Chapter 4

The wateli cementitious material ratios and fly ash ratio in cementitious material in
RCC mixtureweretaken as constasimilar to the CVC mix design. On the other
hand,the cementitious material amouwas varied for different concrete batches.

Consequetty, the cementitious material amount versus compressive strength curves
wereobtained.

(d)

Figure 3.6. Apparatus Used in RCC Placement : (a) Pneumatic iGamapactor;
(b)100x200mm Cylindcal Mold; (c) 100x200mnCylindrical Mold and (d)
Steel Apparatus for Uniform Compaction

Figure 3.7. Stages in RCC Placement : (a) MixtumeMixer; (b)Placement of
Concrete in Molds and (c) Compaction

3.4 Concrete Mixture Results

I n this part, the concrete mixtures f
presented. The'B 7", 28" and 9¢™-day compressive and split tensile strength values
for each type of concrete are also tabulated for the final mixtures. In addition, the
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size effect on the strengthiasexamined by comparinipe 7" and 28-day results of
100x200mm and 150x300mm cylindrical specimens. Finally, the sttess curves

at the age of 7 and 28 dawsere obtained and presented for eamdncretetypes
excluding unscaledRCC specimens. This is because; the capacity of the aeailabl
testing machine at Materials of Construction Laboratory of Middle East Technical
University, MTS (Figure 3.8), is 20t. Thislimit nearly corresponds a pressure ealu

of 11 MPa on &pecimen having diameterof 150mm and a height of 300mm

Figure 3.8. MTS Testing Machine

3.4.1 Unscaled CVC Results

After trial and erroprocedure outlined aboythe cement amoumtasdeterminedas

250 kg/nt andthe watercement ratiovas selectedas 55% for unscaled CVC. The
compressive strength values obtained by utilizing above mixture ratios are presented
in Table3.7. FromTable 3.7, it could be stated that the compressiveestth values

of 100x200mm specmens were approximately 10% drger than 150x300mm
specimens. This differeno@as compatible with the literature valug¢®ay 1994,
Vandegrift and Schindler 2006 and Hamad 2016 addition, this mixturevas
capable of producing the target average p@ssive strength value of 25 MPatla

28"-daywith an acceptabl®lerance
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Table 3.7. Compressive Strength Values of Unscaled CVC Specimens

100x200 mm 150x300 mm
Day Specimenl  Specimen2 Average Specimenl Specimen2  Average
3 22.2 MPa 20.3 MPa 21.3 MPa - - -
7 23.9 MPa 23.8 MPa 23.8 MPa 22.3MPa 224 MPa 22.3 MPa
28 31.4 MPa 29.9 MPa 30.7 MPa 243 MPa  27.7MPa  26.0 MPa
90 31.9 MPa 33.3 MPa 32.6 MPa - - -

At the age of 7 and 28ays the stresstrain curveswvere also obtained fronthe
testing of 100x200mm specimens. These curves are showkigare 3.9. By
examiningFigure 3.9.c, an increase in the compressive strenggin be detected.
From that figure, it can clearly be inferred that the increase in the modulus of
elasticitywasnearly 20% from 7 dayto 28thday. Besides, theris a leftward shift

in the strain at the ultimate strgth value in accordance with the observations in

literature.Furthermorethe split tensile strengths are summarized able3.8.
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Figure 3.9. StressStrain Curves ofhe Unscaled 100x200mi@VC Specimens:
(a) 7" Day Results; (b) 28Day Results and (c) All Results
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Table 3.8. Split TensileStrength Values of Unscaled CVC Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 2.4 MPa 2.2 MPa 2.3 MPa - - -
7 3.3 MPa 3.1 MPa 3.2 MPa 2.6 MPa 1.7 MPa 2.2 MPa
28 4.0 MPa 2.7 MPa 3.3 MPa 1.8 MPa 2.3 MPa 2.1 MPa
90 4.0 MPa 3.4 MPa 3.7 MPa - - -

3.4.2 Scaled CVC Results

The cement amourwas determinedas 300 kg/rfiand the watercement ratiovas
selectedas 60% for scaled CV@fter several trialsThe compressive strength values
obtained by utilizinghe mixture ratiosgiven aboveare presented ifable3.9. From

Table 3.7, it can be stated that the compressive strength values of 100x200mm
specimens are approximately 10% larger thithe 150x300mm specimens. This
difference was compatible with thevalues reported iditerature. In addition, this
mixture was capable of producing the target average compressive strength value of

25 MPa at 28-day with an acceptable tolerance

Table 3.9. Compressive Strength Values of Scaled CVC Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 20.5 MPa 19.1 MPa 19.8 MPa - - -
7 22.4 MPa 24.8 MPa 23.60MPa  22.8MPa 23.3MPa 23.0 MPa
28 31.0 MPa 31.1 MPa 31.0 MPa 27.5MPa  28.1 MPa  27.8 MPa
90 31.9 MPa 31.3 MPa 31.6 MPa - - -
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Figure 3.10. StressStrain Curves of Scaled 100x200n@WC Specimens:
(a) 7" Day Results; (b) 28Day Results and (c) All Results

At the age of 7 and 28ays the stresstrain curveswere also obtained fronthe
100x200mm specimens. These curves are shiowhigure 3.10. By examining
Figure3.10.c, the compressive strength increism 7 and 28 daysan beobserved

From that figure, it can clearly be inferred that the increase in the modulus of
elasticitywasnearly 10% from ¥ dayto 28" day. Besides, there is a leftward shift

in the strain at the ultimate strength value icardance with the observations in

literature.Thesplit tensile strengths are summarized able3.10.

Table 3.10. Split TensileStrength Values of Scaled CVC Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 1.7 MPa 2.6 MPa 2.2 MPa - - -
7 2.9 MPa 3.0 MPa 3.0 MPa 2.3 MPa 2.5 MPa 2.4MPa
28 3.6 MPa 3.3 MPa 3.4 MPa 3.1 MPa 2.9 MPa 3.0 MPa
90 3.9 MPa 4.1 MPa 4.0 MPa - - -
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3.4.3 Scaled RCC15 Results

The cement and fly ash amounigre determinedas 140 kg/m and 95 kg/m,
respectively. The watér cementitious material ratiwasselectedas 40% for scaled
RCC. The compressive strength values obtained by utilizing above mixture ratios are
presented inTable 3.11. From Table 3.11, it can be stated that the compressive
strength values dhe 100x200nm specimens are pmximately 186 larger tharthe
150x300mm specimens. This differereasmore than CVC as a result of thetter
compaction irthe smaller specimerin addition, this mixture is capable of producing

the target averageompressive strengivalue of 5 MPa at 28-day.

