DELIVERABLE

D10.1 - Technical report on SERA Transnational Access
activities TA1-TA10 M36

Work package WP8-WP17
Lead EUCENTRE

I. Lanese, A. Pavese, E. Rizzo Parisi, M. Furinghetti (EUCENTRE); M. Lamperti
Tornaghi, G. Tsionis, P. Pegon, J. Molina, M. Peroni (JRC); V. Crozet, I.
Politopoulos, T. Chaudat, S. Vasic, A. Le Maoult, G. Rastiello (CEA); A.A. Correia,
P.X. Candeias, A. Campos Costa, F.L. Ribeiro (LNEC); S. Bousias, X. Palios, N.
Stathas, E. Strepelias (University of Patras); C. Cengiz, F. De Luca, M. Dietz, L.
Dihoru, D. Karamitros, G. Mylonakis, A. Sextos, A. Crew, R. De Risi, R. White, C.
Taylor (University of Bristol); Z. Rakicevic, A. Bogdanovic, L. Krstevska, R.
Apostolska, G. Jekic, I. Gjorgjiev, B. Petreski, A. Poposka, F. Manojlovski, A.
Shoklarovski (1Z1IS); A. Fusco, S.P.G. Madabhushi, G. Viggiani, S.K. Haigh, T.
Garala (University of Cambridge); A. Vratsikidis, M. Manakou, A. Anastasiadis, C.
Amendola, S. Argyroudis, D. Pitilakis (EUROSEISTEST and EUROPROTEAS); J.
Schweitzer, A. Meslem (NORSAR); TA users: G. Abate, G. Abbiati, O. Adamidis, K.
Agis, D. Aliperti, J. Almeida, |. Anastasopoulos, G. Angjeliu, G. Anoyatis, M.
Antonelli, C. Antonopoulos, Z.A. Arama, B.B. Ayracma, |.E. Bal, S. Baraccani, E.
Bayram, A. Benavent-Climent, A. Benedetti, L. Berto, K. Beyer, S. Bhattacharya,
S. Bianchi, N. Bianchini, E. Bilotta, S. Biondi, C. Boursianis, G. Brando, B.
Briseghella, M. Broccardo, B. Broderick, O. Bursi, C. Butenweg, R. Cairo, C.
Calderini, P. M. Calvi, G. Camata, G. Caputo, S. Carbonari, P. Casadei, M.G.
Castellano, X. Chen, C. Chrysostomou, U. Cilingir, M. Ciucci, J. Ciurlanti, E. Conte,
R. Conti, D. Coronelli, S. Corsico, P. Covi, M. Dall'Acqua, L. Danciu, M. D’Aniello,
L. De Danctis, M. DeJong, J. De Novais Bastos, F. De Silva, F. Dezi, S.
Diamantopoulos, R. Di Laora, F. Di Michele, R. Dinescu, L. Di Sarno, J. Distl, M.

Authors

This project has received funding from the European Union’s i
Horizon 2020 research and innovation programme under grant * 5
agreement No 730900. At



SERA | Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

Reviewers
Approval

Status
Dissemination level
Delivery deadline

Submission date

Intranet path

Dolsek, P. El Boueiz, A. Elghazouli, A. Elkady, FG. Esfahani, M. Ferreira, A.
Filiatrault, G. Fiorentino, M. Fishinger, J. Fisker, J. Fontiela, F. Fossi, D. Foti, M.
Fragiadakis, F. Freddi, A. Gajo, C. Galasso, M. Gams, F. Gara, F. Gatti, B. Ghiassi,
B. Gilardi, A. Goev, J. Goggins, S. Grammatikou, G. Granello, D. Grant, S. Grasso,
G. Guerrini, S. Gunay, L. Hagsten, E. Hernandez-Montes, T.C. Hutchinson, A. Ilki,
M. Infantino, M. lovino, T. Isakovic, S. Ivorra, Y. Jiang, V. Kapetanidis, T. L.
Karavasilis, M. Karpata, K. Kassas, A.M. Kaynia, A. Kazantzi, P. Kloukinas, K.
Kolozvari, S. Kontoe, M. Koronides, M. Korzen, M. Kosic¢, P. Kotronis, P.
Kowalczyk, M. Kramar, A. Kwiecieri, O-S. Kwon, N. Kyriakides, R. Landolfo, D.
Lavorato, D. Lignos, F. Lopes-Caballero, P. Lourenco, E. Lozinca, D. Malomo, G.
Manolis, S. Mansour, M. Marinkovi¢, M. Mariotti, E. Marotti, L. Martinelli, A.
Marzani, M.R. Massimino, N. Mendes, B. Mihaylov, E. Miranda, G. Miranda, S.
Mitoulis, K. Mosalam, A. Muttoni, V. Nappa, C. Nardin, T. Netti, C. Nuti, U.
Ozcamur, A.G. Ozcebe, S. Oztoprak, A. Pagliaroli, A. Palermo, M. Palmieri, S.
Pampanin, F. Paolacci, R. Pascu, A. Penna, D. Perrone, E.-V. Picoulis, A. Pinho
Ramos, A. Pl6tz, V. Popa, C. Prum, I. Psycharis, V. Quaglini, G. Quinci, L. Ragni, S.
Riemer, |. Rocca, M. Rossi, T. Rousakis, E. Rovithis, A. Sadowski, A. Saetta, S.
Salawdeh, I. Senaldi, F. Silvestri, S. Silvestri, A.L. Simonelli, C. Smerzini, E.
Smyrou, T. Sonneman, E. Spacone, B. Stojadinovic, H. Sucuoglu, |. Taflampas, T.
Taniguchi, B. Teymr, D. Theodossopoulos, I. Tomi¢, N. Tondini, A. Topa Gomes,
S. Touhami, A. Trandafir, E. Tubaldi, V. Vacca, D. Vamvatsikos, H. Varum, M. F.
Vassiliou, A. Viskovic, C. Vrettos, J. Wallace, F. Weber, B. Zajac, L. Zdravkovic, F.
Zeighami, K.-U. Ziener, F. Zotti

S. Peloso, R. Nascimbene (EUCENTRE)
Management Board

Final

Public

30.04.2020

27.04.2020

DOCUMENTS/DELIVERABLES/SERA_D10.1_Technical_report_on_SERA
Transnational_Access_activities_ TA1-TA10_M36

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36



SERA | Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

Table of Contents

10T 010 1= 1 ORIt 15
L R C B LS A ettt e e e ettt e e e e e a et e e e e e e e antanre s 21

1.1 Project #1 — EQUFIRE - Multi-hazard performance assessment of structural and non-
structural components subjected to seismic and fire following earthquake by means of

geographically distributed tESTING ....c..vvii i 22
1.1.1 INEFOTUCTION. ¢t 22
1.1.2 Design of the teSt SPECIMEN ......iiii e 23
1.1.3 Experimental programme and setup at BAM ........ooviiiiiiiiiii e 26
1.1.4 Experimental programme and setup at JRC ......coooiiiiiiiiiiii i 27
1.1.5 Simulation algorithm for the hybrid tesStS........coovviiiiiiiiiiie e, 28
1.1.6 EXPErimeNntal reSUILS .. ..o 30
1.1.7 Main outcomes and diSCUSSION .....cciuiiiiiiieiiie ettt e e 33
1.1.8 2] (=TT ool LRSS 34

1.2 Project #2 — SIabSTRESS - SLAB STructural RESponse for Seismic European Design ............. 35
1.2.1 INEFOTUCTION. ¢ttt 35
1.2.2 I Y =TT 4 L= o PO PSPPI 37
1.2.3 Experimental programme and SETUD ......uuviii i e 40
1.2.4 PSEUAO-AYNAMIC TESES 1.iviiiiiiiiie et e 41
1.2.5 (@Yol [Tl =T £ T S U O PP RSO OPPURN 42
1.2.6 LOAAING SYSTEIM .. e 42
1.2.7 Transducers for [0Cal MEASUrEMENTS ....i.viiiiiieiie e 42
1.2.8 Observation during teStiNg .. ...ooeveeieeeeee e, 43
1.2.9 Conclusions @aNd OULIOOK .....c.eiiiiiiiiic e 44
12,10 REIEIENCES. ettt ettt 44

2 B CEIN T RE oottt e nenene 47
2.1 Project #3 — Dynamic testing of variable friction seismic isolation devices and isolated systems
.............................................................................................................................................. 48

211 INEFOTUCTION. ¢ttt 48
2.1.2 Main research objectives and expected contribution to the seismology and earthquake

LT aYedl oI T oA oleT el e YU T o T A 49
2.13 Numerical-Experimental Testing campaign........ccouuveiiiiiiiiiieeeeeee e 52
2.1.4 Development of a 3D VFS numerical model........cc.ovviiiiiiiiiieeeeee e 58
2.1.5 OpenSees IMPlemMENtatioN .. ... 59
2.1.6 Partial processing of the experimental results and preliminary validation of VFS model..
....................................................................................................................................... 60

2.1.7 Development of a Direct Displacement-Based Design procedure for structures isolated

A A= VA i TSP PRPRPRPNS 60
2.1.8 Validation of the proposed design method via extensive parametric study ................. 62

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 3



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

2.19 VFS performance evaluation via extensive parametric study...........ccoeveeeiviieeciiinieeen, 63
2.1.10  Investigation of using VFS as passive adaptive deviCes ........cccoeviiiiiiiiiiiiiiiieeeiee e, 65
2.1.11  Conclusions and OULIOOK ......eiieiiiiie e 70
2.2 Project #18 — SEismic Response of Actual steel SILOS (SERA-SILOS) .......coovvveeeiiiieeeiiieee, 71
2.2.1 INEFOTUCTION. ¢ttt 71
2.2.2 RIS A o 1= T 1= T 72
2.2.3 Analytical predictions and numerical MOdels...........coooiiiiiiiiii e 73
2.2.4 Test setup: instrumentation and SETUP ......oeeiiiiiie e 75
2.2.5 Observation during teStiNg .. ...oovveeiceeeee e, 78
2.2.6 PrelimiNary FESUILS .....coiiiiie i 81
2.2.7 Conclusions @aNd OULIOOK .....cc.eiiiiiieiii e 86
2.2.8 [RE] (=TT ool LSRR 86
2.3 Project #34 — Seismic performance of multi-component systems in special risk industrial
Lol Lo 1= PSP ROPSRR 87
2.3.1 INEFOTUCTION. ¢ttt 87
2.3.2 Three storey steel moment resisting frame with installations ............ccccccoviiiinl 88
233 Numerical model, modal analysis, preliminary simulation results ..................coeevieno. 91
2.3.4 Test set-Up and MEaSUIEMENTS ......ooi i 95
2.3.5 Observation dUrinNg tESTING . ....iiuiii e e 99
2.3.6 PrelimiNary FESUITS ......iiiiiii e e 101
2.3.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiic e 107
2.3.8 LT = LU O PO P PP OP PPN 108

T 1 PSPPSRt 110
3.1 Project #4 — SE.RE.ME. — Seismic Resilience of Museum contEnts...........ccoceeeiviiiiiiiineennn, 110
311 INEFOTUCTION. ettt 110
3.1.2 MUSEUM CONTENTS TESTOA ...iiiiiiiiiie e 113
313 NUMeEriCal SIMUIATIONS ..ot 119
3.14 B I 1< AU o TSP SSPPPN 122
3.15 Observations and preliminary reSUIS.......oivii e 126
3.1.6 CONCIUSIONS .ttt ettt ettt 128
3.1.7 List Of PUDICAtIONS. ..o 129
3.1.8 RS (=TT ool LT PSPPSR 129
3.2 Project #5 —Full-scale experimental validation of steel moment frame with EU qualified joints
and energy efficient claddings under near fault seismic SCENATIOS ....ccovvuviiiiiiiieiiiiieccciee e, 130
321 INEFOTUCTION. .ttt 130
3.2.2 R e L=Te 1 41T o USRI 131
323 NUMeErical SIMUIATIONS ..ottt 133
3.2.4 B I 1< AU o SO SSPPPN 142

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 4



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

3.25 CONCIUSION 1ttt ettt ettt 143

A LNEC ottt bttt 144
4.1 Project #6 — (Towards the) Ultimate Earthquake proof Building System: development and
testing of integrated low-damage technologies for structural and non-structural elements ......... 145
411 T Ao o U o1 o o T PSPPSR 145
4.1.2 TSt S P CIMIEINS Lttt s 147
4.1.3 NUMEFICAl PrediCtioN .. cc..vii e 150
4.1.4 B I 1< AU o TSP SSPPPN 151
4.1.5 Observation during teStiNg ......ooouiieee e 154
4.1.6 PrelimiNary FESUITS......iiiiiii e 155
4.1.7 CONCIUSIONS .ttt ettt ettt 158
4.1.8 RETEIENCES. . e 158
4.2 Project #7 — Seismic Response of Masonry Cross Vaults: shaking table tests and numerical
1V 1L To F= T Lo LTSRS 159
421 T Ao o[ o1 o o T PSPPSR 160
422 TSt S P CIMIENS L.ttt s 162
423 NUMEFCal SIMUIGTIONS ..ottt 165
4.2.4 B SIS 1< AU o PRSPPI 166
4.2.5 Observation during teStiNg ......coouii e 168
4.2.6 PreliminNary FESUITS......oiiiiii e e 170
4.2.7 CONCIUSIONS .ttt ettt ettt 170
4.2.8 RETEIENCES. .. e 171
4.3 Project #19 — Seismic Testing of Adjacent Interacting Masonry Structures (AIMS) ............ 172
431 T Ao o[ o1 o o TSRS 172
432 TRST UNIT ettt et 173
433 NUMEFCal SIMUIGTIONS ..ottt 177
434 LIS Y=L AU o ST 178
435 PrelimiNary FESUILS. .. ..o 180
4.3.6 CONCIUSIONS .ttt ettt 182
4.3.7 RETEIENCES. .t 183

5  STRULAB - UNIVErsity Of Patras......cocuiiiiiiiiiiiiii e 185
5.1 Project #8 — ARISTA — Seismic Assessment of Relnforced Concrete frames with SmooTh bArs
— Proposals fOr ECB-Part 3. ..o 185
511 T Ao o[ o1 o o TSRS 185
5.1.2 TESE STIUCTUIE Lottt 187
5.1.3 Test setup and tESTING PrOZraM ..oiuviii it 189
514 RS UIES ettt ettt e et 190
(€] (o] o =1 Y=t oo o Y ISP 190

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 5



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

Flexural behaviour Of COIUMNS ..ot 191
BAM/COIUMN JOINTS L.uviiiitce e et 194
Bl STrINS et e e e e 195
CONCIETE STIAINS ettt e e ettt e e e e ettt e e e e ettt e e e e e e naaaes 197
Effects and behaviour of the FRP overlays at joints and around column ends..........cccceeevvvnee.n 198
5.15 Conclusions @and QUETIOOK .....cueiiiiiiiiiic e 199
5.2 Project #9 — ARCO — Effect of Axial Restraint on the Seismic Behaviour of Shear-Dominated
(0o 0] o] [1gY = 2T Taq RSP 200
521 T Ao o U o1 o o TSRS 200
5.2.2 TSt S P CIMIEINS Lttt s 201
Geometrical properties, reinforcement layout and material properties........ccccceevveiiiiiiiiceenne, 201
5.2.3 QLIS AT AU O 203
(Mo r:To gt oY o Tol=To [UT ¢ NS 206
524 TEST RESUITS ettt 207
SPECIMEN RB L. 207
SPECIMEN RB 2. e 208
SPECIMEN RB3 . 209

2 7 A o T=Tol [ o g T= o ISP 211
EFfeCt Of @Xial FESTIAINT .ouiiiie ittt 212
Effect of longitudinal reinforcement ratio and loading history .........ccooeeiiiiiiiiii 214
525 CONCIUSIONS .ttt ettt ettt 215
53 Project #20 — hybrid Testing of an Existing Steel FRAme with Infills under Multiple
EArthQUAKES (HITFRAMES) ..ottt ettt e et 216
53.1 T Ao o8 o1 o o TSRS 216
5.3.2 LIS A 01T T 41T P 217
5.3.3 NUMEFICal PrediCtioN .. .c...ii e 219
534 B S 1< AU o PRSPPI 222
535 Observation during teStiNg ......ooouei e 226
5.3.6 PrelimiNary FESUITS......oiiiiii e 228
5.3.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiii e 229

6 UNIVEISItY OF BIISTOl .oiiiiiiiiiiiiiiicc et 231
6.1 Project #10 — SERENA — Seismic Response of Novel Integral Abutment-Bridges................ 232
6.1.1 T Ao o[ o1 o o TSRS 232
6.1.2 Identification Of ProtOtYPE ..oovviii i 233
6.1.3 Scaling Prototype to MOEl .....c..viiiiiiiiccc e, 234
6.1.4 Test configuration and instrumentation 1ayoUt............oooiiiiiiiiiiii e 236
6.1.5 Observation during teStiNg ......ooovii e 241
6.1.6 PrelimiNary FESUILS. . ... e 243

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 6



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

6.1.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiic e 246
6.1.8 RETEIENCES. .t 247
6.2 Project #11 — 3DRock - Statistical verification and validation of 3D seismic rocking motion
L aTo Yo =] LSBT 248
6.2.1 T Ao o U o1 o o T PSPPSR 248
6.2.2 SPECIMENS <. 250
Free Rocking specimens (FIGUIE 362) ...uuiiiiiiii et 250
Wobbling Frame specimen (Figure 363 and FIgUre 364).........couiieiiiieeeeiee e, 251
6.2.3 LIS Y=L AU o TSR 251
EXCITATIONS et 251
6.2.4 Scaling of the ground mMotion enNsSeMBIES ........ooiiiiiiiiii e 254
INSTFUMENTATION ©.tiiiiiiiii ettt e et e et e e e e 254
6.2.5 Observations during teStING ....oooueeieiec e 254
6.2.6 PrelimiNary FESUILS. .. .. o 255
Free ROCKING COIUMNS...oiii ittt 255
MW OB NG FramE .. 256
6.2.7 Conclusions and OULIOOK .......eeiiiiiiie e 258
6.2.8 RS (=TT ool LT PSPPSR 259
6.3 Project #12 — REBOND — REsponse of as-Built and strengthened three-leaf masONry walls by
DAY aT= T o a1 (T KPP PPPPPPUPPPPPPPPP 262
6.3.1 INEFOTUCTION. ¢ttt 262
6.3.2 WAl AESIZN 1o 263
6.3.3 SEISMIC INPUL Lo 264
(DY o T 0 T o (=] U PPT 266
6.3.4 Test configuration and instrumentation 1ayout...........coooviiiiiiiiiiii e 268
B s 269
LT 1 PO PP PPPPPTPPPPRN 270
YUY o] oLo ] a3 YA X< o o TSP 271
Steel frame top and additioNal MASS .....cciiiiiii e 272
Reinforcement by KERAKOLL SrOUD ...uvviiiiiiiiee ettt 275
6.3.5 PreliminNary FESUITS......oiiiiii e e 276
6.3.6 Conclusions and OULIOOK .......eeiiiieiie et 277
6.3.7 RS (=TT ool LTRSS 278
6.4 Project #21 — NSFUSE - Ductile steel fuses for the protection of critical non-structural
oo Y oo 0= 0 1 279
6.4.1 INEFOTUCTION. .ttt 279
6.4.2 LIS Y 01T T 01T o ST 281
6.4.3 Numerical model / prediction / simulation ...........cccooeiiiiiie e 283

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 7



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

6.4.4 QLIS AT AU 285
6.4.5 TEST ODSEIVATIONS ....eiiiieiie ettt 286
6.4.6 ReSUILS / Preliminary reSUILS ......oceie i 287
6.4.7 Conclusions and OULIOOK .......eeiiieeiie et 292
6.4.8 RETEIENCES. .. e 292
6.5 Project #22 — SEBESMOVA3D - SEeismic BEhavior of Scaled MOdels of groin VAults made by
3D printers (SEBESMOVASD) ... ittt 293
6.5.1 T Ao o[ o1 o o TSRS 293
6.5.2 Design of the Vault prototypPe... ..o 294
6.5.3 Test setup (CONSTrUCHION PRASES) cvvviiiiiiiiii e 296
6.5.4 Testing INSTFUMENTATION L.uuuiiiiiiiiii s 297
6.5.5 LIS AT o0 == 4 I 298
6.5.6 Observation during testing: dynamic properties...........ccocooeeiieiiiiieeeee e, 300
6.5.7 Preliminary results: collapse behaviour and numerical modelling ..............ccoeoennnn. 302
6.5.8 Conclusions @and QUTIOOK ....cueiiiiiiiiiicice e 306
6.5.9 RET I ENCES. . et 307
6.6 Project #35 — SHATTENFEE - SHAking Table TEsting for Near Fault Effect Evaluation
(SHATTENFEE) .ottt ettt e et e et ettt ettt 307
6.6.1 T Ao o U o1 o o TSRS 308
6.6.2 Identification of prototype and preliminary analysis.........cccovviiiiiiiiieiiiieeecee e, 309
6.6.3 From the Prototype to the Model ........ccoviiiiiiiiii e 312
SCAlING FACTOIS = GEOMELIY c.viiiiiiiiie e e 312
SCAlING FACEOIS = T B e 312
6.6.4 TeSt CONTIGUIALtION ..oeeie e 313
6.6.5 LIS S = 313
6.6.6 INSTrUMENTAtioN IaYOUL......iiiiiiii e 314
6.6.7 RIS o] A T SRR 315
6.6.8 PrelimiNary FESUILS. .. ..o 317
Vertical dynamic identification .........ccooiiiiiiii i, 317
COMPIrESSION WAVE VEIOCITY Vp.uviiiiiiiiiiiiiiiie ettt ettt ettt et ettt e e breennbee e 318
Response in terms of amplification ..........oooviiiiiii e 319
6.6.9 Conclusions and OULIOOK .......eeiiiieiie et 320
B.6.10  RETBIENCES. ... ittt 321
6.7 Project #36 — SSI-STEEL Soil-Structures Interaction effects for STEEL structures................ 322
6.7.1 INEFOTUCTION. .ttt 322
6.7.2 Identification of prototypes: Design of the frames to be tested ...........cooooeiiiin. 324
6.7.3 Scaling Prototype to MOl . ..., 330
6.7.4 Test configuration and instrumentation 1ayoUt............oooiiiiiiiiii e 330