Table 3.11. Compressive Strength Values of Scaled RCC15 Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2 Average
3 5.66 MPa 4.20 MPa 4.93 MPa - - -
7 12.27 MPa  9.83 MPa 11.05MPa 9.91 MPa 11.79 MPa 10.85 MPa

28 16.38 MPa  19.12 MPa 17.75MPa 13.23MPa 17.10 MPa 15.16 MPa
90 19.85 MPa  23.95 MPa 21.90 MPa - - -
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Figure 3.11 StressStrain Curves of 100x200mB8caled RCC1%pecimens:
(a) 7" Day Results; (b) 28Day Results and (c) All Results
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At the age of 7 and 28, the strestmin curvesverealso obtained from 100x200mm
specimens. These curves are showRigure3.11. From that figure, it can clearly be
inferred that the increasén the modulus of elaigity and the compressive strength
arenearly 20%and 75%from 7" to 28" day, respectivelyThe split tensile strengths

are summarized imable3.10.

Table 3.12. Split TensileStrength Values of Scaled RCC15 Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 0.36 MPa 0.52 MPa 0.44 MPa - - -
7 0.99 MPa 0.71 MPa 0.85 MPa 0.89 MPa 091 MPa 0.90 MPa
28 2.73 MPa 0.79 MPa 1.76 MPa 139 MPa 1.24MPa 1.31MPa
90 1.42 MPa 2.25 MPa 1.83 MPa - - -

3.4.4 Scaled RCC25 Results

The cement and fly ash amoum®re determined as 195 kgfvand 130 kg/my
respectively. The watér cementitious material ratwasselected as 40% for scaled
RCC. The compressive strength values obtained by utilizing above mixture ratios are
presented inTable 3.13. From Table 3.13, it can be stated that the compressive
strength values athe 100x200mm specimensere approximately 30% larger than

the 150x300mm specimens. This differengas more tharthe correspondingcVC,

due tothe better compaction ithe smaller specimes In addition, this mixturevas
capable of producing the target average compressive strength aofaRb MPa at

28"-day in an acceptable error range.

Table 3.13. Compressive Strength Values of Scaled RCC25 Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2 Average
3 959 MPa  10.47 MPa  10.03 MPa - - -
7 2481 MPa 26.86 MPa  25.84 MPa 17.98 MPa 20.82 MPa 19.40 MPa

28 31.41 MPa  33.75 MPa 3258 MPa 2486 MPa 25.95MPa 25.41 MPa
90 37.19 MPa 35.15MPa  36.17 MPa - - -

At the age of 7 and 28, the stredmin curves are also obtained froime
100x200mm specimens. These curves are showhigare 3.12. By examining

Figure3.12.c, the compressive strength increase canbiserved from 7 to 28" day.
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From that figure, it can clearly be inferred that the increase in the modulus of
elasticity was nearly 10% from % day to 28th day. Furthermore, the split tensile

strengths are summarizedTiable3.14.
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Figure 3.12. StressStrain Curves of 100x200mB8caled RCC2%pecimens:
(a) 7" Day Results; (b) 28Day Results and (c) All Results
Table 3.14. Split TensileStrength Values of Scaled RCC25 Specimens
100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 0.95 MPa 0.85MPa 0.90 MPa - - -
7 2.28 MPa 3.42 MPa 2.85 MPa 1.09 MPa 1.39 MPa 1.24 MPa
28 3.36 MPa 3.03 MPa 3.20 MPa 1.43 MPa 1.93 MPa 1.68 MPa
90 3.09 MPa 3.73 MPa 3.41 MPa - - -

3.4.5 Unscaled RCC15 Results

After many trial and errosteps the cement and fly ash amoumtsredetermined as
130 kg/nt and 85 kg/m, respectively. The watér cementitious material ratiovas

selected as 40% for scaled RCC. The compressive strength values obtained by
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utilizing above mixture ratios are presentadrable3.15. For this type of concrete,

only 150x300mm specimens are prepared. This is becduse ASTM C42 (1994)
limitation of the minimum diameter of cylindrical specimens to 3 times the
maximum agregate size, which is 50mm for this cade.addition, this mixture is
capable of producing the target average compressive strength value of 15 MPa at
28"-day in an acceptable error rang€he split tensile strengths are summarized in

Table3.16.

The stresstrain curves could not obtained for this type of concretehi®i50mm

diameter specimens due to insufficient capacity of the testing machine.

Table 3.15. Compressive Strength Valuestb&Unscaled RCC15 Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen2 Average
3 - - - 6.54 MPa 490MPa 5.72 MPa
7 - - - 11.77 MPa 13.62 MPa 12.70 MPa
28 - - - 1499 MPa 19.94 MPa 17.46 MPa
90 - - - 22.71 MPa 27.14 MPa 24.92 MPa

Table 3.16. Split TensileStrength Values dheUnscaled RCC15 Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 - - - 0.42MPa 0.59 MPa  0.50 MPa
7 - - - 0.94 MPa 0.98 MPa  0.96 MPa
28 - - - 143 MPa 1.31MPa 1.37MPa
90 - - - 1.64 MPa 2.62MPa 2.13 MPa

3.4.6 Unscaled RCC25 Results

The cement and fly ash amoum®re determined as 185 kgfvand 120 kg/my
respectively. The watér cementitious material ratiwasselected as 40% for scaled
RCC. The compressive strength values obtained by utilizing above mixture ratios are
presented inTable 3.17. Again, for ths type of concrete, onljhe 150x300mm
specimenswere prepared. In addition, this mixtumas capable of producing the
target average compressive strength value of 25 MPa'atl@8in an acceptable

error range. Furthermore, the split tensile strengths@mmarized ifable3.18.
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The stressstrain curves could not obtained for this type of concrete due to the lack of
testing apparatus fahe 150mm diameter specimens and due to insufficient capacity

of the testing machine.

Table 3.17. Compressive Strength Values of Unscaled RCC25 Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 - - - 10.87 MPa 12.21 MPa 11.54 MPa
7 - - - 9.48 MPa 12.50 MPa 10.99 MPa
28 - - - 28.71 MPa 29.40 MPa 29.06 MPa
90 - - - 44.18 MPa 40.98 MPa 42.58 MPa

Table 3.18. Split TensileStrength Values of Unscaled RCC25 Specimens

100x200 mm 150x300 mm
Day Specimen 1 Specimen 2 Average Specimen 1 Specimen 2  Average
3 - - - 1.12MPa 1.01MPa 1.07 MPa
7 - - - 1.17 MPa 146 MPa 1.32 MPa
28 - - - 1.47 MPa 2.05MPa 1.76 MPa
90 = = - 3.60 MPa 4.31 MPa  3.95 MPa

3.5 Discussion of Results

The summary of test results and the mixture details of each batch are presented in
Table 3.19. From Table 3.19, it is apparent that the target compressive strengths
required for tle generation oflifferent dam specimens the laboratory environment
could be attained by utilizing these mixtures. In additibe, compressive and split
tensile strength of specimens with fly ash continued to increase after 28 days from
the concrete pement. In contrast, CVC specimens madrly gained theirtarget

strength at the 28day.

The effect of aggregate scaling on the evolution of the mechanical properties was
negligible for CVC specimens as shownHRigure 3.14 and Table 3.19. However,

this observation was not true ftine RCC specimens. Althougthe scaled RCC
specimens gained their compressive strengths nearly as fast as their unscaled
counterparts, the scaled RCC specimens attained their split tensile strengths faster

than unscaled ones. At first glance, this situation could be thought adlanpro
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However, the design strength of real RCC dams are selected a@a9@lue to the

slow raes of hydration process stemmifrgm the inclusion of pozzolans in the
mixture (UBK 2012). For the dam tests, the design strengths of the scaled RCC were
seleted at 28 day in order to reduce the test preparation duration and to make the

test program feasible. This choice helped to represent the material behavior of real

dams at their 90day in a reasonable manner.

Table 3.19. Summary of Test Specimens and Test Results

CcvC RCC25 RCC15
Day Scaled Unscaled Scaled Unscaled Scaled Unscaled
Cement(kg/nr) 300 250 195 185 140 130
Fly Ash (kg/m?) - - 130 120 95 85
wi/C 60% 55% 40% 40% 40% 40%
MAS (mm) 3 30 3 50 3 50

. : 7 23.60 23.80 25.84 10.99 11.05 12.70

ompressive

Strength (MP4) 28 31.00 30.70 32.58 29.06 17.75 17.46
90 31.60 32.60 36.17 42.58 21.90 24.92

Solit Tensil 7 3.00 3.20 2.85 1.32 0.85 0.96
plit Tensile
Strength (MP3) 28 3.40 3.30 3.20 1.76 1.76 1.37
90 4.00 3.70 3.41 3.95 1.83 2.13
Strain Energy off 7 216.19  173.92 173.41 - 73.93 -
Compressive
Tests (N.m) 28 289.71 222.69 186.97 - 99.11 .
Fracture Energy| 7 16.00 12.51 12.83 - 5.25 -
of Compressive
28 21.44 16.48 13.84 - 7.33 -

Tests (N/mm)
*: Average values are tabulated.

The differenceof CVC and RCC behavior onhe stressstrain scale was also
investigated by the stressrain curves of CVC and RCC25 specimens on the same
plot for boththe 7" day and 28 day. In those comparisons, only the scaled
specimens were utilized as the unscaled ss&am curves of RCC specimens were
not available From Figure 3.13, it could be inferred that the strestsain curves of
CVC speamens have more strain capacagd their strain values at the ultimate
strength are larger thathe ones for RCC25 at"7day. However, the stresstrain
curves of CVC and RCC25 specimens are similar Atd2§ as far as the ascending
portions of the curves are concerned. However, sihigening regionof RCC25
specimens are steeper than the CVC ones. This may be due to thd rmatere of

RCC specimens dhere are at least three horizontal layers in a cylindrical specimen
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These layersverenot perfectlyalignedin the horizontal directianwhich couldhave
led to the faster reduction in capacity during loading.
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CVC andScaledRCC25
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Figure 3.14. The Effect of Scaling on Stres§train Curve of CVC

The effect of aggregate scaling on the stsdssin curve characteristics was
examined by drawing the ss®strain curves ofthe unscaled and scaled CVC
specimens. Fronfrigure 3.14 and Table 3.19, it is apparent that the scaled CVC
specimens had more strain energpamty (nearly 25% larger on average) due to
their softer descending regions. This observation was probably due to the relatively
more cement paste inside the scaled CVC speciraedsmore aggregate surface

area as a result of not usiogarse aggregates the scaled CVC mixture.
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In summary,the concrete mixtures capable of producthg target compressive
strengths withousignificantly changingthe stress strain curveswere obtained
(Figure 3.14). Consequently both the scaled CVC and RCC (both RCC15 and
RCC25) concrete will be utilized while building the test specimenResults
demonstrate that upon scaling thie aggregats, the target compressive and split
tensile strengthsof the unscaled concrete could be matchéul. addition, the
percentage difference in the ultimate strain (strain at &afdacity drop) was
determined as only 15% betwedme scaled andhe unscaled CVC gecimens.
Furthermore, the error in the fracture energy due to scaling process was found to be

in the order of about 25%.
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CHAPTER 4

TEST SETUPAND INSTRUMENTATION OF SPECIMENS

4.1 Test Setup

The formwork for the specimengasprepared by considering the stepped nature of
the RCC dams and theressure inducedlue to compactiorduring the RCC
placement.The formwork consistedf 2 main steel sheets reinforced with UPN
profiles to prevent excessive deformaticarsd plate buckling Those steel sheets
were connected to each other at every 50mm by utilizing bolted steel components
(Figure4.1). This formworkwasalso used for th€VC placement provided that all

of the bolted steel components are connected to the main plates before concrete

placements showrnn Figure4.1.a.