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 8



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

6.7.5 PreliminNary FESUITS......oiiiiii e 335
6.7.6 Conclusions @and QUTIOOK .....cueiiiiiiiiiie e 335
6.7.7 RS (=TT ool XTSRS 337

7 [ZI1S DYNLAB - UNIVersity iN SKOP . .uuieiieeee e 339
7.1 Project #13 - Influence of the floor to piers interaction on the seismic response of coupled
WALl SYSEEIMIS Lttt ettt 340
7.1.1 INEFOTUCTION. ettt 340
7.1.2 TeSt UNTT MODELDL. ... 341
7.1.3 LIS Y=L AU o TSR 342
7.1.4 TESHING PrOTOCON 1t 345
7.1.5 Observation dUring tEStING . ...coiuvii i, 347
7.1.6 RESUIES ettt 348
7.1.7 TeSt UNTT_MODELDZ. ... 351
7.1.8 LIS Y= AU o TSR 353
7.1.9 TESHING PrOTOCON 1 it 356
7.1.10  Observation during tESTING ....ccuvii i 358
28 00 R £ (T PSS OPRRPRPPR 358
7.1.12  Conclusions and OULIOOK ......eoiiiiii i 362
7.2 Project #23 — Investigation of Seismic Deformation Demand, Capacity and Control in a Novel
Self-Centring Steel Braced Frame (SC-CBF) ...cuviiiiiiiieeiiee e 363
7.2.1 INEFOTUCTION. ¢ttt 363
7.2.2 LIS A 01T T 41 T 365
7.2.3 LIS Y=L AU o S TRE 367
7.2.4 Observation during teStiNg ......oooeii e 376
7.2.5 RESUIES Lttt 377
7.2.6 Conclusions @and QUTIOOK .....cueiiiiiiiiiicie e 379
7.2.7 RS (=TT ool XTSRS 380
7.3 Project #37 — INfills and MASonry structures protected by deformable POLyurethanes in
SEISMIC Areas (INIMASPOL) ... e 381
7.3.1 INEFOTUCTION. ettt 382
7.3.2 LIS A 01T T 41T P 382
7.3.3 TSt SO U vttt s 383
7.3.4 Observation during teStiNg ......cooouii e 387
7.3.5 RS UIES ettt 388
Setup with wall infills type B tested in-plane (Phase A and A’).......ccooeeiiviiiiiiiiiiiececeee e, 388
Setup with wall infills type C tested in-plane (Phase Band B')........ccooeeiiviiiiiiiiiiiciiieceeciee, 389
7.3.6 Conclusions and OULIOOK .......eeiiiieiiie et 391

8 University Of CambridEe . ..umeei e 392

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 9



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

8.1 Project #14 — Seismic behaviour of anchored Steel Sheet-Piling (SSP) retaining walls:

experimental investigation, theoretical interpretation and guidelines for design .........cc.ccccoovee.. 393
8.1.1 SUMMANY O the PrOJECT. ..o, 393
8.1.2 Main research objectives and expected contribution to the seismology and earthquake
ENZINEEIING COMMUNITY L1utiieeieet it e ettt e e e et e e e e e e et e e e e e e e aab e e e eeeeeesaat s aeeeaeeesrenns 394
8.1.3 e eI o aSy = L U PPNt 394
8.1.4 CONCIUSIONS .ttt ettt ettt 398

8.2 Project #15 — STILUS — Structure-Tunnel Interaction in Liquefiable Sand ..................c........ 399
8.2.1 SUMMANY O the PrOJECT. ..o 399
8.2.2 MOE] LAYOULS ... 402
8.2.3 EXPErimENntal RESUITS ...co.vviiiiieec e e 404
8.2.4 CONCIUSIONS .ttt ettt ettt 408

8.3 Project #24 — Seismic Behaviour of Rigid Pile INClUSIONS ..........coooiiiiiiiiiieieeee e, 409
8.3.1 T Ao o U o1 o o T PSPPSR 409
8.3.2 LIS Y o 1T T 01T o OO TE 409
8.3.3 QLIS AT XU T 411
8.3.4 RESUIES Lttt 412
8.3.5 (00T 0T TV T 1o [ USRS 415

8.4 Project #25 — COSMO: Change Of Seismic MOtion due to pile-soil kinematic interaction..416

8.4.1 INEFOTUCTION. .ttt 416
OB CEIVES et 416
8.4.2 TSt S P CIMIEINS Lttt s 418
IMODEL CONTAINER. .. ettt ettt ettt ettt ettt ettt et e et e e s e et e e et e nneesneesneeenbeenneas 418
MODEL PILE FOUNDATION AND SUPERSTRUCTURE .....cciiiiiiiiieiieeiie ettt 418
O PP OP PSR TR 421
INSTRUMENTS .ottt ettt ettt ettt ettt et eene e 421
T-BAR PENETROMETER ...ttt ettt ettt ettt et ettt et et e e e nbe e e e nneenneens 421
8.4.3 LIS Y=L AU o TSSO 422
8.4.4 RESUIES ettt 425
8.4.5 CONCIUSIONS .ttt ettt 433

9  EUROSEISTEST and EUROPROTEAS ....ooiiitiiiietteit ettt 436
9.1 Project # 16 — IMPEC — On the broadband synthetic signals enhancement for 3D Physic based
numerical analysis, the EUROSEISTEST Case StUAY......cooouuueiiiiee e 437
9.1.1 T Ao o[ o1 o o T PSPPSR 437
9.1.2 EUROSEISTEST AIT@Y ..ttt ettt ettt ettt ettt 438
9.1.3 NUMEFICAl MO .. 439
9.14 B I 1< AU o TP SSPPPN 440
9.1.5 Observation during teStiNg ......oooeiiee e 440

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 10



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

9.1.6 RESUIES Lttt 440
9.1.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiie e 443
9.1.8 RS (=TT ool XTSRS 443
9.2 Project # 26 — Dynamic Soil Structure Interaction: Three-dimensional Time-domain Analysis
of Field Model Scale EXPerimENTS .....cooiiiiieee e 445
9.2.1 INEFOTUCTION. ettt 445
9.2.2 EUROPROTEAS . ..ottt ettt ettt sttt 448
9.2.3 NUMEEICAI MOAEI ...t 449
9.2.4 B I 1< AU o T PRSPPI 451
9.2.5 Observation dUring tEStING . ...coiuviii e, 453
9.2.6 RESUIES ettt s 454
9.2.7 Conclusions @and QUTIOOK .....cuiiiiiiiiiii e 457
9.2.8 RS (=TT ool LT PSPPSR 459
9.3 Project # 27 — SISIFO — Seismic Impedance for Soil-structure Interaction From On-site tests..

......................................................................................................................................... 460

9.3.1 INEFOTUCTION. ettt 460
9.3.2 EUROPROTEAS . ..ttt ettt ettt sttt 461
9.33 BaCKEIOUNG. ..o e 462
9.34 B I 1< AU o TSP 464
9.3.5 bservations dUring tESTING ....ccuvviiiiiiii e 467
9.3.6 RESUIES Lttt 468
9.3.8 RETIENCES. . e 475
9.4 Project # 28 — Ambient and forced vibration techniques for improving design and
performance assessment of structures with consideration of soil-structure interaction ............... 477
9.4.1 T Ao o[ o1 o o T PSPPSR 477
9.4.2 EUROPROTEAS . .. ettt ettt ettt sttt 478
9.4.3 QLIS AT AU 479
9.4.4 Observation during teStiNg ......cooouii e 481
9.4.5 RS UIES ettt ettt 482
9.4.6 Conclusions @and QUTIOOK .....cuiiiiiiiiiiicce e 492
9.4.7 RETEIENCES. .t 494
9.5 Project # 29 — Seismic SITE effects in sedimentary basins from 3D physics-based numerical
MOAEING (SITE3D) ..ottt 494
9.5.1 T Ao o[ o1 o o TSRS 494
9.5.2 EUROSEISTEST AIT@Y . eiiiiiiit ettt ettt ettt ettt ettt et et eenee e e e eteeeneenneeenees 495
9.53 NUMEFICAl MO .. 496
9.5.4 QLIS AT AU 499
9.55 Observation during teStiNg ......cooeiieee e 499
9.5.6 PrelimiNary FESUILS. .. ..o e 499

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 11



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

9.5.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiic e 504
9.5.8 RETEIENCES. .t 504
9.6 Project # 30 — Comparison of rocking on rigid and compliant base using the EUROPROTEAS
FEAI-SCAlE TACHITY oo 505
9.6.1 T Ao o U o1 o o T PSPPSR 505
9.6.2 EUROPROTEAS . .. ettt ettt ettt 507
9.6.3 Numerical model / prediction / simulation ...........cccooeviiiiiiiic e 508
9.6.4 B I 1< AU o TSP SSPPPN 510
9.6.5 Observation during teStiNg ......ooouiieee e 513
9.6.6 RESUIES Lttt 515
9.6.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiic e 521
9.6.8 RETEIENCES. . e 522

9.7

Project # 38 — Resonant metamaterial-based earthquake risk mitigation of large-scale

structures and infrastructure systems: assessment of an innovative proof-of-concept via medium-

SIZE SCAIE TSN e 523
9.7.1 INEFOTUCTION. ettt 524
9.7.2 L o] o [=Tot T U S U TSSO U PR 525
9.7.3 NUMEFCal SIMUIGTIONS ..ottt 527
9.7.4 LIS Y=L AU o ST 528
9.7.5 Observation dUMNG tESES ...oeii e 531
9.7.6 Preliminary RESUIES .....oiiiiii e 531
9.7.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiic e 534
9.7.8 RS (=TT ool LT PSPPSR 535

9.8 Project # 39 — “DYMOBRIS” Dynamic identification and Monitoring of scoured BRIdgeS under

EANTNQUAKE NAZAIT ... 536
9.8.1 INEFOTUCTION. .ttt 536
9.8.2 EUROPROTEAS . .. ettt ettt ettt ettt 538
9.8.3 Numerical model and prediCtions ... 539
9.8.4 B I < AU o PRSPPI 544
9.8.5 Observation during teStiNg ......cooeii e 546
9.8.6 PrelimiNary FESUILS......oiiiiii e 546
9.8.7 RETEIENCES. .t 549

9.9 Project # 40 — SOil Frame-Interaction Analysis through large-scale tests and advanced

numerical finite element modeling (Acronym: SOFIA) ......ocvii i 551
9.9.1 T Ao o[ o1 o o TSRS 551
9.9.2 EUROPROTEAS . .. ettt ettt ettt sttt 552
9.9.3 NUMEFICAl MO .. 555
994 QLIS AT AU O 556
9.9.5 Observation during teStiNg ......coooeii e 558

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 12



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

9.9.6 RESUIES Lttt 561
9.9.7 Conclusions @and QUTIOOK .....cueiiiiiiiiiie e 564
9.9.8 RS (=TT ool XTSRS 564
10 IO R S AR ettt ettt nnnnne 568
10.1  Project # 17 — Blind beamforming in array proCessing.........ccocveeeviiuiieeeiiiieeeiieee e 569
L1O.1.1  PrOJECT SUMIMIAIY toiiiiiiiiiiiiieiee ettt e st s e e e s e s e s s e sesasasesesssesesssssasesnnnnes 569
10.1.2  Main Research ODJECHIVES ......cooi e 569
10.1.3  Main Research Outcomes and OULIOOK..........ooiiiiiiiiiiie e 570
10.2  Project #31 — Seismic tremor detection in Greece using small aperture arrays.................. 570
10.2.1  PrOJECT SUMIMIAIY toiiiiiiiiiiiiieiee ettt e et e s e et s e s e s s e s et asasesesesesssssasssesennnes 570
10.2.2  Main ReSearch ODJECTIVES .....uiiiiiiiii e 571
10.2.3  Main Research Outcomes and OULIOOK..........coiiiiiiiiiiie e 571
10.3  Project #32 — A new velocity model up to 300 km deep based on receiver function data from
the NORES array (Baltic SRIEIA) ......cooeeieiiceee e 572
10.3.1  PrOJECT SUMIMIAIY toiiiiiiiiiiiieeiie ettt e e e e s e e e s e s e s s e se et as et esesesssssasasesenene 572
10.3.2  Main ReSearch ODJECTIVES ......iiiiiiiii e 572
10.3.3  Main Research Outcomes and OULIOOK..........coiiiiiiiiiiie e 573
10.4  Project #33 — Joint processing of seismo-acoustic array data as tool to discriminate between
man-made explosions and earthqQUAaKES.............eieii e 573
L1041 PrOJECT SUMIMIAIY toiiiiiiiiiiiieieee ettt e e e e s e s e s e s ess e sesasesasesesesssssasasssnsnnes 573
10.4.2  Main ReSearch ODJECTIVES ......iiiiiiiii e 574
10.4.3  Main Research Outcomes and OULIOOK.......c.coiiiiiiiiiiiiic e 574
10.5 Project #41 — Earthquake Spectral Provisions and Urban Fragility Evaluation - ESPUFE.....575
10.5.1 P IO ECT SUMIMIAIY Lottt e e e e e e e e e e e e e e e es b e aeaaees 575
10.5.2  Main ReSearch ODJECTIVES ......iiiiiiiii e 575
10.5.3  Main Research Outcomes and OULIOOK.........ooiiiiiiiiiiiii e 576
10.6  Project #42 — Beamforming of aftershock strong-motion time-histories recorded on the
ICEARRAY for earthquake SoUrce StUdIES .......vvveiiii e, 577
10.6.1 P IO ECT SUMIMIAIY ettt e e e e e e e e e e e e e e e e eb it e aaaaees 577
10.6.2  Main ReSearch ODJECTIVES ......iiiiiiiiieccee e 577
10.6.3  Main Research Outcomes and OULIOOK.......c.cooiiiiiiiiiiii e 577
10.7  Project #43 —Investigation of (micro-)seismicity of the Laptev Sea using a small-aperture array
............................................................................................................................................ 578

L1O.7.1  PrOJECT SUMIMAIY oottt ettt e s et et et e aasesabasareseranes 578
10.7.2  Main Research ODJECHIVES .......ooi e 578
10.7.3  Main Research Outcomes and OULIOOK.........ooiiiiiiiiiiiic e 579

10.8 Project 44 — Design, location and processing of a regional array in SW Portugal - Europe.579
10.8.1 P IO ECT SUMIMIAIY ettt e e e e e e e e e e e e e e e es b e aaeaees 579
10.8.2  Main Research ODJECHIVES ......oooiiieee e 580

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 13



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

10.8.3 Main Research Outcomes and OULIOOK .........uueeeeeeeieiieeieeeeeeeeeeeeeeeeee e
L0.0 RO OIENCES. ettt anaaes
(e ] o) = o1 SHR PR

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36

14



SERA | Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

Summary

The SERA project, funded by the European Union within the Horizon 2020 Research and Innovation
programme under grant agreement No.730900, involved in the Transnational Access (TA) framework
44 User Groups composed by 261 EU and extra-EU talented researchers.

TA offers a combined and integrated access to the largest collection of high-class experimental facilities
for earthquake engineering in Europe —and worldwide — including reaction walls, shake tables, bearing
testing facilities and centrifuges, to two facilities for integrated studies on geotechnical site effects and
engineering seismology, and to a unique infrastructure in Europe for array seismology.

TA provides to the selected researchers access to the infrastructures for the design and the
implementation of the testing campaign under several points of view. The services provided to the
users, starting from the collaboration with national and international experts in the field, include
technical assistance in the definition of the specimen, the testing setup and protocol, assistance for the
proper instrumentation choice and positioning, data-processing, results interpretations and advanced
numerical modeling.

Proposals have been submitted by heterogeneous User Groups, composed by both universities and
private companies often in joined applications, coming from 31 different countries. The selected
proposals addressed a very wide spectrum of topics, ranging from the further improvement of the most
advanced testing techniques, such as dynamic hybrid and geographically distributed testing, to the
vulnerability of existing historical buildings, industrial facilities, bridges, to design code improvement
and large database analysis. In Figure 1 and Figure 2, pictures of 2 of the 44 experimental testing
campaigns are shown.

Figure 1: SLABSTRESS project @JRC Research Infrastructure
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Figure 2: SERA-SILOS project @EUCENTRE Research Infrastructure

The best and most innovative proposals have been selected by a panel of international experts (TA-SEP
— Selection and Evaluation Panel —) through a grading based on multiple criteria:

e Fundamental Scientific and Technical value and interest

e Originality and innovation

e Quality of proposing team

e |Importance for public safety

e |mportance for European standardisation

e Importance for European integration and cohesion

e Importance for sustainable growth

e |Importance for European competitiveness

e |mportance and relevance to TA facility’s own scientific interest

e Synergies and complementarities with other TA tests

e Previous use of TA facility by any in the user team

e Cost and feasibility according to TA facility

e Availability of similar infrastructures in any of the users’ countries

The 10 Research Infrastructures (Rls) offering TA within SERA are very experienced and very well trained
in the implementation of experimental campaigns and collaboration with international researchers. In
Table 1 the consortium Rls are listed.
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SERA TA FACILITIES

¢ ELSA Reaction Wall, JRC, Ispra (IT)

¢ Shake Lab Bearing Tester and Shake Table, EUCENTRE, Pavia (IT)

o AZALEE Shake Table TAMARIS/CEA, Paris (FR)

¢ LNEC-3D Shake Table LNEC, Lisbon (PT)

e STRULAB Reaction Wall, University of Patras, Patras (GR)

¢ EQUALS Shake Table, University of Bristol, Bristol (UK)

* DYNLAB Shake Table IZIIS, Skopje (MK)

¢ Centrifuge University of Cambridge, Cambridge (UK)

e EUROSEISTEST and EUROPROTEAS, Aristotle University, Thessaloniki (GR)

¢ Array Seismology NORAR, Kjeller (NO)

Table 1: SERA TA Research Infrastructures

Figure 3: SERA TA Research Infrastructures location

In the following tables, the projects selected across the three calls for proposal and the hosting

infrastructure are listed.
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PROJECTS SELECTED IN THE 1% CALL FOR PROPOSALS
Number of Project Title of Project Hosting Research Infrastructure
EQUFIRE — Multi-hazard performance assessment of structural and
1 non-structural components subjected to seismic and fire following JRC
earthquake by means of geographically distributed testing
) SLAB STRESS — SLAB STructural RESponse for Seismic European IRC
Design
Dynamic testing of variable friction seismic isolation devices and
3 . EUCENTRE
isolated systems
4 SE.RE.M.E. — SEismic REsilience of Museum contEnts CEA
FUTURE - Full-scale experimental validation of steel moment frame
5 with EU qualified joints and energy efficient claddings under near CEA
fault seismic scenarios
(Towards the) Ultimate Earthquake proof Building System:
6 development and testing of integrated low-damage technologies for LNEC
structural and non-structural elements
Seismic Response of Masonry Cross Vaults: Shaking table tests and
7 ! e LNEC
numerical validations
3 ARISTA — Seismic Assessment of Relnforced Concrete frames with STRULAB
SmooTh bArs — Proposals for EC8-Part 3
ARCO — Effect of Axial Restraint on the Seismic Behaviour of Shear-
9 . . STRULAB
Dominated COupling Beams
10 Seismic Response of Novel Integral Abutment-Bridges University of Bristol
Statistical verification and validation of 3D seismic rocking motion . X .
11 University of Bristol
models
RE-BOND — REsponse of as-Built and strengthened three-leaf . X .
12 ] University of Bristol
masONry walls by Dynamic tests
13 Influence of the floor-to-wall interaction on the seismic response of IS
coupled wall systems
Seismic behaviour of anchored Steel Sheet-Piling (SSP) retaining
14 walls: experimental investigation, theoretical interpretation and University of Cambridge
guidelines for design
15 STILUS — Structure-Tunnel Interaction in LiqUefiable Sand University of Cambridge
16 IMPEC — On the broadband synthetic signals enhanceMent for 3D EUROSEISTEST and EUROPROTEAS
Physic based numerical analysis, the EUROSEISTEST Case study
17 Blind beamforming in array processing NORSAR

Table 2: Projects selected within the 1° call for proposals
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PROJECTS SELECTED IN THE 2" CALL FOR PROPOSALS

Number of Project Title of Project Hosting Research Infrastructure

18 SEismic Response of Actual steel SILOS (SERA-SILOS) EUCENTRE
19 Seismic Testing of Adjacent Interacting Masonry Structures (AIMS) LNEC

Hybrld Testing of an Existing Steel FRAme with Infills under Multiple
20 STRULAB

EarthquakeS (HITFRAMES)

NSFuse: Ductile steel fuses for the protection of critical nonstructural i . i

21 University of Bristol
components
2 SEeismic BEhavior of Scaled MOdels of groin VAults made by 3D University of Bristol
printers (SEBESMOVA3D) ¥
23 Investigation of Seismic Deformation Demand, Capacity and Control 1zl
in a Novel Self-Centring Steel Braced Frame (SC-CBF)
24 Seismic Behaviour of Rigid Pile Inclusions University of Cambridge
COSMO:Change Of Seismic MOtion due to pile-soil kinematic i . .
25 ) ] University of Cambridge
interaction

Dynamic Soil Structure Interaction: Three-dimensional Time-domain

26 ) . . EUROSEISTEST and EUROPROTEAS
Analysis of Field Model Scale Experiments
"SISIFO"Seismic Impedance for Soil-structure Interaction From On-
27 . EUROSEISTEST and EUROPROTEAS
site tests
Ambient and forced vibration techniques for improving design and
28 performance assessment of structures with consideration of soil- EUROSEISTEST and EUROPROTEAS
structure interaction
Seismic SITE effects in sedimentary basins from 3D physics-based
29 . . EUROSEISTEST and EUROPROTEAS
numerical modeling (SITE3D)
30 Comparison of rocking on rigid and compliant base using the EUROSEISTEST and EUROPROTEAS
EUROPROTEAS real-scale facility
31 Seismic tremor detection in Greece using small aperture arrays NORSAR
The velocity model up to 300 km deep using NORSAR array data
32 e . . NORSAR
(Baltic Shield) based on P and S receiver functions