, 630 595 135 ,

950

| 1360 |

(@) (b)

All units are in [mm].
Figure 4.1. Formwork Drawings : (a) 3D View and (b) 2D View

After manufacturing othe formwork, the test setup wpseparedAt this stage, the
most critical step was the designtbé vertical loading system. As the vertical load

to mimic the gravitational effects on the prototype dam sectiondstesymined as
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400kN (detailed explanations were presented in SectipnS2ch a gh load
precludes the use of steel gravity blocks for mimicking the vertical loading.
Consequentlya loading system with tie rods and hydraulic cylindees builtfor

this purposeRigure4.2-Figure4.4). The vertical loading systeis shown inFigure

4.2. The prestressing forces on the tie rods were transferred to the dam as
compressive forces through a buifh steel sectiorilhe expected change iheload

for a target lateral displacemeat 2mm wascalculated as approximately 20kN
which corresponds$o a 5percent changeF{gure 4.5). This change is due to the

additional elongation demand on the tie rods.

Figure 4.2. Test Setup (Isometric View)
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Figure 4.3. Test Setup (Side View)

Figure 4.4. Test Setup (Top View)

87



10mm
Lor
1000mm
|
|
—> r
250mmi
2mm

. 00 T TER A T e wmn e
3 ——23 S S ZowBpP T YPQO QE ERQE Q
0 PCUT

Figure 4.5. Change in Axial Load

The lateral load transfer to the scaled dam specimen was also a challenging problem
since the top area of specimen was a 200x595mm rectangular region. This concrete
area was insufficient to transfertlestimated lateral load capacity of dam specimens,
i.e. nearly 450 kNusinganchorage rods. Therefora,specially designed threaded
steel plate of 10mm thickness was used to enable the proper transferring of this
lateral load to the specimen in order poevent local damaging due to stress
concentrationgFigure4.6). The design of transfer plate was conducted based on the

bearing capacity of concreteupledwith threaded steel plate.

B3V.5

Figure 4.6. Transfer Plate : (a) Drawings and (b) Photo

ACI318 (2011) requires a 6mm roughness amplitude in order to classiiface as
a fArough surfaceo. T h e -flaooamdh thecspecimen wdse t we en t

made by roughening the foundation concrete in accordance with the ACI 318 (2011)
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provisions Figure 4.7). All specimes were cast on this rough surface by placing

concrete within the formwork.

4.2 Validation of the PSD System

The experimental test program in this dissertation was carried out by utilieng
pseudo dynamic testingchnique proposed by Molina et al (1999). In this method,

tests are conducted by solving the following equation of motion:

bz 620 Y Dz (4.1)

where M is the mass, C is the viscous dampings Be restoring force vector, &

arethe acceleration and velocity of the associated degree of freedom, respectively,
and @ is the ground acceleration at timeNumerical mass values, which will be
discussed later, are utilized during the pseudo dynamic testing for each ground
motion. Thehysteretic damping of the structure is accounted by the physical testing
of the specimens. Therefore, the viscous damping is assumed to be zero, consistent
with the approach proposed in the literature (Bertero et al 1984 and Elkhoraibi and
Mosalam 2007).The equation of motion is solved by explicit Newmark time
integration. In this procedure, the time step integration of equation of motion is
carried out by directly determining the displacements and velocities at time step n+1
from the displacement¥)) and velocities®) at time step n by utilizing Eq. 4.2.

Figure 4.7. Intentionally Roughened Foundation Concrete
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whereOis the external applied force ardis the time step size.

The steps in the integration scheme, thetailed explanationfor which could be
found in Molinaet al(1999) are as follows:
1) Determine thalisplacements at time step n+1 (Eq. 4.2).
2) Impose these displacements to the structure and measure the restoring force
(Rn+1).
3) Compute the acceleration at time n+1 (Eq. 4.2).
4) Calculate the velocities at time step n+1 (Eq. 4.2).

5) Repeat all steps for the raming time steps.

In this testing systensimilar to theEuropean Laboratory for Structural Assessment
(ELSA) system ProportionalintegratDerivative (PID) control algorithnis utilized

to apply the target displacement to the test specitnatinuouslyby the actuators.

In this control method, the difference between the target and the measured variable,
I.e. tip displacement, is determindthe purpose of the PID controller is to minimize

this difference.In other words, PID control algorithm has threargmeers the
proportional (P), the integral (I) and the derivative (D) values (Eq. 413)se
parameters are also called as present error (P), sum of past errors ffeaicted

future errors (D)The error in the targetisplacements calculated byhe weighted

sum of these parametg(isq. 4.3)and the measureatisplacemenis adjustedy this

error. Then, the controller forces the measured displacement to approach the target

counterpartn a few iterations via a control valve.

Q
00 LVQO U QfQft o 5()‘9(‘) (4.3)
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where K is proportional gain constant, i integral gain constant,«Ks derivative
gain constant, e(tr TargetDisplacementi MeasuredDisplacementt is present

t i me tjime ltegrasion variablasedin iterations.

At this stage, it should be stated that the feedback informiatithve testing system is
obtained from the high precision displacement transd(eeidenhain)as this
controlling strategy is claimed as accurate and stable due to being a displacement

control strategy by Molinat al(1999).

The gain constantgK,, Ki and Ky) should be dermined from prdiminary
experimentsafter selecting the feedback varialled type The optimum values for
these constants for a stiff (and flexible) system is selected by conducting preliminary
tests on a steel fram@igure 4.8). The fundamental period of this franveas
adjusted to test both stiff and flexible structures under the effect of El Centro and
MCE ground motions(Figure 4.9). While selecting the ground motions, the
frequency contestof motiors weretaken into account. EI Centro motjomhich is

rich in lowfrequency wavegqFigure 4.10.a), was used to test a frame with a
fundamental period of 1.01 sec. TRECE motion which is rich in highfrequency
waves (Figure 4.10.b), was utilized to examine the behaviour of a frame with a
fundamental period of 0.07 sec, very close to the fundamental period of scaled dam
specimensTwo differert systems from a singleagmeweretestedby changing the
numerical mass on the pseudo dynamic system, i.e. numerical mass of 200t for El

Centro and 0.4t for MCHesulting in periods of 1.01sec and 0.07sec, respectively

For the preliminary tests, dnshaped fram&as mounted to the badsy usingtwo

pins. For the sake of examinirige SOFS performance of the testing system, the
forcewasapplied to l-shaped steel frame at its top by utilizing single pistagure

4.11). The feedback informatiowas selected as the tip displacement eshaped

frame Figure4.12) and the feedbackasobtainedby utilizing HeidenhainThe low
frequency system was obtained by selecting a large mass whereas the high frequency

system was generated by utilizing a small mass.
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The tip displacement and base shear histories from both the pseudo dynamic test and
analytcal simulation (elastic SO&analysis) are presentedkigure4.13 andFigure

4.14. From those figures, it can easily be inferred that the valb&sned by solving

an elastic SDFS systefor these two different systems match the ones obtained from
pseudo dynamic tests. Consequently, the pseudo dynamic test syaseaidated

to work properlywith the selected gain constamsKp=1.0, Ki=1/250 andKq4 =0.0

both forthe longandthe shortperiod structures.
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Figure 4.10. Fourier Amplitude Spectrums : (a) El Centro and (b) MCE
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Figure 4.11. Verification Frame Photos: (a)$haped Steel Frame; (b) Rinded
Piston and (c) LVDT to Measure Base Sliding
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Figure 4.14. Comparison of Base Shears : (a) El Centro and (b) MCE

4.3 Instrumentation

Linear variable differential transducers (LVDTs) were installed to record the lateral
and vertical movements of dam base in both upstream and downstream directions
(Figure4.15.a and 4.14.b). In addition, three different LVDTs were installed at the
top of the specimen. One of the LVDTs was used to check the feedback information
suppied by a high precision displacement transducer (Heidenhain with accuracy of
N10 Om) to the ps eFiggr@4.15cy Thsntiigh precigiant e m
displacement transducer was used to provide the displacement feedback of the
specimen at the top while executing the pseudo dynamic test. The other one was
placed to reasure the relative displacement of the top of test specimen with respect
to its base Kigure4.15.d). The third one was set up on directly concragt pelow
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the transfer plate in order to detect the slip at the interface of transfer plate and
concrete portionKigure4.15.d).

ad o B

Figure415Test Setup and I nstrumentation : (¢
(b) LVDT6s at Downstream Dam Base, (c) H
(d) LVDT6s at the Dam Tip and (e) Stat

As given in theSection4.1, first a vertical load was applied to the specimen in order
to simulate the gravity induced effec®he loading system was built with tie rods
and hydraulic cylindersHgure 4.15.e) for this purpose. The prestressing forces on
the tie rods were transferred to the dam as compressive forces throughup built
steel section (The change in the prestressing force, varying by leskOfbaaturing

the exeriments, did not significantly affect the resudis shown in Chapter.)5
Keeping this vertical load constant, the hydrostatic load (174 kN) was applied to the
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specimen using an hydraulic jack. The execution of the pseudo dynamic testing was
initiated by assuming at rest conditions with zero lateral force.

After theinstallation ofthe LVDTSs, strain rosettes were placed at the base of the dam
to record the strains and to determine the direction of principal strains. Rosettes
having 1cm capacity were bded directly to the concrete specimen in every 20 cm
except for the first one in the upstream direction that was placed 10 cm away from
the next rosetteHjgure 4.16). This decision was mainly due to the expected crack

formation on the upstream face of the specimen.

Figure 4.16. Strain Rosettes at the Dam Base

The only change in the instrumentation among the three specimens Viasation

of high precision displacement transducer in Specimen 3 (RCC25). In this specimen,
the high precision displacement transducer was directly attached to the dam
specimen insteh of connectingit to the lateral load transfer system (steel plates
around the dam specimerjor this specimen, the initial stiffness of the specimen
was found to be affected by the load transfer plate. To remedy this situatiorg such

change in the location of Heidenhain was conducted. The attachment was conducted
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by eliminating extra elements between the dam specimen and the high precision

displacement transducer by drilling the steel plate at the back side of th&idane (
4.17).

Figure417.Test Setup and LVDTO6s f oiSpedimep3 Di s pl

4.4 Specimens

All the specimens werduilt and tested in Structural Mechanics Laboratory of
Middle East Technical Universitythe cetails of specimen preparatiane presented

in the following pages
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4.4.1 Specimen 1: CVC Gravity Dam

The first scaled dam specimen was mage of CVC concrete. The target
compressive strength of concrete was selected as 25TWMPaoncrete mixture was
prepared by utilizing the mixture design ratios given in Chapter 3. The specimen was
directly cast on rough surface as described in ChapterTherefore, the formwork

was placed on the available concrete foundation. Then, silicone based adhesives were
applied to prevent leakage of concrete grout from the vdtague 4.18). While

placing the concrete inside the formworklhe concrete was vibrated from both

inside and outside to ease the settling.

Figure 4.18. Preparation of Specimer{a) Formwork, (b) Concrete Placement and
(c) Vibration for Concrete Settling

Thespecially designed threaded steel plate was used to enable the proper transferring
of lateral load to the specimen in order to prevent local damaging due to stress
concentations. This plate was placed inside the fresh concretiedad of vibration
and hammeringHigure4.19). After concrete placement, the formwork was removed
and the concreterascured to prevent the water loss by using absorptive covers, i.e.
wet canvas. These covers were watered once a day for sevefrigays4.20). The
average compressive and split tensile strengths and the modulus of elasticity of the
specimen were obtained as 24.95 MPa, 2.60 MPa and 20,500 MPa, respectively,
using cylinder tests atéhtesting day.
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(d)

Figure 4.19. Transfer Plate: (a) Details, (b) Transportation of Plate, (c) Alignment of
Plate and (d) Placement inside Fresh Concrete

(a) (b)
Figure 4.20. Curing : (a) Wet Covers and (b) Specimen after Curing
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4.4.2 Specimen 2: RCC Gravity Dam 1

The second scaled dam specimen magluced fromRCC. The target compressive
strength of concrete was selected as 15 MBRa.formwork was placed and fixed on

the available concrete foundation. Then, the concrete was placed into the formwork
in layers of nearly 2.5cm thicknessidure 4.21). After that, 0.20x0.20x0.02m steel
plate Figure 4.21.a) wasplacedto compact the conae layer. The compaction
process was performed starting from the downstream fabe tpstream face of the

dam specimen in portions of 2t length by usinghe pneumatic compactoF{gure
4.21.d). After completing the concrete placemenaéicnthigh layer, the side plates

of the formwork were mountedFgure 4.21.e). During RCC placement, the time

period betweertwo lift joints was 51 10 min so there was no cold joint formation

inside the dam body.