Joint processing of seismo-acoustic array data as tool to discriminate

33 . NORSAR
between man-made explosions and earthquakes

Table 3: Projects selected within the 2" call for proposals

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36

19



SERA

Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

PROJECTS SELECTED IN THE 3" CALL FOR PROPOSALS

Number of Project Title of Project Hosting Research Infrastructure
Seismic performance of multi-component systems in special risk
34 . . i EUCENTRE
industrial facilities
35 SHAKking Table testing for Near Fault Effect Evaluation (SHATTENFEE) University of Bristol
36 SSI-STEEL: Soil-Structures Interaction effects for STEEL structures University of Bristol
37 INfills and MASonry structures protected by deformable IS
POLyurethanes in seismic areas (INMASPOL)
Resonant metamaterial-based earthquake risk mitigation of large-
38 scale structures and infrastructure systems: assessment of an EUROSEISTEST and EUROPROTEAS
innovative proof-of-concept via medium-size scale testing
“DYMOBRIS” Dynamic identification and Monitoring of scoured
39 EUROSEISTEST and EUROPROTEAS
BRIdgeS under earthquake hazard
SQOil Frame-Interaction Analysis through large-scale tests and
40 e . EUROSEISTEST and EUROPROTEAS
advanced numerical finite element modeling (Acronym: SOFIA)
41 Earthquake Spectral Provisions and Urban Fragility Evaluation NORSAR
Beamforming of aftershock strong-motion time-histories recorded
42 ) NORSAR
on the ICEARRAY for earthquake source studies
Investigation of (micro)seismicity of the Laptev Sea using a small-
43 vestigati (micro)seismicity ptev using NORSAR
aperture array
Design, location and processing of a regional array in SW Portugal -
44 & P Eumpe & Y & NORSAR

Table 4: Projects selected within the 3™ call for proposals

In the next chapters of this document, all TA projects technical reports organized by hosting Research
Infrastructure are reported. Since the world sanitary emergency referred as COVID-19 affected also EU
countries from the beginning of 2020, some of the experimental activities have been more complex to
manage and sometimes slightly delayed. In order to make available an updated and detailed description
of all the activities carried out within the SERA TA framework, possibly not compatible with the
submission date of this document, an integrated and open-access publication will be produced in the
next months. The publication will be the “Proceedings of the Seismology and Earthquake Engineering
Research Infrastructure Alliance for Europe — SERA Project —“, published by EUCENTRE and advertised
through the SERA (http://www.sera-eu.org/en/home/) and SERA TA (https://sera-ta.eucentre.it/) web

portals.
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1 JRCELSA

The European Laboratory for Structural Assessment (ELSA) is a research infrastructure of the European
Commission’s Joint Research Centre. The kernel of ELSA is the Reaction Wall. It consists of a reinforced
concrete vertical wall and a horizontal floor rigidly connected together to test the vulnerability of
buildings to earthquakes and other hazards. By means of computer-controlled hydraulic actuators it is
possible to expose full-scale structures to loads of dynamic strong forces and control the resulting
movements with high precision. The wall and the floor are designed to resist the forces, typically several
MN, which are necessary to deform and seriously damage the full-scale test models of structures. The
ELSA Reaction Wall is the largest facility of its kind in Europe and one of the largest in the world — only
exceeded in Japan.

Following the first call for proposals, two projects were assigned: EQUFIRE (Multi-hazard performance
assessment of structural and non-structural components subjected to seismic and fire following
earthquake by means of geographically distributed testing) and SlabSTRESS (Slab structural response
for seismic European design). These projects cover the full availability for transnational access offered
by the JRC ELSA Reaction Wall.

The EQUFIRE project aimed to study the post-earthquake fire performance of steel frame structures
and comprised distributed tests at JRC and at the Federal Institute for Materials Research and Testing
(BAM), Germany. The user team was made up of researchers from the Federal Institute for Materials
Research and Testing (team leader), University of Trento, ETH Zlrich and Aarhus University and of
industrial partners from Etex and Xella. The tests at BAM were performed from 16 October 2019 to 14
November 2019. The experimental activity at JRC started in January 2020 and was interrupted following
the spread of the corona virus and the Decree of the Italian government of 8 March 2020. At that time,
it was planned to complete mounting the specimen and set-up until 13 March 2020, perform
preliminary tests from 16 to 20 March 2020 and complete the experimental campaign by mid-April. The
details of the project are given in 1.1.

The SlabSTRESS project aimed to verify the seismic performance of flat slab frames in a structure with
earthquake resistant ductile walls and to study the performance of the system beyond the design
displacements. The user team was made up of researchers from Politecnico di Milano (team leader),
Ecole Polytechnique Fédérale de Lausanne, Nova University of Lisbon and Technical University of
Bucharest. Five access days were delivered on 16 October 2019, 21 October 2019, 23 October 2019, 2
December 2019 and 4 December 2019. A blind prediction competition is ongoing until 31 August 2020
and for this reason not all results are presented in detail in 1.2. All data of the SIabSTRESS project are
uploaded in the local node of the SERIES database and will be made available in September 2020.

The following meetings were organised within WP 8 at JRC Ispra:

e 20 February 2018, meeting with EQUFIRE users to plan the project

e 23 February 2018, meeting with SIabSTRESS users to plan the project

e 21 March 2018, SERA TA-SEP meeting

e 4 February 2019, meeting with EQUFIRE users to discuss the details of the project

e 9-19 December 2019, working visit of EQUFIRE user G. Abbiati (University of Aarhus) to develop a
working version of the pseudo-dynamic algorithms with substructuring that will be used during the
tests

e 26-27 February 2020, working visit of EQUFIRE users G. Abbiati (University of Aarhus) and Patrick
Covi (University of Trento) to discuss, implement and check the simulations and real-time control
system —the meeting was cancelled because of the situation with covid-19 in Italy.
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1.1 Project #1 — EQUFIRE - Multi-hazard performance assessment of
structural and non-structural components subjected to seismic and fire
following earthquake by means of geographically distributed testing

Authors

M. Lamperti Tornaghi¥, G. Tsionis™™, P. Pegon'¥, J. Molina”, M. Peroni¥, M. Korzen®, S. Riemer'?,
K.-U. Ziener? N. Tondini®, P. Covi®, G. Abbiati®, M. Antonelli®, B. Gilardi®, L. Danciu"”

) European Commission, Joint Research Centre, Ispra, Italy

) Bundesanstalt fiir Materialforschung und —priifung (BAM), Berlin, Germany

() Department of Civil, Environmental and Mechanical Engineering, University of Trento, Trento, Italy
4 Aarhus University, Aarhus, Denmark

() Etex Building Performance S.p.A., Belgium

© Xella Italia S.r.1., Italy

(7} ETH Ziirich, Zurich, Switzerland

1.1.1 Introduction

Many historical events (e.g. the 1096 San Francisco, 1923 Tokyo, 1995 Kobe, 1999 Turkey, 2011 Tohoku
and 2011 Christchurch earthquakes) have shown that, after an earthquake, fire may be triggered by
earthquake-induced rupture of gas piping, failure of electrical systems, etc. The structural fire
performance can then deteriorate because the fire acts on a previously damaged structure. In addition,
the earthquake may have damaged fire protection elements and the fire can spread more rapidly if
compartmentation walls have failed. This is particularly relevant for steel structures as the high thermal
conductivity of elements with small thickness entails quick temperature rise with consequent fast loss
of strength and stiffness.

The effects of seismic and fire actions have been traditionally studied separately because: i) the
inherent issues related to each action are quite complex per se; ii) researchers and practitioners are
typically specialised in one particular field; iii) experimental facilities have been conceived to reproduce
one of the two actions; iv) full-scale tests are very expensive and feasible in very few facilities; v) there
is lack of numerical codes capable of performing fire following earthquake (FFE) analysis at low
computational cost.

Most of the works in literature involve numerical simulations on steel moment resisting frames [1-4]
and only a few of them are dedicated to buckling-restrained and conventional brace systems, e.g. [5, 6]
that developed a framework for evaluating the post-earthquake performance of steel structures in a
multi-hazard context that incorporates tools for probabilistic structural analysis under fire and seismic
loads. Experimental studies have been performed on single elements [7], beam-column joints made of
filled steel tubes [8], and full-scale reinforced concrete frames [9]. The study of literature reveals that
several numerical studies on the post-earthquake fire behaviour of structural components have been
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carried out without being supported by comprehensive experimental research. Moreover, works on
non-structural components are also very limited.

Therefore, the EQUFIRE project aimed to provide experimental data to study the post-earthquake fire
performance of steel frame structures. The project studied a steel frame building with concentric
bracings by seismic pseudo-dynamic tests of a real-scale one-storey frame at the ELSA Reaction Wall
and tests of single elements subjected to fire following earthquake at the furnace of the Federal
Institute for Materials Research and Testing. The experimental results serve to study the response of
structural and non-structural components, and their interaction with different fire protection systemes,
to scenarios of fire following earthquake, with a view to providing sound experimental evidence and
knowledge for improving existing design guidelines and future standards.

1.1.2 Design of the test specimen

A four-storey three-bay steel frame with concentric bracings in the central bay was selected for the
experimental campaign. This frame is part of an office building with a square plan (12.5 m x 12.5 m)
and is located in Lisbon (Portugal) in an area of medium-high seismicity. The storey height is 3 m with
the exception of the first floor, which is 3.6 m high. The lateral force resisting system consists of
concentric braced frames (CBF) placed on the perimeter and at the centre of the building (see Figure
4). Figure 4 also shows the member sizes and the location of the test frame. Figure 5 (left) shows the
gravity loads acting simultaneously with the seismic load, and the fire load considered at one column
adjacent to the diagonals of the bracing.

Figure 4: Elevation and plan of the building (dimensions in meters)
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Figure 5: Live and fire loads (left); ISO 834 heating curves and temperature of the HEB220 column (right)

IPE sections with the weak axis in the plane of the frame were used for the bracing elements to force
in-plane buckling. This choice was made for essentially two reasons: i) to avoid damage in the walls
where the bracing is inserted in; i) to keep a 2D modelling of the frame meaningful so that to maintain
low computational demand for the hybrid tests.

According to Eurocode 8 [12], the frame was designed for seismic resistance following the capacity
design criterion and a nonlinear dynamic 3D analysis was employed. In particular, the concept of High
Ductility Class was exploited with dissipation in the bracing members. The general modelling
assumptions were the following:

e Only the bracing diagonal in tension was modelled at the ultimate (life safety) limit state.

e The columns were considered continuous along the height of the structure.

e All connections of the beams and diagonals were assumed pinned.

e Masses were considered lumped at the floors, following the assumption of rigid diaphragms.
e The building was regular in plan and in elevation.

e The building was located in Lisbon.

Seismic hazard maps of Portugal were used to identify the peak ground acceleration (PGA). Therefore,
a reference PGA of 0.186 g, type B soil and a type 1 elastic spectrum were assumed for the design of
the structure and then all the structural verifications described by Eurocode 8 [12] were carried out.

For the fire load, a prescriptive approach was chosen and in particular, the standard I1SO 834 [13]
heating curve was employed. This choice was made because it is easily reproducible in a furnace. Figure
5 (right) illustrates the evolution in time of the temperature of the gas and of the temperature at the
base of an unprotected HEB 220 steel column, calculated according to a lumped mass approach.

A set of fifteen accelerograms was selected considering the type of spectrum, earthquake scenario
(magnitude range, distance range, style-of-faulting), local site conditions, period range, and ground
motion components using the INGV/EPOS/ORFEUS European strong motion database [14]. The
accelerograms were modified to match the target spectrum in the period range of 0.4 - 0.9 s that
includes the fundamental period of the structure. The accelerograms were used to perform nonlinear
time-history analyses and fire following earthquake analyses. A 2D and 3D model of the building were
created using OpenSees [15], SAFIR [16] and ABAQUS [17] software to conduct seismic, fire and FFE
numerical analyses.

Among the fifteen accelerograms, the one shown in Figure 6 was selected for the experimental hybrid
tests and the numerical analyses, based on three main requirements:

e The selected accelerogram had to cause significant damage to the bracing elements.
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e The horizontal displacement of the first floor had to be equal or lower than £ 30 mm to be
compatible with the stroke of the horizontal actuator inside the BAM furnace.

e The axial force of the interior columns at the base of the second floor had to be below 1000 kN to
be compatible with the actuators used to impose the vertical loads on the specimen at the ELSA
Reaction Wall.

Figure 6: Earthquake acceleration time-history

A nonlinear finite element model in OpenSees was used to evaluate the FFE response of the structure,
which is expected to experience large displacements and plastic deformations of the bracing elements
during the seismic action and nonlinear behaviour of the column under fire condition. Fifteen nonlinear
thermomechanical beam elements, endowed with material and geometric nonlinearities, were used
for the column subjected to fire action. The elastic-plastic constitutive law provided by Eurocode 3 [18]
was adopted to model the mechanical properties of steel at elevated temperatures. Temperature
dependency of elastic modulus, yield strength and strain proportional limit was accounted for according
to Eurocode 3 [19]. Seven nonlinear beam elements based on corotational formulation and the uniaxial
Giuffre-Menegotto-Pinto steel material, with isotropic strain hardening (Steel02Material) [20] and
geometric nonlinearities, was used for the bracing diagonals. Nonlinear beam elements were used for
all elements to check that non-dissipative elements remain in the elastic field according to the design
calculation.

Figure 7 illustrates the results of the numerical simulation of the FFE test on the bare structure (without
fire protection) for the selected acceleration time-history followed by the ISO 834 [12] heating curve.
The energy dissipation was concentrated in the braces and in particular at the ground floor. The interior
columns and all the other elements remained in the elastic field during the seismic event. Collapse
occurred 24 minutes after the start of the fire. Figure 7 also shows the final deformed configuration of
the steel frame at the end of the simulation.
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Figure 7: Numerical simulation of fire following earthquake with OpenSees

1.1.3 Experimental programme and setup at BAM

The

experimental tests at BAM were performed using the sub-structuring technique shown in Figure

8, in which the physical column was heated by the standard ISO 834 curve and a constant numerical

axial stiffness representative of the surrounding structure was applied as boundary condition at the top
of the physical column. During the FFE tests, the axial force of the column was measured and then used

to obtain the effect, in terms of displacement, of the rest of the structure. Those displacements were
imposed on the column in order to keep the two substructures in mechanical equilibrium.

Five FFE tests were conducted at BAM:

Test #0 Column E: without fire protection;

Test #1 Column A: without fire protection;

Test #2 Column B: PROMATECT-H fire protection boards designed for seismic regions;

Test #3 Column C: conventional PROMATECT-H fire protection boards (not designed for seismic
regions);

Test #4 Column D: sprayed vermiculite coating, designed for applications in seismic regions, in
which a mechanical reinforcing mesh is placed in the middle of the coating to retain it.
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Figure 8: Sub-structuring method implemented for the tests at BAM [21]

The specimens were instrumented with thermocouples to measure the temperature at different
positions of the cross-section and along the height. In detail, each specimen was equipped with 20
sheath thermocouples: six sensors in each section (two on the web and four on the flanges) at three
different heights along the column and additionally one sensor at the top and the base of the column.
Six plate thermometers according to EN 1363-1 [22] measured the temperature inside the furnace.
Additionally, two thermocouples measured the ambient temperature of the laboratory.

Each test was conducted as follows: the column was first subjected to horizontal and vertical
displacement histories resulting from seismic nonlinear time-history numerical analysis and then the
furnace was switched on and the ISO 834 curve was followed with constant axial stiffness,
representative of the surrounding structure, as boundary condition.

1.1.4 Experimental programme and setup at JRC

The experimental mock-up at ELSA Reaction Wall (Figure 9) represents the ground floor of the four-
storey frame. It is a three-bay steel frame with concentric bracing in the central bay. The span of the
outer bays is 5 m, while the interior one has a span of 2.5 m. The inter-storey height is 3.6 m. A
secondary frame, parallel to the main one is used to prevent out-of-plane deformation during the test.
The two frames are fastened to the strong floor and tare connected together by steel rods, which do
not alter the seismic response of the mock-up.

Figure 9: Side view (left) and bird’s-eye view (right) of the specimen and set up at the ELSA Reaction
Wall
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The frame is made of S355 steel, for columns and beams, while the braces are made of S275 steel. The
profiles used are HEB220 for columns, IPE270 for beams and IPE100 for braces.

Two 600 kN pistons apply the vertical load on each internal column, whereas lateral loads are applied
through 500 kN actuators connected to the ELSA Reaction Wall, one for the main frame and another
for the secondary frame.

Load cells measure the loads applied by the vertical and horizontal actuators. Since the frame is
statically indeterminate, the two central columns and the three beams are equipped with strain gauges
that measure their internal axial loads. In parallel, displacement transducers measure the vertical
deformation of the central columns, the axial deformation of the braces, as well as the lateral
displacement of the whole frame.

To further reduce any possible interference from the secondary frame and eliminate any relative
displacement during testing, the actuator of the safety frame applied the same displacement as the
actuator of the main one.

The procedure for the hybrid tests at the ELSA Reaction Wall is described in section Figure 6. Five tests
are foreseen with the acceleration time history shown in Figure 6:

e Test 1, bare frame without fire protection;

e Test 2, frame with PROMATECT-H fire protection boards designed for seismic regions;

e Test 3, frame with conventional PROMATECT-H fire protection boards (not designed for seismic
regions);

e Test 4, frame with sprayed vermiculite coating designed for applications in seismic regions;

e Test5, frame with walls made of autoclaved aerated concrete blocks built in the two longest bays,
to verify whether these can provide effective fire compartmentation without altering the seismic
response of the frame.

The bracing and the column on which the fire protection has been applied will be replaced at the end
of each of the tests 2, 3 and 4.

1.1.5 Simulation algorithm for the hybrid tests

In order to enable hybrid simulation with mixed force- and displacement-controlled degrees of freedom
(DOFs), a specific simulation algorithm was developed. A pair of Lagrange multiplier vectors are
introduced to enforce both horizontal and vertical displacement compatibility between the physical
substructure (PS) and the numerical one (NS). The NS is characterised by a dynamic balance equation
that is solved with the Newmark-a method:

MYy, + [(1 + )y (U ) — arllcv(ullg)] - [(1 + a)fR, — afllcv]

1
— [+ U A,y — @A - [+ LV, — VTR = 0 )

In Equation (1) KN and M" are the stiffness and mass matrices of the NS, whereas u", r and f" are the
displacement, restoring force and external load vectors. Boolean matrices L™ and LM |ocate interface
Lagrange multipliers corresponding to the vertical and horizontal interface DOFs respectively. Finally,
parameter a modulates algorithmic damping. Accordingly, the PS is characterised by two static balance
equations; one refers to the vertical force-controlled DOFs whereas the other refers to the horizontal
displacement-controlled DOFs.
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Superscripts " and ¥ are used to distinguish between vertical and horizontal DOFs u® and u®" are
vertical and horizontal displacement vectors of the PS, while r®¥ and r®" are the corresponding
restoring force vectors. Boolean matrices L") and L®™" locate interface Lagrange multipliers
corresponding to the vertical and horizontal DOFs, respectively. The two following equations define the
compatibility between NS and PS.

{ LNh N 1+LPhuk+1 0

LY ujyq + LP Py (W', Tery) = 3

The solution of the system of equations is computed via operator splitting, i.e. with a single Newton
iteration and a constant Jacobian. The procedure was verified considering the linear partitioned finite-
element model of the frame reported in [23].

As can be observed in Figure 10, only three DOFs are coupled between PS and NS. In fact, a master-
slave relation is imposed on all horizontal DOFs of the first storey to follow DOF (10,1).

Figure 10: Partitioned model of the frame: PS (left) and NS (right)

Since external columns are connected to the braced frame by means of truss elements, the vertical
displacement at their base is blocked on the NS. Figure 11 provides a comparison between a reference
solution computed with a monolithic finite element model and the solution obtained with the proposed
procedure. As can be appreciated, the dynamic response predicted by the proposed scheme
reproduces the reference solution.
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Figure 11: Comparison of displacement response histories of coupled DOFs: horizontal (left), vertical left
(centre) and vertical right (right)

1.1.6 Experimental results

The results of the experimental tests at BAM are summarized in the following. The response history of
the unprotected steel frame computed with OpenSees was verified against the results of the
experimental tests at BAM. Figure 12 shows the input accelerogram, the deformed shape of the frame
at the end of the simulation, and the comparison of the results of the seismic test and of the numerical
simulations in terms of horizontal displacement, axial displacement and axial force for all tested
columns. The comparison demonstrates good agreement. There is a little difference in negative vertical
displacements, because the vertical actuator of the furnace is not designed to apply tension forces to
the specimen.

o
N
S
(=]
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Figure 12: Comparison between the numerical model and the seismic tests at BAM

Figure 13 shows the comparison of the experimental and numerical (before and after the calibration)
results for the FFE tests on the unprotected columns A and E, in terms of the evolution of the mean
temperature, axial displacement and axial force. The calibration consisted in modelling the base of the
columns with its actual initial stiffness and applying the recorded temperature evolution in the columns.
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The comparison demonstrated the good repeatability of the FFE test procedures. Figure 13 shows also
a snapshot of the test.