Figure 4.21. Preparation of Specimen : @pmpaction Plate, (k(d) Concrete
Placement and (e) Montage of Formwork Side Plates
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As the compaction effort has a positive effect on the concrete strength, the
compaction energy transferred at the site should be simulated properly in the
laboratory envionment. To this end, the compaction energy on a unit concrete area
wastargetedo be the same for bothe prototype andhe scaled dam specimens. In

the calculations, the technical propertiestbé compacting cylinder Caterpalr
CS563E andhe pneumatic compactor Makita 5201C (Hilti) were utilizelalfle

4.1).

Table 4.1. Specifications of Commtion Machines

Velocity Force Frequency Displacement

(V) (F) () Amplitute (Umax)
Caterpilar 4 39 /s 266 kN 30 Hz 1.7 mm
Cylinder
Mjilft'ita ] 0.74kN  25Hz 1 mm

The dimension of contact surface of Caterpilar Cylinder was determined as

2.13mx0.2m. Therefore, the time to travel 0.2m was calculated as

o6 - — mprh
The total number of strokes {\bn the contact surface was

0 Q2O ORTPTTID Q
The total energy (& transferred to the contact surface was

O "6 zZ0 CQOTMEPRIZPT 2T C p WWBO K
The compaction energy on a unit concrete area (EoOUCA) was

0¢ Y6 60—

8
pra— T L XY TQ

The time sufficient to transfer the same compaction energy on a unit concrete area by

Makita Hilti could be calculated as follows:

0% Y& 6—

s TLUOTa + O p YPpla

O "™»oz0 xtTIPzZPpT 20 pUYUPLE t 0 ¢ T&
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In the light ofthe above calculations, 1§econd compactiooould generate the same
compaction energy on a unit concrete area if a 0.20x0.20m plate area was used.
However, the compaction time should be reduced while placing standard cylindrical
specimens (h=0.30m and d=0.15m). The corresponding compaction tirtteo$er

specimens was approximately 5s.

The placement ofhe transfer plate inside RCC was impossible due to the lack of
fluidity. Therefore, the top 30cm of the dam specimen was buiplaging CVC

having atargetcompressive strength about 20MPa. Concretefor the top parivas
designed to have a high fluidity provided by relatively high wateement ratio

(75%) and by adding some plasticizers. This CVC was placed immediately after
completing RCC placement so that the cold joint formation betwleeRCC and

CVC was eliminated. Thus, the transfer plate was placed inside the fresh concrete by
aid of vibration and hammeringFiQure 4.22). After concete placement, the
formwork was removed and the concrete was cured to prevent the water loss by
using absorptive covers. These covers were watered once a day for seven days. The
average compressive and split tensile strengths and the modulus of elaétilbiy
specimen were obtained as@B®Pa, 1.12 MPa and 14,905 MPa, respectively, using
cylinder tests at the testing day.

4.4.3 Specimen 3: RCC Gravity Dam 2

The preparation of Specimen 3 was similar to that of Specim#re®nly change

being the employethaterials Figure4.23).

The compaction procedure explained in Chapter 4.4.2 was also utilized for this
specimen. Similar to the second specintbae,top 30cm of the dam specimen was
built by CVC having a compressive strength of 40 MPa. Thus, the transfer plate was
placed inside the fresh concrete by aid of vibration and hammekitey. concrete
placement, the formwork was removed and the concrete was wup@vent the

water loss by using absorptive covers. These covers were watered once a day for
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seven days. The average compressive and split tensile strengths and the modulus of
elasticity of the specimen were obtained as 23.10 MPa, 1.95 MPa and 21,305 MPa

respectively, using cylinder tests at the testing day.

4.5 Testing

The pseudaynamic test procedure was initiated with the applicatioth@ftertical
load (R) of 400 kN to mimic the gravitational actions on the prototype dam. Then,
the specimen wagushed by a lateral forces)Fof 174 kN in order to simulate the

hydrostatic effects.

m au l

B

Figure 4.22. Transfer Plate: (a) Details, (b) Transportation of Plate, (c) Alignment of
Plate andq) Placement inside Fresh Concrete
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Figure 4.23. Preparation of Specimen : (a) Placement of Concrete, (b) Compaction,
(c) Compacted Concrete Layer, (&)

The PSD algorithm was executed by assuming at rest conditions, zero force and
displacement. Another data acquisition system was used to reoedperimental

data without resetting the vertical and lateral load effedised ground motions,
namely the OBE, MDE and MCE time histories presented in the Ch2pteere
applied to the test specimen. Between the ground motioatest was stoppedhe
vertical force was removed and thgstem was checked. Then, an initial tess
conducted to determine the new lateral stiffness of the specimen, which was required
to determine the necessary numerical mass for the next ground motion. All the initial

conditions were set to zero, the numerical mass was input to its relevanawdlue
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the consecutive testing was initiated. For each earthquake scenario, the recorded tip
and sliding displacements along with the observed crack patterns are presented in the
following sections. It should be reminded that the horizontal and lateral\fahees

were determined with the calibration procedure presented in detail in this chapter.
After completing all the ground motion scenarios, a lateral load pushover test was
conducted in order to estimate the labeformation capacity anthe ultimate

conditions of each specimen.
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CHAPTER 5

EXPERIMENTAL RESULTS

This chapter presents the results from the testing of three scaled dam models by
using the PSD method. Results are given in terms of measured engineering demand
parameters such #se forces, displacements atike strains along with the observed
cracking @tterns.The chapter is concluded with a detailed discussion of results

towards a better understanding of seismic dam response.

5.1 Specimen 1: CVC Gravity Dam
5.1.1 Hydrostatic Loading

The base shedorce versus ip displacemen{measured®50mm from base by using
Heindenhainjand base she#dorce versusbasedisplacement (measuredrg from
base by using x6m LVDT as shown inFigure 4.15) curves during hydrostatic
loading are presented Fgure5.1.
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Figure 5.1. (a) Base ShedrTip Displacement and (b) Base Shedase
DisplacemenCurves during Hydrostatic Loadirigr Specimen 1
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From this figure, it is apparent that the specimen remaintgtimearelasticrange,

I.e. without any change in the slope of tbad deformation curve, although some
micro-crackinghavingwidths remaining below 0.1 mm was observed at the base of
the upstream facéFigure 5.2). The observed craskhad negligible effect on the

lateral stifhess of the specimen as both thaniths and lengts were verysmall

Figure 5.2. Cracks Formed during Hydrostatic Loadiiog Specimen 1

5.1.2 PSD Testing
5.1.2.1 OBE
The recoded base shear, tip displacements, HagBacementand axial force

histories during the first level of earthquake, OBE, are presentemjime5.3. The
base sheatip displacement response of the test specimen is also giveguire5.3.
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Figure 5.3. Force and Displacement Demands during OBE Experifoent
Specimen 1
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The recorded base upldnhd rotation demands are showrrigure5.4. The locations
of significant damage on the system for the OBE motion are preserfeine5.5.
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Figure 5.4. Base Upliftand RotatiorDemandsiuring OBE Experimerfor
Specimen 1

There were two peak demands that caused crackihieAfirst peak, i.e. at 1.10sec,

the base crack propagated 150 mm towards the downstream side with the maximum
crack width reaching 0.2 mnirigure5.5). Then, this crack propagated 50 mm more
reachinga total lengthof 400 mm and a crack width of 0.3 mm at the second peak,
i.e. at 1.75sec. In addition, no crack formation at the downstream face of the dam
was detected. The maximum base shear and thdiggacement demands were
measured as 55 kN and 0.20 mm, respectivelyufe5.3). From the recorded foree
deformation curve, it was clear that theelal stiffness of the specimen did not
exhibit any significant reduction despite the observed cracking. The maximum
deformation at the base was less than 0.05mm and the applied axial load did not
change more than 5%, showing the success of the axialntpasiistem in

maintaining the axial force.
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L =200 mm

Figure 5.5. Cracks Formeduting the OBE motionfor Specimen 1

5.1.2.2 MDE

The obtained base uplift and rotation demands are shofigume5.6. The recoded
base shear, tip displacements, bdisplacemenaindthe axial forcehistories during
the second hazard level, MDRare presented irfrigure 5.7. The base shedip

displacement response of the test specimen is givéigure5.7. The locations of

significant damage on the system for the MDE motion are presenféglire5.8.
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The maximum tip displacement wabtained as 0.31 mm, corresponding to a
maximum base shear demand of 69 kNg(re 5.7). The increase in the
displacement and force demands with respe the OBE level were about 15% and
25%, respectively. Consequently, MDE level testing resulted in an increased crack
(550mm) and width (0.4mm)~{gure 5.8). In addition to the cracking at the base,
another craclat the body in the upstream fas@s initiatedat 2.10se¢ which was

the second peak demand during MDE motigiigure 5.7 and Figure 5.8). In
addition, no crack formation at the downstream face of the dam was de&ntealr

to the first level of earthquake, the lateral stiffness of the specimen was nearly
unchangedThe base deformation waalso less than 0.05mm during this level as
well (Figure 5.7). Although a permanent base deformation of 0.02nwvere
observedthis deformation was not interpreted as a sliding deformagcause there
were nosudden jumpinghroughout the base deformation histokyke the OBE

motion, thedifference in the axial load level was not more than 5%.
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Figure 5.6. Base Upliftand RotatiorDemandsiuring MDE Experiment for
Specimen 1

112



[ [T]
w =) o
= < = < = <
= ,
S
.
b3
S
S
S
>
S
<
ot
S
3
< m 0
o
>
b
<
Av
=
A"
-
2
- alr“-
— -
N .l"“"‘ .ﬂu
o= S
- l“”u
-_— =
nn"u-. =
An._lluv .U
.vV W
M.l...v Auv
= =
"v .ﬂv
.lu“'.ll .l.un"l.
——— —
— =
l"“’l_ '"M
= =
..Huvu- AV
AW % 1
3 F.
1
e I
uw
g g © g gs " ° 4 38 8 ° 8 8
o o o . . . )
- 1 s o S o

(N) seaus oseq (wiw)-dsig diy

{wuw) “dsig mu.mmm _

MDE

o
2]
=

2
400 +
375

(N>} @204 [BIXY

Time (s)

0.po

=70

(N>) Jeays aseg

Tip Displacement (mm)

Figure 5.7. Force and Displacement Demands during MDE Experirioent

Specimen 1

113



e ———

Figure 5.8. Cracks Formedutingthe MDE motionfor Specimen 1
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5.1.2.3 MCE

The recoded base shear, tip displacements, lthsplacementand the axial force

histories during the last level of earthquake, M@ite, presented iRigure5.9.
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The base shedip displacement response of the test specimen is also givegure

5.9. The recorded base uplift dmotation demands are shownFhkigure 5.10. The
locatiors of significant damage on the system for the MCE motion are presented in
Figure5.11 andFigure5.12.
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Figure 5.10. Base Upliftand RotatiorDemandsiuring MCE Experiment for
Specimen 1

During the MCE level testing, the top displacement reachraebamum of 1.37mm,
which was approximately 5 times the displacement demand observed in the MDE
level (Figure5.9). Similarly, the base shear demandswebtained as 270kN, nearly 3
times the maximum demand measured during the MDE level testing. The length of
the crack that formed on the upstream face of the dam body in the previousflevel
earthquakéncreased to 200mmat 220sec(Figure5.11 andFigure5.12). During this
earthquake motiona 2000mm-long base crackat the downstream faceas also
observedt 2.15sec(Figure5.12). However, the cracks observed on the downstream
and upstream sides of the dam specimen did not join each Bigere(’5.12). Also,
the maximum base deformation demand remained belowrAri@nd no sign of
base sliding was observed, evidenced by the oscillkaype base deformation$he
change in axial force was larger during MCE motasnexpected but the maximum
change was less than 10%, which was in acceptable limits. Based on the large base
shear demand, the specimen began to behateeinonlinear rangeHigure 5.9).
However, the level of nonlinearity was not excessovexhibit signs of distress that

could lead to a nearollapse situation
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Figure 5.11. Cracks Formeth Specimen Huringthe MCE motion 1
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Sl =100 mm

Figure 5.12. Cracks Formeth Specimen Huringthe MCE motion 2
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5.1.2.4 Pushover Experiment