0: COLUMN #E (BAM)

Figure 13: Comparison between the results of the numerical model and the FFE tests on the unprotected
columns

Figure 14 shows the comparison of the evolution of the mean temperature, axial displacement and
axial force of the FFE tests on the specimens with the three fire protection solutions (conventional
boards, seismic-resistant boards and vermiculite sprayed coating). Test #2 was interrupted due to a
malfunctioning of a component and then was restarted. The specimens with the two different types of
fire protection boards (columns B and C) showed similar performance. The vermiculite sprayed fire
protection delayed the development of the temperature in column D with respect to columns B and C.
Figure 14 shows also a snapshot of the test.
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Figure 14: Comparison between the results of the numerical model and the FFE tests on the
unprotected columns

Figure 15: Mean specimen temperature, axial displacement and axial force of the protected for FFE tests
of the protected columns

As shown in Figure 16 and Figure 17, cracks on the fire protection elements developed due to the
combination of seismic and fire actions. However, those cracks were not large enough to compromise
the fire resistance of the columns. This was mainly due to the fact that the column is not a dissipative
element and to the laboratory limitations in applying horizontal displacements.
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Figure 16: Damage of the fire protection elements due to the combination of seismic and fire actions:
test#2 column B (left), test#3 column C (centre), test#4 column D (right)

Figure 17: Damage on the fire protection elements due to the combination of seismic and fire actions:
test#2 column B (left), test#3 column C (centre), test#4 column D (right)

1.1.7 Main outcomes and discussion

The EQUFIRE project focused on a three-bay, four-storey steel frame with concentric bracing in the
central span, subjected to fire following an earthquake, with the aim to study the performance of
structural and non-structural components. Five preliminary FFE substructure tests were carried out at
the BAM laboratory.

The comparison between the numerical analyses and the experimental results for the unprotected
columns demonstrate a good agreement for both seismic and fire actions. Furthermore, the proposed
simulation algorithm provided results in good agreement with the reference solution calculated with a
monolithic FE model. The following full-scale hybrid experiments will further confirm its reliability.

Tests for fire after earthquake were carried out on two unprotected steel columns and three columns
with different fire protection solutions: conventional and earthquake-proof panels and vermiculite
sprayed coating. In terms of fire protection, no serious damage was observed that would undermine
the fire resistance of the columns. A more significant damage to the fire protection of the dissipative
elements (bracing system) is expected during the FFE test series at the ELSA Reaction Wall. Indeed,
testing a complete bracing system, including the dissipative braces, should reproduce the actual
earthquake conditions, where the compressed brace is expected to cause more severe damage to the
fire protection elements due to buckling under large horizontal displacement.
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1.2.1 Introduction

Flat slab concrete buildings for office, commercial and residential use are built in many countries, but
their behaviour under seismic and gravitational action is not yet fully understood. Many studies have
been undertaken in North America and Asia, but European research is lagging behind and the current
version of Eurocode 8 [1] does not cover the design of buildings with flat slab frames used as primary
seismic elements. The SIabSTRESS (www.slabstress.org) project was therefore launched at the ELSA
Reaction Wall of the Joint Research Centre, within the Transnational Access activities of the SERA
project.

Design of flat slab frames in Europe developed mainly in North-European non-seismic countries [2-4].
The specifications of Eurocode 2 ‘Design of concrete structures’ [5] consider the design of flat slabs and
punching verifications for the effects of gravity loading. Eurocode 8 ‘Design of structures for Earthquake
resistance’ [1] does not include specific rules for flat slabs. The scientific community has expressed the
aspiration to advance the knowledge and develop adequate code provision [6, 7].

For the time being, design is carried out considering the provisions given by Eurocode 8 for secondary
elements coupled with a primary dissipative earthquake resistant system; the former must bear gravity
loads at the maximum design lateral deformations reached by the latter. These deformations are
calculated for the design actions on the primary system, multiplied by the behaviour factor. In addition,
the code specifies that the secondary elements must give a contribution lower than 15 % of the total
stiffness of the structure.
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Research in North America produced a wide database of tests and code specifications for flat slab
design for gravity combined with seismic loads. A set of results is shown in Figure 18 for tests on interior

slab-columns connections.
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Figure 18: Ultimate drift capacity and gravity shear ratio. Test results for interior connections without
transverse reinforcement (left) [8] and test results without and with transverse reinforcement [9] (right)

Experimental activity in Europe started on slab-column connections under cyclic loading. Research at
EPFL [10] tested full-scale slab-column connections without transverse reinforcement to compare the
effects of monotonic and cyclic loading, different gravity shear ratios and reinforcement ratios. For slabs
subjected to low gravity loads, and for lower reinforcement ratios in particular, lateral drift cycles led
to reduction of flexural strength and ultimate drift capacity when compared to monotonic tests.

Researchers at FCT/UNL in Portugal have developed a test setup [11] to test flat slab-column
connections, with realistic conditions of slab continuity, under combined gravity loading and reversed
horizontal cyclic drifts. Besides specimens without punching shear reinforcement, a series of specimens
with punching shear reinforcement and solutions to enhance the deformation capacity, such as stirrups
[12], headed studs [13, 14], post-installed bolts [15], fibre-reinforced concrete [16] and high-strength
concrete [17] have been tested with promising results. Isufi et al. [18] studied the numerical models of
flat slab frames calibrated on these experimental results. Although the test setup of FCT/UNL
overcomes some of the limitations of past tests on specimens that represent only the hogging moment
region of the slab, testing full-scale specimens is more realistic. Furthermore, the tests at FCT/UNL have
been limited to interior slab-column connections.

Previous tests of real-scale multi-storey flat-slab buildings are very limited. Coelho et al. [19] carried out
pseudo-dynamic tests at the ELSA laboratory on a three-storey building with only one bay in each
direction (7.0 m and 4.0 m respectively). The connections had overhangs along two of the four sides
(1.5 m and 1.25 m respectively) and the floors were 0.3 m thick waffle slabs with thick slab around the
columns extending in plan four times the slab thickness. The columns were rectangular, 0.3 m x 0.5 m
reduced to 0.3 m x 0.4 m at the last floor. For the 475 years return period earthquake (ultimate limit
state) the structure reached a displacement of 162 mm at the second storey (1.64 % drift) with cracking
around the columns. In a following test for the 2000 years return period earthquake, a failure in the
test set-up caused the jacks to pull the structure to failure and a drift capacity of 4.3 % was reached.
Heavy damage in the slab around the columns was accumulated at different floors and the top floor
slab was nearly detached from the column at two connections.

Fick et al. [20] tested under cyclic lateral loading a flat-slab structure with two floor panels in plan and
three storeys (plan dimensions: 9.1 m x 15.2 m, height: 9 m, slab thickness: 0.18 m). The spans
measured 6.1 m in each direction, with 1.5 m overhangs all around the perimeter. The columns were
square (46 cm x 46 cm). This resulted in a structure with only two types of connection, edge and corner,
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with an important influence of the overhangs. The test was stopped after a connection punched at
3.3 % drift.

The North-American code ACI318 [9] and design philosophy [8] are based on a database of results
mainly on individual connections, with or without shear reinforcement (Figure 18). A central aspect for
slabs without transverse steel is that ultimate drift ratio reduces with increasing gravity shear ratios
(GSR). The GSR is the ratio between the acting vertical shear force and the punching shear resistance
according to ACI318 [8]. Transverse steel increases the ultimate drift ratio of connections, with some
reduction of ultimate drift capacity with the gravity shear ratio. Hence, the results for the two tests
above must be compared considering the gravity shear ratio ensuing from the specimen design and the
gravity loading. Fick et al [20] report a GSR value of 0.21, while a nominal value close to 0.4 is calculated
for [19]. For a gravity shear ratio of 0.21 in [20], ultimate drift values in the database [8] range from 2.7
to 3.6 %. For gravity shear ratio 0.4 in [19], the ultimate drift is between 1.5 and 2.6 %. It should be
considered that the structure in [20] had a particular geometric configuration and a part of waffle slabs.

This experimental background shows the need for a comprehensive experimental study on a real scale
structure. The SIabSTRESS programme was proposed with the aim of providing support for the
European design codes by studying the response of a full-scale two-storey building for seismic and
gravity actions, different types of connections (corner, edge and interior), the redistribution of load
effects in floors with realistic boundary conditions, different longitudinal reinforcement layouts, with
and without transverse steel reinforcement. The aim of the testing phases presented here is twofold:
first to verify, for actions corresponding to the serviceability and ultimate limit states, the seismic
performance of flat slab frames in a structure with earthquake resistant ductile walls (tests A); secondly
to study the performance of the system beyond the design displacements (tests B). The first aim
corresponds to verifying the requirement that the structure should bear gravity loads in
correspondence of the maximum lateral displacement reached for the design action. The latter
provides understanding of the deformation capacity of the system.

1.2.2 Test specimen

The structure is a reinforced concrete (RC) building with two 0.2 m thick flat slabs supported by
columns, as shown in Figure 19. Preliminary design was carried out according to the Italian national
design code NTC 2018 [21] and was finalised with code provisions compatible with Eurocode 2 [5] and
Eurocode 8 [1].

The structure was conceived with primary seismic RC walls while the columns and the slabs were
assumed as secondary seismic elements, not forming part of the seismic action resisting system of the
building. The strength and stiffness of the secondary elements against seismic actions is neglected and
their stiffness may not exceed 15 % of the stiffness of primary members [1]. The structure belongs to
the ductile wall system structural type, with uncoupled walls. A basic value of the behaviour factor
go =4 is assigned to this type both by Eurocode 8 and NTC 2018.

The building includes six panels with spans on column axes 4.5 m, 5 m and 4.5 m in the long direction
and 4.5 m and 4.5 m in the short one. The slab of the second floor is provided with transverse
reinforcement, although not requested from the design. Total dimensions of the floors are
14.5 m x 9.5 m. The slab thickness is 20 cm. Columns dimensions are 0.40 m x 0.40 m, 0.35 m x 0.35 m
and 0.30 m x 0.30 m for the interior, edge and corner columns respectively. Column height is 3.0 m
between each slab. A specific feature is that the columns are made of RC portions above and below the
slab, and have a structural steel stub at mid-height to measure internal column forces. The walls are
rectangular with cross-section dimensions 1.5 m x 0.32 m and are designed as ductile walls according
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to NTC 2018 and Eurocode 8. Finally, the structure has a reinforced concrete foundation with a slab
and a grid of stiffening beams in correspondence of the column lines.

The following loads, usual for residential buildings, were considered in the design of the slab and of the
building: self-weight of the slab = 5 kN/m?, permanent non-structural load = 3 kN/m?, live loads =
2 kN/m?. The load combinations were according to EN 1990.
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Figure 19: Mock-up for the experimental campaign

Concrete class C30/37 was selected for the slabs and the columns. The slab longitudinal reinforcement
steel was class B450C (typically prescribed by the Italian code when ductile behaviour is required).
Welded studs with yield stress f,x = 500 MPa were used as transverse reinforcement in the slab of the
second storey. The column longitudinal reinforcement was B500B with the exception of column bases
where steel B450C (according to NTC 2018) was used, since plastic hinging was expected. The column
transverse reinforcement was of class B450A according to NTC 2018.

The design seismic action was obtained adopting a behaviour factor g = 4 and considering the structure
as located in the city of Gemona, region of Friuli-Venezia Giulia (ltaly), that was struck by a 6.5 My
earthquake in 1976. The design spectra of NTC 2018 at ultimate limit state (ULS) and serviceability limit
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state (SLS) were used. From the modal analysis of the structure considering cracked sections, the first
vibration period in the direction of the walls is T; = 0.315 s. This value falls on the constant acceleration
part of the ULS spectrum (spectral ordinate of the design spectrum Sq = 153.06 cm/s?, for q = 4). For
the SLS spectrum, the spectral ordinate is S, = 182.3 cm/s?. It is worth recalling that NTC 2018 prescribes
verification at SLS for an elastic response spectrum, differently from Eurocode 8 where the inter-storey
drifts at SLS are directly derived from those computed using the design spectrum at the ULS.

The ductile structural walls, which make up the primary seismic structure, were not part of the
constructed building, but were numerically simulated during the pseudo-dynamic tests. A linear model,
equivalent of the nonlinear response, of these walls was developed to this end with the following
procedure. A nonlinear model of the walls was developed in the research computer code NONDA [22]
with two (one per storey) RCIZ [23] wall elements adopted to model each wall. These elements include
shear-bending-axial force interaction. The nonlinear numerical model of the structure was used to
compute the time-history response at the ULS and SLS to an earthquake compatible with the site
spectrum and to obtain a pushover curve for a linear distribution of lateral forces that approximates
the inertial forces when the structure vibrates in its first mode. The pushover curve was used, along
with the displacement coming from the time-history analysis, to identify the stiffness and damping of
the equivalent linear model used during the pseudo-dynamic tests.

The signal selected for the numerical analyses and the pseudo-dynamic tests is the Y-component of
signal 007142ya form the Mw 6.3 Bingol earthquake of 01/05/2003. The signal has been selected with
the REXEL computer code [24] as one best matching the code spectrum for ULS and SLS at the site.
Matching the site elastic response spectra requires the original peak ground acceleration (PGA) of
2.92 m/s* to be scaled at 87 % and 31 %, respectively. The pseudo-acceleration response spectra of the
selected accelerogram and the design spectra at ULS and SLS are shown in Figure 20 together with the
acceleration time history of the selected signal.

007142ya SLS & ULS spectra 007142ya ULS test Accelerogram

8 : : : 3

7 bk AN SR S
& ! ! ! ~ 2 [ T
s | L O (1T ||y 1| | 1 S e
= [e]
§ 4 = 0
23 @
0] D -1 b R e
82t} 8
< S S L

1

0 -3 : : : :

0 0,5 1 1,5 2 0 4 8 12 16 20
Period (s) Time (s)

Figure 20: Pseudo-acceleration response spectrum of the selected signal and design spectra at SLS and
ULS (left) and acceleration time history of the selected signal (right)

As previously mentioned, the slab-column connections of the first storey had no punching shear
reinforcement, whereas the connections in the second storey were reinforced with headed studs.
Headed studs were chosen for the second storey as one of the most efficient and practical methods of
enhancing the deformation capacity of slab-column connections [13, 25, 26]. Since punching shear
reinforcement was not required to carry the gravity loads at the ultimate limit state, the purpose of
providing transverse reinforcement at the second storey was to enhance the deformation capacity of
the slab-column connections under lateral loading by preventing punching shear failure at low drifts.
Commercially available studs were used. The layout and the diameter of studs, as well as the extent of
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the shear-reinforced zone, were determined to avoid punching failure for the gravity loads outside the
reinforced zone. The layout presented in Figure 21 was chosen with five rows of 10 mm studs spaced
at 90 mm. Detailing requirements of the respective European Technical Approval were followed.
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Figure 21: Layout of punching shear reinforcement

After test B1 and before test B2 (see Table 1), the slab of the first floor was strengthened for punching
at connections B1, C2 and C3, using 10 mm post-installed shear bolts (Figure 21). In the past, this
strengthening solution has been tested under seismic-type loading only on interior or edge slab-column
connections [12, 27, 28]. The remaining connections were left as-built to offer valuable information on
the performance of slab-column connections that have not undergone repair. Past studies dealing
specifically with this topic are limited and they only cover single interior connections [14]. To facilitate
the interpretation of the results, the layout of the post-installed bolts was kept the same as the layout
of the studs used in the second floor. Figure 22 shows the studs and post-installed bolts used as
punching shear reinforcement.

Figure 22: Shear reinforcement on edge columns: pre-installed at second floor (left) and post-installed
at first floor (right)

To study the effect of flexural reinforcement distribution over the column, two different flexural
reinforcement layouts were used in slab-column connections in symmetrical locations, with regard to
the central axis along the shortest direction of the specimen.

1.2.3 Experimental programme and setup

According to the objectives described in the previous paragraphs, the test sequence has been planned
to assess the seismic design employing a limited number of tests, in order to achieve a progressive and
controlled damage of slab-column joints. The test programme is summarised in Table 5. Two hybrid

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 40



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

pseudo-dynamic tests were performed on the physical specimen coupled to virtual (numerically
simulated) shear walls to assess the seismic performance at SLS and ULS (Al and A2 respectively). A
cyclic quasi-static test (B1) followed until punching was observed on the first floor. A number of slab-
column connections at the first floor were repaired as described above and a cyclic test was performed
until most of connections were damaged (B1-R). The aim of the final cyclic test was to examine the
ultimate capacity of the structure (B2).

TEST ID Al A2 Bl B1-R B2
TEST TYPE Pseudo- Pseudo- Cyclic Cyclic Cyclic
dynamic dynamic
ASSESSMENT SLS design ULS design 1t floor 1t floor after 2" floor
punching retrofitting punching

Table 5: Test programme

The experimental programme included two different setups to verify the effect of transverse punching
reinforcement: the first floor without transversal reinforcement and the second floor with cast-in-situ
steel studs as in Figure 22 (left). In turn, each floor has two different longitudinal slab reinforcement
layouts: the West side (alignments A and B) with rebars uniformly spread throughout the slab, while
the East side (alignments Cand D) with rebars concentrated close to columns, yet maintaining the same
overall reinforcement ratio. Transverse reinforcement bars with the same specifications and in the
same positions as those on the second floor were post-inserted the first floor slab, Figure 22 (right).

1.2.4 Pseudo-dynamic tests

The pseudo-dynamic method mates the properties of the structure as a physical quasi-static model
tested in the laboratory with a numerical model representing the inertia [29]. The equation of motion
of a model idealised in this form may be expressed as an ordinary differential second-order equation:

M a(t) + Cv(t) + R(t) = Pe(t) (4)

This implies that the structure can be analysed as if it was supported on a fixed foundation and
subjected to an effective force vector Pesi(t) = — M | ag(t), where | is a vector of zeros and ones and ag(t)
is the ground acceleration time history. The mass matrix, M, the viscous damping matrix, C (typically
null) [29], and the excitation force vector, Peg(t), are all numerically specified. The restoring force vector,
R(t), which is, in principle, nonlinear with respect to the displacement vector, d(t), is experimentally
measured. At each time step t, the equation is numerically solved with the restoring forces, R(t),
measured at time t by the actuator load cells, to obtain the acceleration, a(t), velocity, v(t) and
displacement, d(t + At), at the next time step. The displacements calculated at step t + At are then
imposed on the structure by means of actuators and at the end of the step their load cells measure the
restoring forces R(t + At) to be used for the calculation of the response to the next time step. An
equation of motion with two degrees of freedom (displacement x, parallel to the East-West direction
for the mock-up) was used. The actuators used two high-resolution optical encoders mounted on two
reference frames as feedback for the proportional-integral-derivative controller (PID), to impose the
calculated displacements of each floor without torsion. The mass for tests Al and A2 was assumed to
be 137 tonnes at the 1st floor and 139 tonnes at the 2nd floor. The reference input motion used in the
pseudo-dynamic tests was a unidirectional 15 s-long time history, shown in Figure 20 (left). A zero-
acceleration signal was added after the end of the record, to allow a free vibration of the test structure.
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1.2.5 Cyclic tests

The cyclic displacement protocol was composed of increasing steps, in turn made of three cycles. The
displacement history is presented in Figure 23. At the end of the test, in case a residual load occurred,
the system was manually returned to a zero-load position through small cycles around the zero
displacement.
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Figure 23: Displacement history for cyclic test B1

1.2.6 Loading system

A pair of hydraulic actuators, connected to the ELSA reaction wall, imposed the displacements to each
floor. Each jack had 500 kN of working load and was equipped with a load cell for continuous
measurement of the supplied load. The total load capacity was 2000 kN. The actuators were connected
to steel beams that were in turn bolted to rebars cast into the slabs. Reinforcing bars, post-tensioned
at over 500 kN for each actuator, were used to avoid the gap between the metal beams and the slabs
and allow a two-sided coupling of the structure with the actuators. Two high-resolution (2 um)
displacement transducers continuously measured the horizontal displacement at each floor level.
These optical encoders were mounted on two reference frames and served as feedback for the PID
controller for each actuator, as shown in Figure 19 and Figure 24.

1.2.7 Transducers for local measurements

Local measurements of displacement, rotation and strain were acquired using a network of electrical
transducers. At each column, a control unit for the analog-to-digital conversion collected a cluster of
signals (displacements, rotations and deformations) that were continuously streamed by electrical
transducers placed from the foundation to the roof. The signals were digitally converted and routed
through a local data network to a central unit, together with the signals (load and displacement) from
the actuators.

In order to analyse each slab-column connection individually and to reconstruct the actions within the
joints, it is necessary to know the column internal actions. Since it is not possible to do this directly,
sensors have been specially designed and positioned in the mid-height of each column to measure the
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shear and axial forces and the bending moment. These devices provided accurate shear and bending
moment measurements in all columns during the experimental campaign.

A reduction of the measure points was allowed by the double symmetry of the mock-up. The sensors
to measure the kinematics (displacement, rotation and local deformation) were installed in all columns
of the central alignment (A2, B2, C2 and D2) and only on two columns of each external alignment (A1,
B1, C3 and D3). Differently, the devices for measuring internal actions were placed on each column;
otherwise, it would be impossible to reconstruct the internal equilibrium conditions of the structure.

Figure 24: Test set-up: South-West rendering view (left) and North-East view (right)

1.2.8 Observation during testing

The global response in terms of base shear force versus the displacement recorded on the second floor
is presented in the following. Figure 25 (left) shows the response of the flat-slab structure for test A2
using the ULS accelerogram. The base shear is the sum of the reaction forces of the actuators on the
physical frame structure within the pseudo-dynamic response of a system with the shear resistant walls
modelled with equivalent elastic stiffness and viscous damping. The maximum global relative drift

reached approximately 22 mm, equal to a drift ratio of 0.35 % (top displacement divided by the height
of the structure = 6400 mm).
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Figure 25: Base shear versus top displacement of the flat slab frame for test A2 (left) and for tests A2
and B1 (right)
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Figure 25 (right) shows the results of test B1 compared with test A2, where the equal response for the
cycles up to 0.4 % drift is evident. The structure reached a yield point between 1.5 % and 2 % drift. This
can be related to yielding at the base of the ground floor columns. A progressive stiffness loss and
pinching of the cycles with the increase of the displacement took place. The choice of the maximum
relative inter-storey drift imposed in this test corresponds to the maximum value reached in slab-
column connections in previous tests (Figure 18). The SIabSTRESS specimen reached 2.5 % drift
(160 mm displacement) in Test B1. The base shear force remained nearly constant beyond drift of
1.5 %. In the repetition of cycles of equal amplitude starting from 1.5 % drift (95 mm displacement) a
small loss of resistance occurred, indicating a sound global structural response up to 2.5 % drift.

1.2.9 Conclusions and outlook

The results of the seismic test at ULS indicate that flat slab frames combined with earthquake-resistant
walls have nearly elastic response, with a maximum drift ratio of about 0.4 % for an accelerogram
compatible with the ULS.

In the following cyclic tests, the response of the structure was explored up to the maximum drifts
reached in the literature tests on individual connections (1.5 — 2.5 %) for gravity shear ratio of 0.4. The
mock-up showed a good overall response up to 2.5 % drift ratio. The cyclic test has shown that the
system can achieve high drift with limited or no strength deterioration and with satisfactory ductility
and energy dissipation. No punching occurred in interior connections, while edge and corner joints
were damaged. The results summarised above indicate that the combination of flat slab frames with
different types of primary seismic systems can be explored. At the same time, these results confirm the
need to perform large-scale tests on full-size buildings to understand the overall seismic behaviour of
the building and to validate the experimental campaigns previously undertaken on sub-assemblies and
small-scale tests.

The features of a seismic retrofitting system for flat-slab have been described. The tests showed that
the system, previously used in individual connections, can be inserted in a building structure. The
subsequent testing phases will examine the effectiveness of this solution.

Further research developments will analyse the damage accumulation, comparing the response of
individual slab-to-column joints, to understand the role of different details of slab longitudinal and
transverse reinforcement.

The outlooks of the SIabSTRESS programme are the development of the procedure for the seismic
design of flat slab frames with better consideration of the role of primary and secondary seismic
elements. The experimental results of the slab-column connections will be used also to verify and
improve, where needed, the punching shear provisions and detailing rules of Model Code and
Eurocodes 2 and 8.
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2 EUCENTRE

Eucentre is a private non-profit foundation that pursues a mission of research, training and service
provision in the field of earthquake engineering and, more generally, of risk engineering.

Founded in 2005 as an evolution of the European Centre for Training and Research in Earthquake
Engineering already active in Pavia since 2003, it was established by four Founders, the University of
Pavia, the University School for Advanced Studies IUSS of Pavia, the Italian Department of Civil
Protection, the National Institute of Geophysics and Volcanology, to further develop the scientific,
research and training expertise in the sector present in Pavia.

Eucentre currently operates within an international network with other research centres, earthquake
engineering laboratories, institutions and companies. Eucentre is also Centre of Competence of the
Italian Department of Civil Protection, to which it provides emergency support, elaboration of risk
scenarios and research activities for the improvement of Civil Protection activities.

Together with the two Pavia universities, Eucentre also offers training courses for undergraduate and
postgraduate students and for practitioners in the field of earthquake engineering and risk
management.

Today Eucentre has an important asset of experimental labs consisting of:

. High performance uniaxial shaking table;

. Multi-axial shaking table (6 DoFs)

. Strong floor-reaction wall system;

. Dynamic testing system for bearings and isolators;
. Damper testing system;

J Contactless motion capture system;

. Mobile laboratory;

. Mobile unit for structural assessment.

The above — fully internally designed — testing facilities have been implemented throughout the years,
together with the Foudation growth and the progressively gained expertise in almost two decades of
wide spectrum experimental campaigns, design and implementation of often totally customized testing
setup.

Today Eucentre is an international reference centre for institutions, for which it operates in the
definition of emergency plans, in the elaboration of risk scenarios, in the vulnerability assessment of
buildings and infrastructures, and for companies, to which it offers experimental and supporting
services for the seismic design in various sectors such as civil engineering, transport networks, energy
production and transport, hydrocarbon extraction, production of industrial devices, certification of anti-
seismic devices.

Within SERA Transnational Access framework, three experimental campaigns have been successfully
implemented and finalized.

The first project named “Dynamic testing of variable friction seismic isolation devices and isolated
systems” aimed at the design and validation of innovative base isolation devices characterized by an
optimized response against both minor and severe earthquakes. The dynamic hybrid testing technique,
already implemented at Eucentre laboratories 8 years ago, widely increased the number of test runs
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and the number of different devices that was possible to test compared to a typical shake table testing
campaign.

The second project “Seismic Response of Actual Steel SILOS — SERA SILOS —“ resulted in an excellent
and synergic collaboration between Eucentre, the User Group and the external service suppliers
involved in the testing campaign. After the numerical simulation and test design phases, more than 200
shaking table tests between random, earthquakes, sine and impulse signals have been performed both
on fixed and base isolated Silo configurations.

The third and last foreseen project “Seismic Performance of multi-component systems in special risk
Industrial Facilities — SPIF = had as objective the holistic investigation of the seismic behavior of
industrial plants equipped with complex process technology by means of shaking table tests. The
structural or process-related interactions can lead to serious secondary damages, which, in addition to
loss of production, also pose a danger to humans and the environment if hazardous substances are
released due to leakages. The structure is a full-scale three-storey steel frame equipped with vertical
and horizontal vessels, a more than 60 m long steel pipeline, an electrical cabinet and a typical conveyor
system. The whole structural system (and non-structural components) has been tested both in fixed
and seismic isolated configuration.

2.1 Project #3 — Dynamic testing of variable friction seismic isolation
devices and isolated systems

Authors

H. Sucuoglu™, I. Lanese!?, A. Pavese>®), P. M. Calvi®, C. Galasso™, U. Ozcamur®, V. Quaglini?”

) Middle East Technical University

() EUCENTRE Foundation, Pavia, Italy
) University of Washington

) University College London

() TIS Technological Isolation System
© University of Pavia, Pavia, Italy

(7) politecnico di Milano, Italy

2.1.1 Introduction

Seismic isolation is the prominent seismic protection technology for buildings, bridges and generally
different kind of structures. It aims to significantly, or in many cases totally, reducing structural/non-
structural seismic vulnerability under severe earthquake ground motions. Seismic isolation is
implemented with isolation devices of two basic types: rubber bearings with lead core, and friction
pendulum devices. Steel-based friction pendulum devices are gaining increasing popularity over rubber
isolators and are being widely used in several applications worldwide. This is mainly due to the
versatility in design and production, and their easier implementation in practice. The variability of the
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seismic demand is much less in friction pendulum devices. Moreover, torsional eccentricity imposed by
the distribution of friction pendulum devices along the isolation interface is less significant compared
to the rubber devices, hence their re-centring capacity is higher.

The main focus of the proposed project is to improve friction pendulum isolation devices by imposing
variable friction properties along the sliding surfaces. Although there are several theoretical studies in
literature on the theory and analysis of variable friction devices, there is no developed technology yet.
The variable friction devices that will be developed within the scope of the proposed project will be
designed and produced by the industrial partner TIS. The validation of the proposed concept will be
performed through characterization tests following an EN15129-like type testing protocol, then moving
to seismic tests once satisfactory preliminary results are obtained. The dynamic response of the isolated
system under uniaxial seismic excitation will be observed. An improved definition of ground motion
intensity measures (IMs) will be developed, particularly in near-fault conditions, as well as the
corresponding hazard-compatible record selection procedures for friction based isolation devices.
Finally, non-linear numerical models will be implemented and calibrated through the experimental data
for predicting the isolator and system response accurately, and then, based on a larger analytical study
(i.e., simulation-based) propose design procedures for structures isolated with variable friction devices.

2.1.2 Main research objectives and expected contribution to the seismology and
earthquake engineering community

The main objectives of the proposed research are:

e To develop variable friction seismic isolation devices;

e Conduct dynamic verification tests in a certified and qualified laboratory equipped with real-time
seismic testing facilities;

e Develop analytical procedures for response prediction, and calibrate analytical models with the test
results;

e Propose design procedures for buildings isolated with variable friction pendulum devices;

e Perform extensive parametric study on the performance of buildings isolated with variable friction
pendulum devices.

The industrial partner TIS, which is producing friction pendulum devices in Ankara, Turkey, recently
worked on the development of variable friction devices in its R&D department by applying several
treatment technigues on the stainless steel friction surfaces of friction pendulum isolators through a
grant from the Turkish Research Council (TUBITAK). This project was completed in 2017, where a certain
progress was achieved. Two different friction coefficients have been obtained by applying two different
polishing techniques on the stainless steel sliding surfaces of the friction pendulum isolators. The
friction coefficients obtained between the treated surfaces and the PTFE based friction material used
by TIS are 4.5-5% with advanced polishing, and 6.5-7% with ordinary polishing, under a common vertical
pressure of 45 MPa. The third and the lowest friction will be obtained by applying circular perforations
to the advanced polished steel surface for increasing pressure underneath the slider pad, further
reducing the friction. There is an inverse relation between interface pressure and the coefficient of
friction.

Milano Polytechnic and TIS worked on the development of a new material with lower friction
properties. Possible application of this material to the variable friction device is meant to be
investigated in the project to obtain another set of variable friction surfaces.

Variable friction surfaces will be implemented on the curved circular stainless steel sheets in concentric
circular bands, from lowest friction at the centre to the highest at the periphery. The lowest friction
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region at the centre is merely a circular hole with a calculated radius and the edges trimmed smoothly
in order to prevent consumption of the friction material. Different friction materials for obtaining
different sets of variable friction coefficients will be also developed. Such materials will be assessed by
Milano Polytechnic University and material wear tests in combination with different steel surfaces will
be conducted at their laboratories within the scope of the project. Pressure and velocity dependence
relation for different friction materials and mating surfaces will be established at these tests and used
for preliminary evaluation of the material combinations.

Once the variable friction pendulum devices are designed for a selected superstructure weight,
vibration period and design displacement, they will be produced by TIS at their factory in Ankara, and
four devices will be shipped to EUCENTRE for seismic verification testing. The first set of tests on the
new devices will be conducted on the Bearing Tester System (test press) by applying the EN 15129
testing protocol for friction pendulum prototypes. These tests will reveal the cyclic force-displacement
characteristics and their stability under axisymmetric displacement reversals. Then, the devices will be
subjected to real seismic tests within a simple structural context; a 1-storey isolated building will be
considered.

A typical prototype device that will be tested at the EUCENTRE Lab Bearing Tester is shown in Figure
26.

Figure 26: Prototype isolator

Upon completion of the experimental testing program, analytical models for the force-displacement
behaviour of variable friction devices under imposed displacement reversals that mimic seismic
excitation will be refined. Analytical studies will be conducted at the University of Washington, the
Middle East Technical University, and, partly at UCL (for uncertainty characterization of the developed
analytical models). These models will then be calibrated with the test results for improving their
prediction capability. Major response parameters for analytical prediction are the maximum
displacement demand, residual displacement of the isolators and maximum base shear transmitted to
the superstructure.

Due to the strongly non-linear constitutive behaviour typical of many isolation devices (as those
developed here), the seismic response of base-isolated buildings is usually evaluated through non-
linear dynamic analysis. In this type of analysis, a suitable set of ground motions is needed for
representing the earthquake loads and for exciting the structural model. Many methods can be found
in the literature for defining the ground motions. When natural accelerograms are used, the methods
mainly differ from each other based on the IMs used for scaling the records to the defined earthquake
intensity level. Investigations have been carried out for evaluating the predictive capability of the

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 50



SERA ‘ Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

intensity measures used in these methods. While many studies focused on ordinary buildings, only a
very few are focused on base-isolated ones. Hence, a further objective of the proposed research is to
evaluate the most commonly used IM, which are currently available in the literature, with respect to
their capability to predict the seismic response of base-isolated buildings implementing the newly
developed variable friction seismic isolation devices. Selected for the investigation will be a set of frame
structures characterized by a different number of storeys and base-isolated with systems having
different properties (e.g. uniform and variable friction). Different sets of accelerograms, consisting of
ordinary and pulse-like near-fault records, will be used in the analyses and in the evaluation of the IMs.
Modified versions of existing IMs will be proposed, with the intent of improving the correlations
between the considered IMs and response quantities of interest, in a performance-based earthquake
engineering (PBEE) framework.

The final phase of analytical studies is concerned with developing a design procedure under design
earthquake excitation. An equivalent linear analysis procedure which conforms to the existing code
procedures for isolator design will be established where the basic design parameters are equivalent
stiffness and damping at the design displacement and the base shear force transmitted to the
superstructure.

In summary, the expected outcome of the proposed project is a new seismic isolation device with more
favourable characteristics compared to the existing friction pendulum devices with uniform friction.
Variable friction requires less curvature, hence larger radius of curvature for equivalent energy
dissipation, and lower restoring force compared to the uniform friction device. This results in smaller
devices for the same design displacement. Related savings in material leads to reduced cost of devices,
which is essential for their wide spread public use in earthquake protection. Lower curvature also
reduces the vertical accelerations resulting from pendulum motion. A low friction coefficient at the
centre during activation of the isolation mode is a further advantage for reducing floor accelerations of
the superstructure which is critical for protecting acceleration sensitive equipment. The only expected
problem can be a reduced recentreing capability due to higher friction and lower curvature of the
sliding surface. An extensive analytical study will be carried out to investigate the effect of residual
displacements at the end of the ground excitation.

The present research is expected to give a significant contribution to the seismology and earthquake
engineering community. Modern earthquake engineering is a fairly young field of engineering science,
not older than 80 years. The advances in engineering seismology and structural analysis methods had
been remarkable during these decades which eventually lead to the development of modern
earthquake resistant design procedures and the associated seismic design codes. Despite such
significant progress, the ultimate performance objective of “no damage to structures under strong
earthquakes” had never been achieved. This is indeed impossible with the conventional construction
materials and techniques due to their limited capacities which are easily exceeded by the excessive
demands produced by strong earthquakes. The only possibility for meeting this fundamental objective
is introducing new technologies to earthquake resistant construction.

Seismic isolation is the only successful technology so far. Although it was developed almost 40 years
ago, its implementation in practice had been very limited. One of the basic reasons for its limited use is
the high cost of isolation devices. The basic motivation, originality and innovation of the proposed
project comes from introducing variable friction to sliding surfaces of friction pendulum devices for
developing smaller, hence cheaper devices for obtaining equivalent seismic performance. Variable
friction is a simple idea, but not so easy to realize. It has not been developed and produced before,
hence it is original. Analytical solution of isolator response with variable friction applied to a single
pendulum device is available, but it is not yet available for double pendulum devices. It will be
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investigated how variable friction with circular bands can be formulated in a double pendulum device.
Once a stable, symmetrical response is obtained, then the concept will be extended to double
pendulum devices for further testing. Whether implemented to single or double pendulum devices, the
proposed research is both original and innovative because this technology has not been developed
before and produced as a new product by anybody else.

Imposing variable friction along the sliding surfaces does not add to the cost of devices, but increases
the effectiveness of isolators significantly. The User Group will conduct a comprehensive cost-benefit
analysis for variable friction devices in comparison to the uniform friction pendulum devices for proving
their economic feasibility in earthquake protection. Broader impact of a new technology or invention
can be proved if it can be easily used in practice. This depends on the robustness of its response, and
the market price. The aim of the proposed research is to show that it is possible to obtain the desired
robustness of seismic response and a significantly cheaper product can be obtained when variable
friction is implemented. Lower curvature will reduce the steel waste remarkably, and higher restoring
force will reduce the device radius due to lower displacement demand. The result of the combined
benefit is a smaller isolation device with a reduced cost.

In summary, the project can offer tremendous opportunities for broader impact on Society, Economy,
Knowledge and People.

e Society: Findings from the project can contribute to increase society's seismic safety and resilience

by:

o) protecting critical structures/infrastructure, and allowing them to remain operational (e.g.
hospitals, schools, etc.) or to “return to normal” as soon as possible;

o increasing the safety of the population, particularly in the case of critical

structures/infrastructure.

e Economy: Apart from the social risks, extreme loads result in enormous economic losses related
to repair costs, loss of building occupation, business interruption, or building demolition due to
irreparable damage. The project can eliminate these economic losses by avoiding (or significantly
reducing) damage. More in general, the proposed research on variable friction seismic isolation
devices and isolated systems will significantly contribute to the competitiveness of several
European industries (e.g., engineering consultants, construction companies, etc.) and stakeholders
with a characterized technology to increase their markets worldwide through new technologies
offering higher performance and lower prices. The ultimate goal is to create a vibrant core of
activities in which research is driven by genuine user priorities, and industry in turn benefits from
access to state-of-the-art techniques and innovation assembled by world-leading experts.

e Knowledge & People: The project addresses major intellectual challenges by going beyond the
state-of-the-art in the field of seismic isolation, seismic design, earthquake response assessment,
and design of resilient and sustainable structural systems. Therefore, the project will raise major
international interest, providing several stakeholders with an innovative, advanced, performance-
based framework (and related computational tools) for designing isolated structures and
infrastructure. The project will also provide training to postgraduate students (at MSc and PhD
level) collaborating with the investigators involved in the different tasks at the different institutions
and contribute to the Continued Professional Development of industrial partners.

2.1.3 Numerical-Experimental Testing campaign

In a preliminary phase, small scale tests have been conducted to experimentally assess the
effectiveness of the proposed concept. The research group has been investigating variable friction
surfaces on a small scale model of a flat bearing, using a custom biaxial testing system.
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The test piece consists of a flat pad of sliding material (diameter 50 mm) rubbing on a stainless steel
sheet. The surface of the stainless steel sheet exhibits two areas with different roughness: a “smooth”
area with Ra =0,02 — 0,04 um, and a “rough” area with Ra =6 —10 um (Figure 27).

smooth rough
area area

Figure 27: Dimensions of the test sample (left) and picture of the stainless steel plate (right)

Tests were performed at two levels of contact pressure on the pad surface, namely 22.5 MPa and 45
MPa. Each test consisted of 100 fully reversed cycles with total amplitude (peak-to-peak) of 30 mm at
three different velocities: 1 mm/s, 50 mm/s and 100 mm/s.

Typical results are illustrated in Figure 28, in terms of ratio of horizontal to vertical force (i.e. the
coefficient of friction versus displacement plots at two velocities. Only results at 22.5 MPa contact
pressure are shown, but consistent results were obtained at either pressure level.

Figure 28: Friction — displacement plots at different velocities

The test at very low velocity (1 mm/s) shows the expected behaviour of the variable friction bearing,
with a steady and low coefficient of friction as far as the pad slides on the smooth surface (branch OA),
and a stiffening response as the pad crosses the rough surface (branch AB). Depending on the pad
position, the coefficient of friction increases from a minimum value of 1.3% to a maximum value of
12.5% at the first cycle and 7.4% at the subsequent cycles (six-folds increase).

By increasing the velocity, the change of the coefficient of friction with surface roughness is less
pronounced, though still important: at 100 mm/s the coefficient of friction ranges from 12% to 23.8%
at the first cycle and 22% at the subsequent cycles (two-folds increase). This behaviour is ascribed to
the effect of heating of the sliding pad, which produces a most important decrease in the coefficient of
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friction over the rough area, where friction is higher, than over the smooth area. It is also worth noting
that good stability of the friction plots over the duration of the test, corresponding to an accumulated
slide path of 6000 mm.

In conclusion, the small scale tests have provided an independent confirmation of the feasibility of
manufacturing variable friction sliding bearings with stable and consistent behaviour even during
sustained motion; further they have addressed to need of sliding material with a good stability of the
coefficient of friction with temperature.

Afterwards, full-scale experiments were conducted on a total of six Single Variable Friction System (VFS)
and two Double Curvature VFS prototypes at the experimental facilities of using the Bearing Tester
System (BTS) shown in Figure 29.

Each prototype bearing of the first category consisted of a conventional single friction pendulum system
with rigid slider, but the concave stainless steel sliding surface was treated using different polishing
techniques to achieve spatially varying frictional properties. Namely, three areas (in some specimens
only two), with different roughness were obtained: starting from the centre of the device, a low friction
“polished” surface, a medium friction “unpolished” one, and a high friction “sandblasted” region. A
schematic drawing and a plan view of one of the full-scale prototype VFS bearing with polished and
unpolished treatment are shown in Figure 30.

Figure 29: (a) The EUCENTRE BTS; (b) Elevation view of the bearing test setup
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Figure 30: (a) Schematic drawing of a two-ring VFS bearing; (b) Plan view of the concave sliding surface
and the slider of the prototype VFS bearing

The main properties of one of the tested VFS prototypes are summarized in Table 6. The parameters
reported in the table represent the radius of the sliding pad (r0), the radius of the low friction area (r1),
the external radius of the medium friction area (r2), the coefficient of friction between the sliding pad
and the low friction area (u1), the coefficient of friction between the sliding pad and the medium
friction area (u2), and the radius of curvature of the sliding surface (R).

Prototype # ro (m) ri(m) r2 (m) w1 (%) W2 (%) R
1 0.125 0.150 0.450 7.0 9.2 4.5

Table 6: Properties of the tested VFS prototypes

The dynamic coefficients of friction between the sliding pad and the sliding surface were equal to 7.0%
and 9.2% for the smooth and the rough areas, respectively. These values have been obtained through
friction characterization tests performed in the laboratory.

Following the friction characterization tests, the VFS prototypes were subjected to the testing program
recommended by the European standard EN 15129. The program comprised a series of unidirectional
harmonic displacement histories, with different displacement amplitudes and frequencies. A list of the
tests conducted is summarized in Table 7. For brevity, only some of the main results are presented
herein. For the presented tests, the displacement amplitude of the harmonic motion was 0.3 m, and
the peak velocities were 500 mm/sec and 200 mm/sec.

Test name Ampl. [m] Max.vel. [m/s] | load shape | Vert.load cycles
[kN]

Frictional resistance +0.006 0.0001 triangle 2000 1
Service +0.060 0.005 sine 2000 20
Benchmark +0.300 0.050 sine 2000 3
Dynamic 1 +0.075 0.500 sine 2000 3
Dynamic 2 +0.150 0.500 sine 2000 3
Dynamic 3 +0.300 0.500 sine 2000 3
Seismic +0.300 0.500 sine 1000 3
Seismic +0.300 0.500 sine 2500 3
Bidirectional +0.300 0.500 sine 2000 3
Property verification +0.300 0.500 sine 2000 3

Table 7: Testing program on Group 1 VFS prototypes
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Both single and double VFS devices were then subjected to hybrid tests, simulating the response of a
base isolated single-story structure. The stiffness of the superstructure (treated as a linear-elastic
single-degree of freedom system) was selected to achieve different natural periods of vibration ranging
from 0.4 to 1 second. The tests were performed under the application of recorded ground motions with
different intensities. The peak velocity recorded during these tests reported was approximately 1
m/sec.