After the end of the MCE testing, the specimen was brougthtetpero lateral load
position. A static pushover test was conducted in order to determine the reserve
capacity of the specimen. The specimen was loaded in a displaesonénadled
manner by loading the specimen to a specified axial force level to prevent the
excessive axial forcesver the dam base as the additional axial load couldeau
misleading results as far dase sliding was concerned. The details of the pushover

loading is shown in Appendix D whereas the envelope curve is shdwgure5.13.
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Figure 5.13. (a) BaseDeformationsand (b)Pushover Curvéor Specimen 1

During thepushover loading, the specimen reached its maximum capacity at a base
shear value of around 400 kN corresponding to a tip displacement of F-igume(
5.13). A yield plateau was obtained after this point: the specimen was taken to a
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displacement of more than 7 mm and the test was stopped without obtaining a failure
or degradation in the strength of the specimen. The capacity of the specimen was
determiné to benearly 1.5 times the maximum demandhe MCE motion. At the

final stage ofthe pushover test, the crack widths nearly reached 1.5white the

crack lengths remainetearly unchange(Figure5.14). In addition, no base sliding

was detected, which is clear from the base shase deformation curve given in
Figure 5.13. From that figure, it is apparent that due to excessive base cracks the
stiffness was degraded but some plastic deformation took place at the base level. No
visual deformation caused by sudden sliding of base wasvelos& he dam stability

was maintained until the end of pushover testing.

Figure 5.14. Cracks Formeduring Pushover Experimefdr Specimen 1
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5.1.3 lIdentification of the Dynamic Parameters

The natural period and the equivalensodus damping of the specimen were
obtained for each of the three pseutymamic tests using the procedure proposed by
Molina et al(1999) In this method, the equation of motion was modeled at discrete

time intervals agivenin Eq. 5.1

Goe i& Q¢ (5.9

wherel is the mass matrix of the structufe] and/H are the acceleration and

external force for #i time interval andD1 s the restoring force that represents the
structurebs response for the correspondi
modeled byequivalent viscous damping approach, the restoring force at any time

step can be thus expressed as:

(@}
O

E ~
pOA O (5.2
'|'

where E and A are the secant stiffness and damping matri€eand O are the
displacement and velocities at therresponding degrees of freedeand | is an

equilibrium constant.

Eq.5.2 can be solved foE andAusing the data obtained attime intervals as long
as. ¢ 1 AT f& By selecting a time window containing steps not tess. ,
least square solutiois oktained forE andA Following, Maia and Silvg1997) one

can then extract the frequency and damping coefficient from:

L Ho- + 1 (53)

o x B Ep B xEABA p (5.4

In Eq. 5.4 x is the natural frequency amd is the equivalent viscous damping ratio

(or simply damping ratio) ahe firstmode. The equation of motion, as discretized in
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the pseudalynamic solutionEg. 5.1, wasutilized to obtain the damping ratios and
natural frequencies at th® inode of thesystem (Maia and Silva 19R7A window of

1000 data points with 20 data point increments were used to acquire smoother curves
in the calculations. The data for the first 0.5 seconds was not considered because of
having verysmall displacement increments (ihe order of 0.01 mm for the MCE
earthquake). In addition, the secant stiffness matrix was utilized for the calculation of
the fundamental periods in accordance with Kefrtal (2011) who showed the
change in the fundamental period calculated usingst#tant stiffness had better
correlations with the observed damage. The hydrostatic force and corresponding
displacement were ignored during the calculations. The fundamental period of the
undamaged & specimen was obtained at 0€&¢ which was nearly nstant during

the OBE and MDE level earthquakdésgure5.15.8). However, the period elongated

to nearly 0.12 sec during the MCE level due to the enlarged cracks formed during the
previous earthquakes and the newly formed base crackiggré 5.8 and Figure

5.12). The identified damping ratiosese about 2 to 5% for the three consecutive

earthquakes.
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Figure 5.15. Variation of the Fundamental Period and Damping Ratio during the
Experimentor Specimen 1
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5.2 Specimen 2:RCC Gravity Dam 1
5.2.1 Hydrostatic Loading

The base shear versus tip displacement and baseisheaedisplacementurves
during hydrostatic loading are presentedHigure 5.16. From this figure, it is
apparent that this specimen also remained in its linear range similar to the first
specimenln contrastto the first specimen, no visual cracking was observed during

thehydrostatic loading process.
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Figure 5.16. (a) Base ShearTip Displacement and (b) Base Shedase
DisplacemenCurves during Hydrostatic Loadirigr Specimen 2

5.2.2 PSD Testing

5.2.2.1 OBE

During the OBE motion thebase shear, tip displacements, bdisplacemenandthe
axial force were monitore(Figure5.17). The base shedip displacement response

of the tes specimen is alspresentedn Figure5.17. The locations othe significant
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damage for the OBE motion adepictedin Figure 5.18. The recorded base uplift

and rotation demands are showrigure5.19.
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Figure 5.17. Force and Displacement Demands during OBE Experifoent
Specimen 2
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After the hydrostatic loading, the first level of earthquake, the OBE ground motion,
was applied to the specimen. During the OBE motion, some minor cracks at the base
were observed. Unlike the first specimen, there were onlytiome periodduring

which the base shear demand caused significant base cracks. The maximum crack
length was recorded as 200 mm with the maximum crack width reaching 0.2 mm at
2.10 sec Figure5.18). The maximum base shear and the tip displacement demands

were measured as 48 kN and 0.33 mm, respectively.

Figure 5.18. Cracks Formed durintihe OBE motionfor Specimen 2
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Figure 5.19. Base Upliftand RotatiorDemandsiuring OBE Experiment for
Specimen 2
The deformation at the base was less than 0.05 mm during the full duration of the test
(Figure5.17). The axial load on the specimen did nbangesignificantly, deviating
from the targevalueby only 2.5%. Although there were some minor base cracks, the
lateral stiffness of the specimdid not changesignificantly, evidencedy the nearly

linear forcedisplacement curve given Figure5.17.

5.2.2.2 MDE

The recorded base uplift and rotation demands are showigume 5.20. The base
shear, tip displacements, batisplacemenand axial force were monitorad time
andtheyare shown irFigure5.21. The base shedip displacement response of the

test specimen is also presentedigure5.21.

Time (s)

Figure 5.20. Base Upliftand RotatiorDemandsiuring MDE Experiment for
Specimen 2
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