The horizontal force-displacement response characterizing the VFS prototypes is reported in Figure 31.
The black lines represent the first-cycle response, while the grey lines refer to the second and third
loading cycles. It can be seen that the first-cycle response differs quite significantly from that of the
subsequent cycles. In particular, the effects of the variable friction are clearly visible in the first cycle,
but they tend to disappear in later loops. This undesirable discrepancy was ascribed to the creation of
a transfer film of the sliding material on the mating surface, which smoothed the surface and made the
sliding behaviour more uniform over the two areas with different roughness. At the current stage, this
still represents a major challenge and one of the main constraints limiting the possible frictional
properties that can be selected for a VFS. Additionally, p; and p, are only marginally different in their
initial values, thus the variability of the friction coefficient is low.

Figure 31: Comparison between the hysteretic curves from numerical model and experimental data for
Group 1 VFS prototypes

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 56



SERA | Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

Figure 32: Test of VSP and failure of the high friction sliding surface

Since in the first specimens the transition between the regions with different friction was not that
evident and further reduced in the subsequent cycles, a sliding surface with the lowest and highest
friction was considered as well. This abrupt response modification gave some interesting preliminary
results, while resulted in the failure of the specimen due to the loss of bonding of the surface with the
bottom steel plate (Figure 32).

The non-optimal response obtained from testing the bearings led the research team to opt reconsider
the original plan, which involved shake table testing of a one-storey case-study structure, and opt for
hybrid simulation (also referred as hybrid testing) to maximize the testing days and the different devices
possible configurations (single and double CSS, different sliding materials, different sliding surface
treatments). The hybrid testing technique consists in combining a numerical model of a portion of the
structure to be tested, together with a physical portion, generally the one(s) difficult to model and/or
under experimental investigation. These two systems interact with each other in real-time, in order to
represent the experimental test of the whole structural system. In this case, the physical system was
the isolation device prototype, while the numerical system was a 2-DOF structure, identical of the one
initially foreseen (R.C. slab on the isolation system and a 1-storey frame structure on top of it). The
whole system was subjected to real ground motions as the input of the hybrid testing. Since the physical
devices have been tested on the Bearing Tester instead of the shake table, bigger and realistic slider
dimensions have been considered (Figure 33).

Figure 33: Test on the EUCENTRE Bearing Tester through hybrid testing technique

The horizontal force-displacement responses characterizing the VFS prototype undergoing a realistic
ground motion in the context of hybrid testing is shown in Figure 34. The black dashed lines represent
the experimental results, while the grey solid lines represent the numerical predictions, obtained using
the newly developed model described later.
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Figure 34: Comparison between the hysteretic curves from numerical model and experimental data for
Group 2 VES prototype

The research activities related on numerical aspects can be summarized as follows:

1. Development of a 3D numerical model to simulate the response of VFS in the context of non-
linear static and dynamic analysis;

2. Implementation of the 3D VFS model into OpenSees;

3. Partial processing of the experimental results and preliminary validation of the developed
numerical model, using the results of the available experiments;

4.  Development of a Direct Displacement-Based Design procedure for structures isolated via VFS;

5.  Validation of the proposed design method via extensive parametric study conducted on Single-
and Multi-degree of freedom (SDOF and MDOF) (involving > 1,000,000 non-linear time history

analysis);

6. VFS performance evaluation via extensive parametric study conducted on Single- and Multi-
degree of freedom (involving > 1,000,000 non-linear time history analysis);

7. Investigation of using VFS as passive adaptive devices via parametric study conducted on Multi-

degree of freedom systems.

The research activities listed above are described in more detail in the following of this section.

2.1.4 Development of a 3D VFS numerical model

The VFS numerical model was developed based on the bi-directional plasticity model traditionally used
to represent the hysteretic behaviour of the single Friction Pendulum (FP) bearing. This plasticity model
was adapted and used to implement the response of VFSs. To this end, the “yield force” term present
in the FP model was modified in order to account for the fact that in a VFS the “yield force” is a function
of the radial position of the sliding pad.

To deal with the bearing response in the horizontal directions, an iterative procedure was implemented
for state determination (evaluating shear forces and tangent stiffness matrix given horizontal
displacements of the sliding pad). Initial evaluation of the “yield” strength, for the circular interaction
surface is needed based on the bearing absolute velocity, the force normal to the sliding surface (which
depends on the selected friction model), and the position of the sliding pad. This was done using a
numerical return-mapping algorithm for state determination of a rate independent plasticity model.

The VFS model developed accounts for complex aspects of the bearing response, such as simultaneous
influence of velocity and axial force on the coefficient of friction, and vertical-horizontal coupling effect
due to the geometric radius of curvature.
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2.1.5 OpenSees implementation

The VFS model briefly described above was developed and implemented based on the framework of
the original Single Friction Pendulum Bearing Element that is readily available in OpenSees.

Figure 35 and Figure 36 show a schematic view of the VFS element and the implementation algorithm,
respectively. These systems are treated as two-node elements, in which one node represents the
concave/at sliding surface and the other represents the sliding pad. The element can have zero length
or it can be assigned the actual bearing height by depending the nodal coordinates to corresponding
values.

Various modelling options are available but not reported here for the sake of brevity.

Figure 35: Schematic drawing of the Variable Friction Pendulum element in OpenSees.
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Figure 36: Algorithm for VFSs implementation into OpenSees
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2.1.6 Partial processing of the experimental results and preliminary validation of
VFS model

The results of the experimental program described above were processed and used to provide some
initial validation of the VFS theoretical behaviour and of the numerical element described above.

Some of the comparisons between experimental responses and numerical predictions were shown
earlier. Overall, the numerical predictions were in good agreement with the experimental results. The
preliminary results obtained are very promising and suggest that the numerical element developed can
adequately capture the mechanics of the VFSs tested, in the context of time history analyses. However,
more experimental evidence is needed (including 3-D testing) before definitive conclusions can be
drawn.

At this stage of the work, the VFSs were modelled using a velocity-dependent friction model while
pressure-dependency was neglected because the axial force remained approximately constant
throughout the tests. The relationship between the sliding velocity and the coefficient of friction used
was:

p(v) = pmax X (1 — (1 — fI,)e™*")

where [(v) represents the coefficient of friction as a function of sliding velocity, Umax is the coefficient
of friction at high sliding velocity, [, is the ratio between the coefficient of friction at slow sliding
velocity and Umax, @nd a is a constant describing the transition rate from low to high sliding velocity
regimes. Past studies suggest that the value of the coefficient a can range from 20 sec/m to over 100
sec/m depending on the sliding material utilized. In the present work, it was found that setting a equal
to 20 sec/m provided the best match between the experimental results and the numerical predictions.
The parameter i, was set equal to 0.5, which is consistent with past studies.

2.1.7 Development of a Direct Displacement-Based Design procedure for
structures isolated via VFS

A direct displacement-based design method was implemented for VFSs. As an example, this design
method is summarized in Figure 37 (alongside the design Equations, reported in Figure 38), for Adaptive

VFSs isolating a flexible SDOF structure. Analogous approaches have been developed for VFSs isolating
different types of MDOF structures.
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Figure 37: Adaptive VFS Design Flowchart

Figure 38: Adaptive VFS Design Equations

It should be noted that damping of VFSs is represented using Equivalent Viscous Damping (EVD), which
is based on Jacobsen’s equivalence between the energy dissipated in a cycle of the system and the
energy dissipated by an equivalent viscous system. In order to validate the expression for use in design,
a suite of over 600,000 NLTHAs was conducted and compared to equivalent EVD values. Reasonably
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good agreement between the equation and analysis data was found (see Figure 39), thus Eq. (18) was
used in the AVFS design process.

Figure 39: Equivalent Viscous Damping of AVFS

2.1.8 Validation of the proposed design method via extensive parametric study

In order to test the reliability of the design approach developed, several parametric studies were
conducted that involved more than 1,000,000 non-linear time history analyses.

For instance, one of those studies involved two sets of VF devices that were designed for the demand
of 5 different US cities: one set for rigid structures, and one set for flexible. Each city had 20 far-field
ground motions (10 pairs). The VFS bearings were designed to achieve desired performance under the
DBE and MCE design levels.

The results from all devices (pertaining to this particular study) normalized by their respective design
values can be seen in Figure 40.

Each boxplot represents a device design, with the thick horizontal black line representing the mean of
the 20 NLTHA for that device, the error bars showing maximum and minimum values, and the dots
representing outliers. It can be seen that, on average, both displacements and forces are overall well
predicted (yet somewhat conservative).

Figure 40: Design vs. NLTHA for Rigid and Flexible SDOF Systems
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2.1.9 VFS performance evaluation via extensive parametric study

Several case-study structures were analysed to evaluate the performance of VFSs in the context of
protecting structures against the effects of earthquakes. Overall, the results collected showed that,
VFSs can be used to reduce the maximum base shear and the maximum displacement at the bearing
level, while maintaining the residual displacement within reasonable ranges.

One of the many case-study structures considered is outlined in Figure 41 as an example. The case
study structure reported here consists of a 2D, base-isolated, steel moment resisting frame with a
constant bay width of 30 feet and a constant story height of 13 feet.

Figure 41: Three-story steel moment resisting frame

A set of VFSs with different characteristics were designed following the approach briefly described
earlier, to enhance the seismic performance of the case-study structure. Their hysteretic responses are
outlined in Figure 42.

Figure 42: Theoretical true hysteretic behaviour of VFSs under (a) interior, (b) exterior columns

Some of the key results of the analyses are illustrated in Figure 43. Performance comparisons between
VFSs with different B values are provided in terms of maximum base shear, maximum displacement,
and normalized residual displacement (with respect to the maximum displacement).
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Figure 43: (a) Maximum base shear comparison; (b) maximum displacement comparison; (c) normalized

residual displacement comparison; (d) example hysteresis

A 3-D case study structure, as shown in Figure 44, is also presented in this report. The case study
structure is a 3D steel moment resisting frame with a constant bay width of 12 feet and a constant story
height of 12 feet, selected from OpenSees (2016) library.

Four VFS sets characterized by B values ranging from -1.0 to 0.5 (increment of 0.5) were designed to
match the backbone force-displacement response of the “baseline” isolators (i.e. Friction Pendulum
Systems). Their theoretical hystereses are shown in Figure 44 (b).
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Figure 44: (a) 3D view of the five-story-one-bay structure in OpenSees Single Friction Pendulum Bearing

Element example; (b) theoretical hysteretic behaviour of VFSs
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Some of the key results of the analyses are summarized in Figure 45. Performance comparisons
between VFSs with different B values are provided in terms of maximum base shear, maximum
displacement, and normalized residual displacement (with respect to the maximum displacement). An
example set of displacement trajectory comparison among different VFSs (with the same ground
motion) are shown in

Figure 46. The stars and circles in

Figure 46 indicate where the residual displacements and maximum displacements occur, respectively.
In

Figure 46, the colour of the curve changes from light grey to black as an indication of time.

Figure 45: Comparison of maximum displacement, maximum base shear, and normalized residual
displacement for 3D analyses

p=-1 p=0 p=1
10 10 10
% 0
5 5/ 5 ‘_ 5
£ £ =
~. 0 -~ 0 ~. 0
o o / fae]
5 -5 5
-10 -10 -10 o
-5 0 5 -5 0 5 -5 0 5
g ,in 4 ,in §_,in
X X X

Figure 46: Example bearing trajectory comparison from 3D non-linear time history analyses

2.1.10Investigation of using VFS as passive adaptive devices

Variable Friction Pendulum Systems can also achieve adaptive behaviour under multiple seismic hazard
levels. The results in this study show that, when designed to achieve the same maximum slider
displacement under MCE level hazard, VFS isolated structure can achieve lower peak inter-story drift
and peak floor accelerations under SLE and DBE level events.

Case study structures include 3- and 9-story steel braced frames isolated with VFS and FPS
characterized by various equivalent natural period values and damping levels. For brevity, the case for
the 3-story structure equivalent natural period equals to 3 second and equivalent damping ratio equals
to 25% is shown here.
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As shown in Figure 47 the median demand hazard curves, when designed to have the same maximum
slider displacement at MCE level hazard, AVFS achieves approximately 15% reduction in both peak
inter-story drift and peak floor acceleration at both SLE and DBE levels.

Figure 47: Median demand hazard curves for peak inter-story drift, peak floor acceleration, and peak
slider displacement for three-story isolated buildings on adaptive variable friction pendulum systems
and friction pendulum systems

Variable Behaviour Double Curved Surface Sliders (VF-DCSS):

This part of the report contains information regarding the testing campaign and evaluation of the
results of variable behaviour double curved surface sliders (VF-DCSS). While the concept is similar to
the VFP, the achievement is done differently and the stability of the response turned out to be
significantly higher for VF-DCSS according to the hybrid tests. For these reasons, notwithstanding the
higher complexity of the system, the last part of the experimental campaign was focused on the latter
technology.

Two prototypes with different frictional properties have been designed, manufactured and tested. The
geometrical properties of both prototypes are the same and shown in the section view provided in
Figure 48. In the first prototype device, lubricated and dry friction materials are used, resulting a large
gap between friction coefficients and non-simultaneous motion throughout the complete cyclic
motion. In the second prototype device, two different dry friction materials which have less friction
coefficient difference is used. Simultaneous motion is expected on the second prototype device.

The parametric hysteretic behaviour of the articulated double-surface variable base isolation devices is
shown in Figure 49.
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Figure 48: Section view of the prototype VF-DCSS devices

Figure 49: Parameters used to obtain the 1-D modelling equations of VF-DCSS

In Figure 49,

di: The displacement of the primary surface only. This is based on the fact that the motion occurs only
on the primary surface until the breakaway force of the secondary surface is reached.

d2: The displacement that is reached when the intermediate element hits the wall of the backing plate.
dmax: Displacement capacity of the device.

F1=Wui: Breakaway force of the primary sliding surface

Fo=Wuz: Breakaway force of the secondary sliding surface

Fs: The horizontal force reached when the intermediate element hits the wall of the backing plate, just
before hitting the wall.

F4: The horizontal force after the jump caused by the hit.

Fmax: The maximum horizontal force expected on the device.

Firstly, calculation of d; is given in Equation 1.

diy = Ry(uz — 11) (1)
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Using Equation 2, the displacements on the sliding surfaces until the intermediate element hits the wall
of the backing plate are calculated as provided in Equation 3.

AF; = Ad; 2-and AF; = Ad; = (2)
1 2

where,
AF;and AF;: Unit change of horizontal force on the primary and secondary sliding surfaces
Adiand Ad;: Unit displacement change on the primary and secondary sliding surfaces

Ad, = Ad R, (3)
2 1R1

For the relative displacement on the primary surface, Ads, the relative displacement on the secondary
surface, Ad, is calculated. As a result, the total displacement until the intermediate element hits the
wall of the backing plate, d2, is obtained.

The horizontal forces are calculated by considering the post-yield stiffness (i.e. W/R) for each motion
phase. The force increase in the jumping point is calculated as given in Equation 4.

Fy—F3 =W(u; — 1) (4)

In Figure 50, the VF-DCSS force and displacement response in hybrid test # HT8 116 (PGA = 2g) is
shown. The increase of friction and simultaneous curved surface radius reduction can be clearly
appreciated for relative displacements higher than 190 mm.
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Figure 50: Variable-friction DCSS response in test HT8 116, PGA = 2g

21 dynamic and 117 hybrid tests have been performed on the prototypes. Several of those test results
have been chosen, presented and discussed in this part of this report.

The test results of the first and second prototype devices are presented in Figure 51 and Figure 52,
respectively, with their corresponding expected theoretical behaviour.
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(b)

Figure 51: Experimental and theoretical hysteretic behaviour during dynamic (a) and hybrid (b) testing
of the first articulated double-surface variable base isolation device prototype
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Figure 52: Experimental and theoretical hysteretic behaviour during dynamic (a) testing and
experimental behaviour during hybrid (b) testing of the second articulated double-surface variable base
isolation device prototype
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2.1.11 Conclusions and outlook

Evaluation of the results and the possible future studies according to the test results are summarized
in this part of the report.

Considering the results presented in Figure 33 and Figure 34, it can be stated that the actual test data
is almost a perfect match with the theoretical behaviour. The behaviours of the prototype devices are
consistent in all of the tests. The maximum horizontal force, the displacement values at which the
activation of movements in the first and the second sliding surfaces occur and post-yield stiffness values
are almost the same for the entire testing campaign, in both quasi-static benchmark tests and the
hybrid tests. It can also be concluded that the sliding velocity does not change the behaviour and the
characteristics of this device.

During the hybrid tests of the first prototype, it is observed that the motion phases are well-separated.
It is expected since the friction coefficient difference is very high in the first prototype. In the second
prototype, the behaviour is more complex since the motion phases are not separated completely and
simultaneous movement occurs on the sliding surfaces. This was also predicted before the tests and
the modelling was performed accordingly. It can be concluded that the characteristic properties of the
articulated double-surface variable base isolation devices (or VF-DCSS) can be designed for different
performance levels for each project. This would allow a more sophisticated design and performance
for the base isolation systems. However, in order to make this estimation correctly, it is essential to
develop in advance modeling equations.

Although the 1-D theoretical model seems to be matching with the actual test results well, it is not
possible to estimate the exact behaviour of the device at each time step during the time history analysis.
Therefore, it is required to develop a more detailed and sophisticated theoretical model that allows
behaviour prediction at each time interval during time histories and valid for any movement in 2-D
motion plane of the device.

If the final location of the articulated intermediate element is investigated, it is seen that the
intermediate element is not at the centre at the end of most tests. It is also observed that location of
the intermediate element is highly correlated with the ground motion property. This indicates a
possible problem of re-centering for articulated double-surface variable base isolation devices.

When the friction coefficient difference is too much between dry and lubricated friction materials, the
jumps on the horizontal force is observed to be high, which may have a negative impact on the
superstructure due to sudden increase of the horizontal force and accelerations during the ground
motion. In order to reduce this effect, it is possible to reduce the difference between friction
coefficients and/or change the geometrical properties of the sliding surfaces. In any case, effect of
impact force on the superstructure could not be captured in the hybrid testing campaign and needed
to be evaluated within a more advanced analysis.

These results shall be considered preliminary and it shall be noted that more tests need to be performed
in the future within the scope of this study so that the real behaviour of articulated variable friction
devices would be captured accurately and the proper seismic design of the devices can be done.
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2.2 Project #18 —SEismic Response of Actual steel SILOS (SERA-SILOS)
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2.2.1 Introduction

The structural design of steel silos containing granular material represents a challenging issue. They
differ from many other civil structures since the weight of the silo structure is sensibly lower than the
one of the ensiled particulate material and, in case of earthquake ground motion, the particle-structure
interaction plays a fundamental role on the global dynamic response. The complex mechanism through
which the ensiled material interacts with the silo wall has been studied since the XIX century.
Nonetheless, several issues are still to be addressed and structural failures still occur in the filling and,
especially, the discharge phases as well as during strong ground motions. Both metal and concrete silos
are known for their relatively high failure rate, a state of affairs due partly to the complexity of the
structural response but also to the significant uncertainty inherent in the loading assessment. In
particular, silos are known to frequently fail or be seriously damaged during large earthquakes, such as
during the 1974 Lima (Peru), the 1987 Edgecumbe (New Zealand), the 1999 Chi-Chi (Taiwan) and the
2003 Zemmouri (Algeria) earthquakes [1].

The seismic assessment of such silos focuses on the estimation of the quasi-static horizontal forces
generated on the silo wall by the ensiled mass. In this respect, the seismic design of silos is usually
performed on the basis of the identification of an "effective mass", which interacts with the silo wall
under seismic excitation, that is, the fraction of the total ensiled mass supported horizontally by the silo
wall.

For flat-bottom circular silos, the EN 1998-4 [2] considers an effective mass equalling roughly 80% of
the total ensiled mass, according to the research works by Rotter and Hull [3] and the analytical studies
by Younan and Veletsos [4,5], balanced by the horizontal actions provided by the silo wall. However,
there is strong evidence that this formulation is too conservative [6,7]. By means of extensive numerical
simulations, Holler and Meskouris [8] showed that, while for slender silos the Eurocode 8 provisions
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provide a reasonable performance indicator, for squat silos a more appropriate (with respect to that of
EC8) effective mass should be considered.

Starting from the widely adopted classical approach of Janssen [9,10], Silvestri et al. [11,12] studied
analytically the load imparted by an incompressible ensiled content under constant horizontal
acceleration confined in a flat-bottom cylindrical container. The theory was developed by simulating
the earthquake ground motion with time-constant vertical and horizontal accelerations and was carried
out by means of simple dynamic equilibrium equations that take into consideration the specific mutual
actions developing in the ensiled granular solid (in particular, horizontal and vertical shear forces). The
findings indicated that in case of squat silos characterized by low but typical height to diameter aspect
ratios, the portion of the granular solid mass that interacts with the silo walls turns out to be noticeably
smaller than the total mass of the granular solid in the silo and the effective mass adopted by Eurocode
8.

The theory has so far been validated only on shaking-table tests [13] performed in the Bristol EQUALS
lab on a small-scale Plexigass cylindrical specimen with different heights of the ensiled material (about
0.5 mm diameter Ballotini glass) and different values of the particle—wall friction. The results indicate
that for squat flat-bottom silos, the effective mass is indeed lower than the Eurocode specification,
suggesting that the specification is overly conservative and that the particle-wall friction coefficient
strongly affects the overturning moment at the silo base [13]. These findings are also consistent with
the numerical results obtained by Holler and Meskouris [8] with reference to FEM models of real silos
under earthquake excitation. Experimental verification on a full-scale actual silo specimen is thus
desirable.

In this respect, a wide shaking-table experimental campaign was carried out at the EUCENTRE lab in
Pavia (Italy) between February and March 2019 on a full-scale flat-bottom manufactured steel silo filled
with soft wheat, considering both fixed-based and seismically isolated-base conditions.

2.2.2 Test specimen

A flat-bottom cylindrical silo placed on a r.c. plate has been tested in both fixed-base and isolated-base
configurations. It is the smallest actual silo manufactured by the Italian company AGI-EMEA (ex AGI-
FRAME) (Figure 53).

The total height including the inclined roof is H = 5.5 m and the radius is R = 1.82 m. The silo wall is
realized by 5 stripes of horizontal corrugated sheets (ferrules) with thickness equal to 1 mm. Each strip
is high 881 mm. The silo wall is supported by 8 vertical stiffeners characterised by a hat-shaped thin
open cross-section which changes in thickness along the height (from the top to the bottom: 1.5, 2, and
3 mm). Ferrules and stiffeners are made of S350GD steel with Z450 galvanization. The stiffeners are
connected to the silo wall by M10 (class 8.8, hot galvanized) 70mm-spaced bolts. The silo roof is made
by 16 inclined metal sheets.

The silo is filled with soft wheat up to a 3.3 m height, in order to reproduce an aspect ratio H/2R roughly
equal to 1 (squat silo). Specific weight of the used wheat is 8.04 kN/m3; grain-grain friction coefficient
and pressure ratio are tentatively estimated to be around 0.55 and 0.60, respectively, but specific tests
are currently under development.

The weight of the steel silo itself is around 12 kN, the amount of granular solid is around 285 kN, the
weight of the 4.8 m x 4.8 m x 0.4 m r.c. plate is 230 kN; leading to a total weight of 527 kN.
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The isolators put between the table and the r.c. plate are Curved Surface Sliders friction pendulum
devices manufactured by the MAURER company (Germany) in order to obtain a 3 s period of vibration
(radius = 2.2364 m, max allowable displacement = 0.2 m).

Figure 53: Tested silo

2.2.3 Analytical predictions and numerical models

In the test design phase, analytical formulations have been applied and numerical models have been
developed to provide estimations of the static pressures and dynamic overpressures produced by the
granular material onto the wall of the silo and of the fundamental frequency of the "filled-silo system".

Regarding the analytical formulations available in the scientific literature, (i) the Eurocode provisions
[2], (ii) the Silvestri et al. (2012) [11] theory and (iii) the Pieraccini et al. (2015) [12] theory (that provides
a refinement version of the previous one) have been considered. For the static pressures, the first
and the third formulations make use of the Janssen exponential model that fully exploits the
grain-wall friction coefficient, while the second one considers a more conservative linear
("geostatic") model corresponding to the Taylor’s 1forder expansion of the Janssen model
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function. For the dynamic overpressures, the EC formulation considers an effective mass equalling
roughly 80% of the total ensiled mass, whilst the second and the third formulations, accounting
for the mutual actions in the ensiled granular solid (specifically: horizontal and vertical shear
forces), lead to a smaller effective mass for squat silos.

Regarding the numerical models, three Finite Element models have been developed using SAP2000
software: (i) a coarse isotropic model, (ii) a geometrically refined model, and (iii) an orthotropic ferrule
model. In all cases, the cylinder was created starting from 48 equally-distributed radial points (every
one spanning an angle equal to 7.5°). The first coarse model (Figure 54a) has been built with plain shell
elements for the wall, beam elements for the stiffeners placed in contact with the sheets with respect
to their centroids and a simplified roof shape. On the other hand, the refined model (Figure 54b) is
characterised by shell elements carefully detailed to represent the actual corrugated geometry of the
wall (wavelength equal to 70 mm), carefully detailed, beam elements for the stiffeners that are placed
in their real position accounting for the eccentricity between their centroids and the wall (stiffeners are
bolted to the wall in their web), a roof shaped in accordance with its geometrical section. Finally, the
orthotropic ferrule model (Figure 54c) makes use of the coarse model geometry but shell elements are
characterised by equivalent orthotropic stiffness parameters, as defined in EN1993-4-1:2002. For each
model, the granular solid effects have been considered in two different ways: (i) using brick elements
considering the ensiled content as elastic material (Young modulus tentatively assumed equal to E =
2.3 MPa), and (ii) using joint loads determined according to the three above-mentioned pressures
formulations.

Asillustrative example, Figure 55 reports the predicted profiles of the total (static + dynamic) horizontal
pressure exerted by the granular solid onto the silo wall, in case of base input acceleration equal to
0.52g, as obtained using both the analytical formulations and the FE orthotropic ferrule model with
elastic granular material as subjected to an artificial earthquake ground motion.

The fundamental frequency of the system has been estimated from the different FE models, as well as
by means of three prediction methods proposed by Pieraccini et al. (2017) [14], that are all based on
the modelling of the silo as an equivalent shear-flexural cantilever beam with an applied mass equal to
the mass of the silo structure plus the seismic effective mass of the ensiled content: a fully analytical
formula, an approximate code-like formula for steel silos containing common grain-likematerials, and
a FE modelling technique. Figure 54c presents the shape of the first mode of vibration as taken from
the FE orthotropic model, while Table 8 summarizes the predictions of the fundamental frequency.
Inspection of Table 8 shows that the FE models with elastic granular material provide the smaller values
of the frequency, since they consider the whole mass in motion. The Pieraccini et al. (2017) analytical
formulations show the largest values. The numerical model built according to the Pieraccini et al. (2017)
suggestions and considering the Eurocode 8 effective mass gives a value smaller than the same model
considering the effective mass of the Pieraccini et al. (2015) theory, since the effective mass in motion
of the latter is near the half of the former.
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(a) (b) ()

Figure 54: Numerical FE models: (a) course model: global view and details, (b) refined model: global
view and details, (c) shape of the first mode of vibration of the orthotropic model

Figure 55: Predicted profiles of the total horizontal pressure exerted by the granular solid onto the silo

wall
Type of model | Model f1 [Hz]
Numerical Coarse isotropic FE model + elastic granular material (E=2.3 MPa) | 7.10
Numerical Refined FE model + elastic granular material (E=2.3 MPa) 7.09
Numerical Orthotropic FE model + elastic granular material (E=2.3 MPa) 7.08
Analytical Pieraccini et al. (2017) approximated code-like formula 30.21
Analytical Pieraccini et al. (2017) rigorous formula 22.57
Numerical Pieraccini et al. (2017) FE model with EC8 effective mass 9.66
Numerical Pieraccini et al. (2017) FE model with BEE2015 effective mass 15.27

Table 8: Prediction of the fundamental periods of vibration and frequency for the "grain-silo" system

2.2.4 Test setup: instrumentation and setup

Several sensors have been used to monitor the static and dynamic response of the filled-silo system,
including:

e 15 uniaxial accelerometers, placed at different heights of the silo, to reproduce the acceleration
profile and to gain information regarding the dynamic amplification of the dynamic system (Figure
56a);
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e 6 triaxial accelerometers inside the granular solid: 4 placed at different heights in the middle of the
stored wheat and 2 close to the internal wall of the silo in correspondence of stiffener #8 (Figure
56a);

e 24 strain gauges on the external surfaces of the stiffeners and sheets;

e 14 gauges at level 0.42m from the r.c. plate, placed vertically on the stiffeners #4, #5, #6, #7 and
#8 (Figure 56d);

e 4 gauges at level 0.49 m, which is higher than the first level by the height of the corrugation wave,
placed vertically on both stiffeners #7 and #8;

e 4 gauges at level 1.50 m from the r.c. plate on both stiffeners #4 and #8 in vertical direction;

e 1 strain gauge at level 2.50 m from the r.c. plate on the stiffener #8 in vertical direction too;

e 1 gauge placed horizontally on the sheet wall at level 0.42 m from the r.c. plate;

e 4 oad cells (Figure 56b) installed on the internal side of the wall at two heights of the silo near the
stiffeners #4 and #8 (the ones aligned to the input motion) in order to measure the horizontal
pressures between the wheat particles and the wall. Cells 1 and 2 are placed at the base level at
0.42 m from the r.c. plate, while cells 3 and 4 are placed at the product mid-height level at 1.50 m
from the r.c. plate;

e 4 vertical graduated bars on the top internal side of the silo to measure the height of granular
material (Figure 56e);

e 8 LVDT displacement transducers to get the relative motion between the r.c. plate and shaking
table (2 horizontals along the input direction and 2 horizontals along the orthogonal direction, and
4 vertical) for the isolated-base case.

In addition, an optical system (10 High Definition video-cameras + 70 markers) to monitor the
displacements of stiffeners #4, #5, #6, #7 and #8, wall, roof, r.c. plate and shaking-table (Figure 56c).

Figure 56: (a) Accelerometers (b) Load cells (c) Markers (d) Strain gauges (e) Graduated bars
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More than 250 dynamic tests have been carried out considering different types of input at the shaking
table level. White-noise random signals have been applied to obtain the basic dynamic properties of
the filled-silo system. Low-frequency (namely, 1 and 2 Hz) sinusoidal inputs have been then used. Using
low-frequency input allows to achieve a large duration for which the acceleration can be reasonably
considered constant in time (around the peak of the sinusoid). Furthermore, three earthquake records
were considered as input for the table, the first one is an artificial earthquake record (al), while the
second (rs1) was a real record of Campano Lucano earthquake (Irpinia, Italy, 23/11/1980) which was
identified as a “far-from-resonance frequency content” input for the tested silo. In the contrary, other
real record (rs3) of Kalamata earthquake (Greece, 13/09/1986) was identified as a “close-to-resonance
frequency content” input. Finally, sinusoidal tests at constant amplitude and increasing frequency have
been carried out. Table 9 lists all the performed tests.

FIXED-BASE ISOLATED-BASE
Peak Table Test Type of Peak Table Test Type of
Acceleration Number signal Acceleration Number signal
0.07g 1 random 0.05g 148-165 random
2-9 sin 0.5 Hz 0.10g 166-168 al egke
10-13 rs1 egke 0.30g 169-170 random
0108 14-16 al egke 0108 171-174 | al egke
17-19 rs3 egke 0.20g 175-179 al eqgke
0.15g 20-21 random 0.15g 180-182 random
22-26 sin 1 Hz 0.30g 183-187 al eqgke
29-31 rsl egke 0.20g 188 random
0.20g 32-34 al egke 0.40g 189-193 al eqgke
35-38 rs3 egke 0.45g 194 al egke
39-40 random 0.50g 195 al egke
41-45 sin1Hz 0.55¢g 196 al egke
030g 46-48 rs1 egke 0.20g 198-200 random
49-51 al egke 0.10g 201-205 rs3 egke
53-55 rs3 egke 0.20g 206-210 rs3 egke
56-59 sin1Hz 0.30g 211-215 rs3 egke
0.40g 60-62 rs1 egke 0.40¢g 216-220 rs3 egke
63-66 al egke 0.45¢g 221 rs3 egke
67-69 rs3 egke 0.50¢g 222 rs3 egke
71-76 sin 1 Hz 0.55¢g 223 rs3 egke
0.50 g 77-80 rsl egke 0.10g 224-227 rsl eqgke
81-83 al egke 0.20g 228-232 rsl eqgke
84-86 rs3 egke 0.25g 233 rs1 egke
0.07g 88-89 random 0.30g 234-235 rsl eqgke
0.15g 90-91 random 0.35g 236 rsl egke
0.20g 92-93 random 0.10g 238-242 pulse
0.25g 94-96 random 0.20g 243-247 pulse
0.10g 97-101 sin 0.5 Hz 0.30g 248 pulse
0.20g 102-106 | sin 1 Hz 0.10g 249-253 | sin 0.7 Hz
030¢g 107-111 sin 1 Hz 254-256 | sin 0.6 Hz
040¢g 112-116 | sin 1 Hz
0.50g 117-121 sin 1 Hz
122 rs3 egke
123 rs1 egke
0-60¢ 124 rs3 egke
125 al egke
0.10g 126-129 | sin5Hz
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130-134 sin 6 Hz
135-139 sin 7 Hz
140-145 sin 8 Hz

Table 9: List of the performed shaking-table tests

2.2.5 Observation during testing

During the filling of grain into the silo, attention has been paid to horizontal pressures and strains. As
illustrative examples, Figure 57 shows the pressure values captured by the four load cells and Figure
58a shows the strain values measured in three different points of the cross section (Figure 58b) at the
base (42 cm from the r.c. plate level) of the stiffener #8. The eccentricity (even if classified “small” with
respect to EN1991-4 19) caused by the filling procedure determined a non-synchronous activation of
the load cells. At the base level (z= 42 cm) cell 2 loaded earlier than cell 1 on the other side. The same
occurred at the grain mid-height level (z=150 cm): cell 3 loaded earlier than cell 4. Since the wheat was
introduced using three trucks with unknown flow rates, it is not possible to fit the filling phase record
with any pressure profile. However, if a uniform flow rate is assumed (so that time uniformly
corresponds to height), from a qualitative point of view, the plot is consistent with the Janssen (1895)
static pressure model [9].

Moreover, the strain plots of the gauges on the stiffener #8 clearly indicate that the two monitored
points on the web (channels 35 and 36) present the same strain value, whilst the point on the flange
(channel 37) presents a different one, as it could be expected considering a combined axial-flexural
response of the stiffener. Local stresses, as simply obtained using the Hooke’s law, in the stiffeners at
the end of the filling process are around 30-50 MPa. Also, the strain plots highlight an oscillatory
behaviour (with a period of about 8 min) of the stresses in the stiffeners, probably due to some periodic
grain slip related to the corrugation waves of the silo wall.
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Figure 57: Static pressure values as recorded by the four load cells during filling phase
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Figure 58: (a) Strain values registration at the base of stiffener #8 during filling phase. (b) Stiffener

cross-section with the strain gauges positions

During the whole experimental campaign (from the filling day, 20-Feb-2019, up to the final day of the
tests, 5-Mar-2019), it was possible to record the static pressures produced by the grain on the silo wall
in four points. Figure 59 displays the static pressure values as captured by the four load cells before
each single test. Many interesting issues have been noticed and are still under study. The initial
pressures at the end of the filling day are not symmetrical (cell 2 provides a larger value than cell 1, and
the same for cell 3 with respect to cell 4) as expected, due to non-concentric filling. The dynamic tests
started after five days, during which cell 2 recorded an increase in the pressure, cell 3 a decrease, whilst
cell 1 and 4 (on the other side) showed no significant changes. During the first dynamic tests, cells 1
and 2 at the lower level tended to reach similar values, close to the linear (geostatic) pressure model
prediction: pp 1, = K-y -2z;_, = 0.55 x 8040 N/m3x 2.88m = 1.27 N/cm?. The same occurred
for cells 3 and 4 at the higher level: pp3_4 =K'y -z3_4 =0.55x8040 N/m3*x1.80m =
0.79 N/cm?. Generally speaking, dramatic changes in the static pressure values have been observed
(e.g. high-intensity random vibration may switch the maximum pressure from one side to the other side
of the silo). Moreover, a considerable drop in the pressure values occurred during the rest day (28-Feb-
2019) necessary to switch from the fixed-based (FIX) to the isolated-based (ISO) configuration.

Figure 59: Static pressure values as recorded by the four load cells before each single test
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During the dynamic testing phase, the experimental frequencies have been obtained from the response
of the silo as subjected to white-noise random signals for various peak table acceleration levels. The
system transfer function has been obtained as the square root of the ratio of the periodogram (which
is an estimate of the Power Spectral Density, using Welch method with Hamming windows) of the
acceleration signal registered at a given level divided by the periodogram of the table acceleration
signal. Table 9 collects the frequencies as evaluated both before and after grain compaction.
Compaction appeared for table accelerations larger than 0.5 g (tests n. 71-83), almost consistent with
the value of the internal friction coefficient of the granular solid (around 0.55): the solid free-surface
has been kept monitored during the tests by visual method and four vertical graduated bars. It can be
noticed that the fundamental frequency of the filled-silo system depends on both the acceleration and
the compaction level: it decreases with increasing acceleration (more “effective mass”) and it increases
with increasing compaction (higher stiffness provided by grain material). Note that, in order to obtain
a fundamental frequency of about 11 Hz with the orthotropic FE model in which the ensiled content is
modelled as an elastic material, an equivalent Young modulus of about E=6.5 MPa should be used for
the ensiled content.

Peak Table First set of tests Second set of tests

Acceleration before grain compaction after grain compaction

RND Test N. f (Hz) Test N. f(Hz)
0.07g 1 10.8 88; 89 12.3
0.15¢g 20; 21 10.0 90; 91 11.3
0.20¢g 39; 40 10.3 92;93 10.7
0.25¢g - - 94; 95; 96 10.7

Table 10: Experimental frequencies

[llustrative plots of the estimate of the Power Spectrum Density of the input signal (accelerometer n. 1
on the r.c. plate) and of the output signal (accelerometer n. 13 on the stiffener at height 2.85 m) are
reported in Figure 60a, as obtained for the 0.15g random input test (tests n. 90-91). Figure 60b
compares the square root of their ratio, i.e. the module of the transfer function of the filled-silo system
(red colour), with a first rough approximation of the module of the transfer function, as obtained by
simply dividing the FFTs of the two signals (black colour).

Similarly, it is possible to obtain the transfer functions of the system considering the recorded signals
at different heights. Figure 61a and b show that the dynamic amplification increases along the height
of the silo and decreases with the input acceleration level, due to a simultaneous increase in the
damping ratio. From the transfer function amplitude of the filled-silo system, a rough indication on the
damping ratio can be inferred: if a maximum amplification around 4 is considered for the resonance
frequency, then a damping ratio around 12% is obtained.
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Figure 61: Transfer functions of the system, as obtained for two earthquake tests: (a) rs3 0.1g, (b) rs3
0.6g

2.2.6 Preliminary results

Interpretation of the huge number of data recorded during the experimental shaking-table tests is still
under development. Hereafter, selected preliminary results are presented.

As far as the dynamic amplification of the filled-silo system is concerned, Figure 62 displays the so-
called Peak Acceleration Profiles, as they collect the maximum accelerations measured at different
heights of the silo wall, for two types of signal: 1 Hz sinusoidal and rs3 earthquake for several tests with
different Peak Table Accelerations (PTA). It can be noticed that the response of the filled-silo system is
substantially not affected by dynamic amplification for the sinusoidal input (Figure 62a), whilst a slight
amplification (1.3-1.5 at the top-surface level of the ensiled material, and 1.4-1.8 at the base roof level)
is observed for the rs3 earthquake (Figure 62b) which is a “close-to-resonance frequency content” real
record. Again, the dynamic amplification seems to decrease for increasing PTA from 0.1g to 0.4g. This
may be ascribed to a higher damping ratio provided by the granular solid.

As far as the pressures exerted by the grain on the silo wall are concerned, the following Figure 63a and
b report the total (static + dynamic) pressure values measured by the four load cells placed at two
heights of the silo wall, for the 0.3g 1 Hz sinusoidal and for the 0.3g rs3 earthquake input, respectively.
Figure 64a and b compare the dynamic overpressures measured at different acceleration levels for the
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1 Hz sinusoidal and the rs3 earthquake inputs. It can be noticed that the measured dynamic pressure
values increase from the top to the bottom of the silo, somehow following a linear profile.

1 Hz sinusoidal input after compaction: external accelerometers
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Figure 62: Peak Acceleration Profiles and dynamic amplification factors for (a) 1 Hz sinusoidal input and
(b) rs3 earthquake input
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Figure 63: Horizontal total (static + dynamic) pressures measured by the four load cells during two tests
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Figure 65a shows the dependence of the dynamic overpressure profile on the nominal PTA for the al
artificial earthquake input. It can be noticed that the dynamic pressure increases almost linearly with
the acceleration level, with a change of slope for acceleration values around 0.5g, corresponding to the

internal friction coefficient of the granular solid.

Figure 66 displays the displacement profile, measured with HD video-cameras, at the time instant for
which the displacement of the marker positioned at the grain level on the silo stiffener (the red one in
Figure 66) is maximised during the 0.5g rs3 earthquake input. The maximum displacement value at the
roof level is around 2 mm, whilst the maximum one at the free-surface level is around 1.5 mm.
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Figure 65: Dynamic overpressure profile with nominal Peak Table Acceleration for al earthquake input
for (a) fixed-base and (b) isolated-base
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Figure 66: Maximum positive and negative displacement profiles at the time instant of maximum
displacements at the grain free-surface level

The silo has also been tested in seismically isolated conditions, by removing the steel anchorages used
to fix the r.c. plate to the table in the first fixed-base configuration.

In this project, the dynamic properties of the overall isolation system have been evaluated, through
actual sinusoidal shaking-table tests of the isolated silo. The actuation force directly corresponds to the
isolation force response, thus directly related to the whole set of four installed devices. The results
obtained (not reported here for sake of conciseness) highlight the commonly known cyclic effect of
Curved Surface Slider devices: as the number of applied cycles increases, the frictional force response
decreases, with consequent reduction of the hysteretic energy. Initial friction coefficient is around 9%,
whilst long-lasting one around 6%.

The target mechanical frequency (0.3 Hz) of the isolated-base silo has been experimentally found from
the spectrogram built with reference to the relative horizontal displacement (along the input direction)
between the r.c. plate and the shaking-table during Test N. 196 (0.55g a1l earthquake), which is shown
in Figure 67.

Figure 67: (a) Relative displacement response between the r.c. place and the shaking-table during Test
N. 196 (b) Corresponding spectrogram
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Figure 65b shows the dependence of the dynamic overpressure profile on the nominal PTA for the al
artificial earthquake input. It can be noticed that the pressure, for inertia forces larger than the friction
forces of the Curved Surface Sliders pendulum devices (namely, for accelerations larger than 0.05 g -
0.10 g), is constant and independent of the Peak Table Acceleration. The comparison between Figure
65a and b highlights the effectiveness of base isolation in breaking down the dynamic overpressure on
the silo wall.

Figure 68a and b display the relative displacement between the table and the superstructure (silo on
the r.c. plate), i.e. the displacement developed by the isolators, for the rs1 and rs3 earthquake inputs,
both scaled at 0.3 g. Two simple 2-dofs models have been prepared to predict this maximum relative
displacement: one linear equivalent model with friction coefficient equal to 5%, and another non-linear
model with friction coefficient equal to 8%. It can be noticed that the non-linear model is capable of
well capturing the measured displacement.

Finally, Figure 69 displays the Peak Acceleration Profiles for the al earthquake input: the acceleration
that reaches the base of the silo is, in all cases, around 0.1 g, comparable with the friction coefficient
of the Curved Surface Sliders pendulum devices.
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Figure 68: Relative displacements developed by the isolators placed between the table and the
superstructure (silo on the r.c. plate) for the rs1 (a) and rs3 (b) earthquake inputs, both scaled at 0.3g
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Figure 69: Peak Acceleration Profiles and dynamic amplification factors for al earthquake input
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2.2.7 Conclusions and outlook

This document reports on the filling phase recording and several shaking-table tests on a 5.5m-high
3.64m-diameter flat-bottom cylindrical steel silo in fixed-base and isolated-base conditions. The silo is
filled in quasi-concentric way up to 3.3m height with soft wheat, in order to achieve an aspect ratio
H/2R roughly equal to 1.

Interpretation of the huge number of data recorded during the experimental shaking-table tests is still
under development. Selected preliminary results have been presented.

The horizontal static pressure distribution during the filling phase is qualitatively consistent with the
Janssen static pressure model, but quantitatively closer to the linear geostatic one (around 1.3 N/cm2
at 42 cm from the r.c. plate). As far as the dynamic results are concerned, the resonance frequency is
around 11 Hz and slightly changes according to type of signal. In particular, it decreases with increasing
acceleration (larger “effective mass”) and it increases with increasing grain compaction (higher stiffness
provided by grain material). No significant dynamic amplification has been observed for low-frequency
sinusoidal inputs. For the most demanding earthquake input (in terms of close-to-resonance frequency
content), the dynamic amplification increases along the silo height up to values around 1.5. However,
it slightly decreases with increasing acceleration, consistent with an increase in the damping ratio. The
measured dynamic over-pressures seem to linearly increase with grain depth (from the top to the
bottom) and a bilinear trend with the acceleration, with a slope-changing point for accelerations
corresponding to the range of values of the grain internal friction coefficient (0.40-0.60). Concerning
the base-isolated configuration, the analysis of the base shear response under sinusoidal acceleration
input highlights the common behaviour of friction-based isolation devices under multi-cyclic
excitations: namely, the friction coefficient continuously decreases (from 9% to 6%) due to heating
phenomena, which occur at all sliding interfaces. Overall, the isolation system significantly mitigates
both dynamic over-pressures and accelerations on the silo superstructure.

Detailed interpretation of tests results is still in progress and will be the object of future works.
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2.3.1 Introduction

Past earthquakes demonstrated the high vulnerability of industrial facilities equipped with complex
process technologies leading to serious damage of the process equipment and multiple and
simultaneous release of hazardous substances in industrial facilities. The Tang-Shan earthquake
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(Beijing, China) in 1976 seriously damaged the highly industrialized zones and coal mines in its vicinity.
The 1989 Loma Prieta and the 1994 Northridge earthquakes damaged factories and energy supply
facilities. The Kocaeli (Turkey) and Chi-Chi (Taiwan) earthquakes in 1999 damaged petroleum
complexes and thermal power stations. The 2011 Daiichi earthquake lead to the Fukushima nuclear
disaster, and more recently Emilia-Romagna (2012) damaging approximately 500 small scale factories.

The seismic behaviour of industrial facilities was intensively studied [1] with numerical models and
several component-based fragility curves were developed. In general, floor response spectra of the
primary structure are used to determine the response of installed components [2, 3]. However, this
approach does not consider dynamic interaction between the structure and the installations and thus
the effect of seismic response of the installations on the response of the structure and vice versa. Most
experimental studies described in the literature deal with specific components tests [7, 8], for instance
tests of pipe joints [4, 5], fire sprinkler piping systems [10, 11] or investigation of floor response spectra
[6]. Only a limited number of full-scale tests [9] have been conducted so far.

A variety of construction measures and techniques have been developed in order to improve the
behaviour of industrial structures and their installed components. One option is to install seismic
isolation measures [10, 12] to the overall structure or specific components. Furthermore, the isolation
of single components is an effective and well-accepted solution to decouple substructure and
components [13]. Increased effort to develop powerful monitoring systems that quickly recognize
dangerous patterns and consequences in case of seismic events are developed and coupled with
automatic shutdown devices [14, 15]. Their use, mainly focused on NPP so far, will continue to increase
with the introduction of digital building models.

The current code-based approach for the seismic design of industrial facilities is considered not enough
for ensure proper safety conditions against exceptional event entailing loss of content and related
consequences. Accordingly, SPIF project (Seismic Performance of Multi-Component Systems in Special
Risk Industrial Facilities) was proposed within the framework of the European H2020 - SERA funding
scheme (Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe).

The proposed project aims to investigate the seismic behaviour of multi-component systems in nuclear
and special risk industrial facilities by means of shaking table tests paying special attention on the
interactions between the primary structure and components as well as between the components
themselves. Due to high cost of the process engineering components and due to the risk of operational
interruptions and the release of harmful substances into air, water and ground in case of damage occur,
the planned investigations are of utmost importance.

The test structure is a three-story moment resisting steel frame with vertical and horizontal vessels and
cabinets, arranged on the three levels and connected by pipes. The dynamic behaviour of the test
structure and installations is investigated with and without base isolation.

The achieved results on the seismic behaviour of the multi-component test structure with mutual
interactions can be used for probabilistic safety analyses in power plants as well as in industrial plants.
In addition, important findings can be derived for the definition of performance limits, the isolation of
structural systems in plants and the use of sensor systems for rapid damage assessment.

2.3.2 Three storey steel moment resisting frame with installations

The primary steel structure of the prototype is a three-storey moment resisting frame with flexible
diaphragm, dimensions of 3.7 x 3.7 m in the horizontal plane and an interstory height of 3.1 m. Figure
70 shows the CAD-model and a photo of the test structure on the shaking table at EUCENTRE
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laboratory. The structural system is a moment resisting frame in the direction of seismic actions and
fully clamped to the reinforced concrete slab. In perpendicular direction strong diagonals are installed
to limit translational movements and torsional effects. The supporting beams of the installations are
hinged connected to the crossbeams, which are fastened to the frame beams by standardised hinged
connections with web stiffeners.

In total four tanks are installed: two vertical tanks on the first level and two horizontal tanks on the
second level. Furthermore, one electrical cabinet is placed on the first level. The piping layout is
composed by DN 100 pipes, except the one suspended at the third level, which is composed by pipes
with diameter of DN 80. In addition, single degree of freedom (SDOF) oscillators are installed on each
of the three levels to investigate the component response for different periods in the linear and non-
linear range. Finally, a conveyor is installed on the reinforced concrete slab.

Figure 70: Test structure with installations: CAD-model (left) and structure on the shaking table (right)

The steel columns are welded on steel base plates, which are anchored to the reinforced concrete slab
using a combination of special chemical anchors and continuous anchors through the slab with a
thickness of 40 cm. The reinforced concrete slab is placed onisolators with bottom and top plates rigidly
connected to the shaking table and the slab. The isolators can be deactivated by the installation of
additional steel reaction structures on each side. This set-up allows to investigate both isolated and
non-isolated configuration. The side view of the reinforced concrete base plate, isolators and
mountable steel supports is shown in Figure 71.
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Figure 71: Reinforced concrete plate, isolators and mountable steel supports

Figure 72 shows the horizontal and vertical tanks with dimensions and supports. Figure 73 shows the
cabinet on the first floor, the conveyor placed on the reinforced concrete slab and the single SDOF
oscillators installed on each storey.
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2.3.3 Numerical model, modal analysis, preliminary simulation results

For the prediction of the tests results detailed numerical models were developed by the project
partners in Aachen (CWE) with ANSYS, in Rome (ROMATRE) with MIDAS and in Trento (UNITR) with SAP
2000. In the following the simulation models and selected results obtained by CWE and ROMATRE are
presented. The primary steel structure is idealized with beam elements and the tanks are modelled
with shell elements. The pipes and flanges are modelled completely by shell elements in ANSYS and in
MIDAS by means of linear beam elements for the straight pipes and with shell elements for the critical
pipe sections like elbows and tee joints. Figure 74 and Figure 75 depict the numerical models.

Overall system Pipes Tanks

Figure 74: Simulation model in MIDAS (ROMATRE)

3rd Jevel 2nd |evel

1stand 2 level Ground floor
Overall system Details: Pipes and tanks

Figure 75: Simulation model in ANSYS (CWE)
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The results of the modal analysis for both models are shown in Figure 76. The first eigenmode obtained
with the ANSYS model is a local mode, since only the pipes on the third floor vibrate and only a low
percentage of mass is activated. The local mode is not represented by the model in MIDAS as the pipes
on the third floor are not part of the model. However, the global eigenmode with a high percentage of
activated mass is estimated by both numerical models at 2.9 Hz. The higher eigenmodes with local
vibrations of the installations on each floor level are calculated for frequencies higher than 4.5 Hz.

ANSYS (CWE)

2.88 Hz

MIDAS (ROMETRE)

291 Hz 4.04 Hz 4.50 Hz

Figure 76: Vibration modes of the structure

The applied seismic action is defined as a linear elastic response spectrum of Type 1 with soil condition
C according to Eurocode 8. A set of 10 stochastically independent accelerograms was generated. The
control spectra of the generated accelerograms are shown in Figure 77. Based on simulations with all
generated accelerograms, the accelerogram TH8 was selected for the shaking table tests. Figure 78
shows the accelerogram THS8 for a reference PGA of 0.635g m/s,. The accelerogram was applied with a
sampling rate of 256 Hz, a total duration of 25s and baseline correction. The corresponding control
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spectrum in comparison to the target spectrum according to Eurocode 8 is shown in Figure 79. During
the test campaign the accelerogram TH8 was scaled up to a maximum of 111%.
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Figure 77: Elastic response spectra according to Eurocode 8 and control spectra for TH1-TH10
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Figure 79: Target spectrum according to Eurocode 8 and control spectrum for TH8

Figure 80 shows the stresses as result of a response spectrum analysis with the ANSYS-model for
selected pipe positions. The stress levels show, that a yielding can take part in critical cross section.
However, pipes are quite flexible and it can be expected that the maximum allowable strains in tension
and compression are not exceeded.
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Pos. 6, max ¢ = 315.6 N/mm? Pos. 5, max ¢ = 344.8 N/mm? Pos. 10, max & = 236.0 N/mm?

Figure 80: Stress distributions in pipes for Pos. 5, 6 and 10

Figure 81 shows the stress distribution for a vertical tank with special attention on the stressed footings
of the tank. The stresses are highly localized and the yield strength is exceeded. However, due to
overstrength and stress redistribution a total failure with overturning of the tank is not expected.

sy

Vertical tank, footings, max ¢ = 1038.2 N/mm?

Figure 81: Vertical tank: Stress distribution in tank wall and footings

The results of time-history analyses carried out with MIDAS (ROMATRE) are shown in Figure 82. For
each storey the acceleration time histories and corresponding transfer functions are shown for the
evaluation points. Again, the fundamental frequency is clearly identified at about 2.9 Hz as already
predicted by response spectrum analyses. Furthermore, the evaluation of the resulting stresses show
clearly that the primary steel structure remains in the elastic field in accordance with the design
conditions.
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Evaluation points 1% floor 2" floor 3" floor

Figure 82: Acceleration time histories and corresponding transfer functions at 1st, 2nd and 3rd floor

Table 11 summarizes the global behaviour of the primary steel structure in terms of the total base
shear, overturning moment and maximum horizontal displacement at the 3™ level for the maximum
applied PGA of 7,05 m/s% Furthermore, the maximum normal force and moment is given for the
columns, decisive to control the anchorage of the structure. These global values are continuously
checked during the test execution to control the safe condition of the overall system.

Total base shear ) max. N [kN] max. M [kNm] max d [cm]
Overturning moment [kNm] d
[kN] columns columns 3" level
290 kN 1610 kM 163 kN 119 kN 7.5

Table 11: Characterisation of the global structural behaviour

2.3.4 Test set-up and measurements

The test structure is erected on a reinforced concrete slab and each column of the three-story steel
frame is mounted by strong base plates with stiffeners to the slab with dimensions of 4.8 m x 4.8 m and
a thickness of 0.4 m. For the first testing phase the slab is placed on isolators, which bottom and top
plates are rigidly connected to the shaking table and the bottom of the RC slab. The isolators and their
installation is shown in Figure 83 and Figure 84.

a) b) c)

Figure 83: a) Base isolator on shaking table, b) Base Isolator with top plate, c) RC-slab with top plate
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a) b)

Figure 84: a) Isolators on the shaking table, b) Installation of the RC slab with base isolation

By installing additional horizontal steel supports, the isolators can be deactivated and the horizontal
movement of the table is then transferred directly to the test structure. Additionally, the RC-slab is fixed
by through anchors to the shaking table. The test set-up was already successfully developed and applied
in the SERA-SILOS project (https://sera-ta.eucentre.it/sera-ta-project-18/). Figure 85 shows the fixation
of the slab by steel supports and the anchorage of the RC-slab to the shaking table.

a) c)

Figure 85: a) Steel support, b) Anchorage of the steel support, c) Through anchors to the shaking table
The primary steel structure is designed in the lowest ductility class according to Eurocode 8 for a PGA
of 6 m/s?. The structural system in the direction of the seismic action is a moment resisting frame and
fully clamped to the reinforced concrete slab. The frame corners are executed as bolted connections

with welded stiffeners and haunches. Figure 86 shows the strong frame corner on the first level, Figure
87 shows the test structure and installations on each floor level.

Figure 86: Bolted frame connection with stiffeners and haunch
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Figure 87: Test structure and installations on each floor level

The pipe branches with the most critical bolted flange joints are filled with water and pressurized at
20 bars. Storage tanks are instead filled with aggregates to avoid the release of water. The filling level
of all tanks is 80% and the specific weight of the aggregates corresponds to the specific weight of water.

The structure has been instrumented by a variety of common and innovative sensors (Figure 88 to
Figure 91) such as:

e accelerometers, placed at the frame floors, on the tanks, pipes on the third floor and other
components;

e strain gauges, to monitor the stresses at the base of the columns, of the uplift retaining bars and
next to the four most critical flange joints (water filled pipes);

e displacement transducers, to monitor the relative motion between the RC slab and the shaking
table, the possible uplift of the frame anchorage plates, and on some flanges, monitored with
strain gauges and optic fibers as well;

e optic fibers sensors, to detected leakage of the two most critical flange joints;

e contactless machine vision system, based on infrared cameras and reflective markers, to monitor
the 3D absolute displacement of 78 points between structure and components.
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a) b) c)

Figure 88: a) and b) Strain gauges, displacement transducers at the anchorage, b) Strain gauges, markers
and displacement transducers at Pos. 1 of the pipe system

a) b) c)

Figure 89: Instrumentation of tanks and pipes on the 15 floor: a) Strain gauges, displacement
transducers and optical fibre system, b) and c) Markers and strain gauges

a)

Figure 90: Instrumentation of tanks and pipes on the 2" floor: a) Accelerometer on top of the horizontal
tank, b) Markers on horizontal tanks and pipes

a) b)

Figure 91: Instrumentation of tanks and pipes on the 3™ floor and roof top: a) Marker, b) Displacement
transducer, c) Accelerometer on pipe DN 80
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2.3.5 Observation during testing

During the experimental tests, different levels of PGA have been imposed to the test structure. The
applied levels of PGA with respect to the reference PGA of 0,635g (Figure 78) range from 25% to 111%.
During the test program, a series of tests with lower PGA-levels have been performed for the tuning of
the shaking table, but not reported herein. Hereinafter, main observations in terms of damage for each
run of the shaking table tests are reported. In particular, up to a PGA-level of 50% no visible damage
has been detected both in the moment resisting steel frame and installations. The component with
considerable and visible displacements was Tank 2 in all runs.

During the tuning phase of TH8 70%, TH8 37% was considered and performed twice; this second
tuning run caused damage to one suspended pipe system at the third floor (Figure 92). One bolt of the
angle connector between the horizontal and the vertical channel of one transversally braced pipe
suspension frame loosened and slipped out of the vertical profile slot. When inserting this bolt
connection, the wing-nut must be 90° rotated into its final clamping position, before being prestressed
to the prescribed level according to the manufacturer’s instruction guide. It is currently under
investigation whether the failure occurred due to a not compliant installation, or because of the series
of test and tuning runs that caused high accelerations and long sessions of repeated vibrations. For
safety reasons, the pipe rack was removed before any subsequent test run.

During the test with a PGA-level of 70%, large displacements of Tank 2 at the first floor were measured
caused by rocking of the tank on the cross-beams. The interaction caused damage to the connection
between the cross and frame beam. The connection shows a warping (Figure 93a) of the web and crack
initiation in the transition zone from the beam to the connection area with the continued web (Figure
93b, c). In order to proceed the tests with higher PGA-levels, the connection was strengthened by an
additional profile bolted on top of the cross and frame beam (Figure 94).

The effect was more evident during subsequent runs with some other cross beams experiencing the
same type of damage, in particular at a scaling factor of 100% (Figure 95). The last test carried out with
a scaling factor of 111% (Figure 96, induced further damage of the cross-beams underneath the vertical
tanks. Furthermore, the conveyor on the RC slab collapsed due to the failure of the supporting system
in the final test. The damage of the conveyor is shown in Figure 97.

RUN PGA Level OBSERVATION Figure
TH8 25% 0.159¢g - Overall elastic behaviour -
TH8 37% 0.235g - Overall elastic behaviour -
TH8_50% 0.318g - Overall elastic behaviour -

- Some drops in pressure of pipes recovered before the next test
TH8 37% 0.235g - 3" floor: Collapse of pipe rack in the transversal direction Figure 92
TH8_70% 0.445g - Large displacements (+/- 30 mm) of vertical Tank 2 at 1% floor

- Relevant rotation of the cross beam under the vertical Tank 2 Figure 93

and warping of the web

- Strengthening of the cross-beam underneath Tank 2 Figure 94
TH8_100% 0.635g - Other cross beams experienced cracking Figure 95
TH8 111% 0.705g - Cracking on cross beams significantly increased Figure 96

- Failure of bracing supporting the conveyor Figure 97

Table 12: Schematic observations versus PGA-levels
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Figure 92: Damage of suspended pipes at 3rd floor

a) b)
Figure 93: a) Warping of the web, b), c) Crack propagation in the web of the cross beam - Tank 2 (70%)

Figure 94: Strengthening: Additional profile connected to the cross and frame beam by bolts - Tank 2

Figure 95: Cracks in the web of the cross-beam (100%)
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a) d)

Figure 96: a) — d) Cracks in the web of the cross-beam - Tank 2 and other cross beams (111%)

Figure 97: Collapse of the supporting system of the conveyor

2.3.6 Preliminary results

The first step includes the processing and analysis of the signals recorded during the experimental
campaign in order to perform a system identification of the SPIF structure. Hereinafter, first results of
identification are reported, carried out for random noise applied as input to the SPIF structure.

As preliminary control, a fast Fourier transform (FFT) of all acquired data of accelerometer sensors
installed on the primary steel structure has been carried out. In order to investigate amplitude vs
frequency of some recorded signals, the power spectral density by the Welch’s method has also been
computed.

In particular, measured data along the seismic input direction were processed at the levels of the
shaking table, RC slab and on the first, second and third floor. As an example, the results obtained by
processing data acquired in accelerometers installed on column NE on the 3™ floor are illustrated in
Figure 98.
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Figure 98: Recorded acceleration signal at 3™ floor and FFT for random input RND13 excitation

More precisely, for each run of the experimental campaign, it has been estimated a matrix of frequency
response functions (FRF) from the excitation signal of the shaking table and the response signals of the
overall structure, processed with a sampling rate 256 Hz. Along this line, frequency histories data
corresponding to Fourier transform of the time domain signals. A good matching in terms of frequency
content with the predicted simulated response can be noticed (Figure 76). In particular, the first natural
frequency is very close to the numerical one, as well as the frequency of higher modes. Similar results
were obtained in terms of Frequency Response Function of the signals. An example of processed data
and frequency content is illustrated in Figure 99.

Figure 99: FRF for a random signal RND13 in input and magnitude-squared coherence
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Representative results of the moment resisting frame in terms of acceleration and displacement time
histories at each floor level are presented in the following. The results are shown for the PGA-levels of
37%, 70% and 111%. Figure 100 to Figure 102 depict the acceleration time histories on each floor level
and the acceleration profile along the structural height. The overall behaviour observed is clearly linear
for all PGA-levels, including the maximum one. The acceleration profile indicates the absence of

nonlinear effects in the primary steel structure.
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Figure 100: a) TH of the floor accelerations, b) Acceleration profile (PGA-level: 37%)
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Figure 102: a) TH of the floor accelerations, b) Acceleration profile along the height (PGA-level: 111%)
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Figure 103 to Figure 105 show the time histories and the profile along height. Again, the results clarify
the almost linear elastic behaviour of the primary steel structure. Furthermore, the results show clearly
the dominant 1% frequency with an almost linear distribution of the displacements along the height for
all levels of PGA, as numerically predicted (Figure 76).
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Figure 103: a) TH of drift floor displacements b) Drift floor profile along the height (PGA-level: 37%)
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Figure 105: a) TH of the drift floor displacements b) Drift floor profile along the height (PGA-level: 111%)
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The elastic behaviour of the moment resisting steel frame is also confirmed by the measurements of
strain gauges, located at the base of the columns, whose strains are clearly under the yielding level, as
shown in Figure 106.
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Figure 106: TH of column frame deformations at the base section for (PGA-level: 111%)

The dynamic behaviour of the pipes, tanks, flanged connections have been preliminary investigated in
terms of accelerations and displacements for the tanks and deformations and displacements for the
flanged joints of pipes.

The vertical tanks at the first level, especially Tank 2, experienced large displacements until substantial
damage of the cross-beam at a PGA-level of 70% occurred. Figure 107 to Figure 109 show the time
histories of the floor and tank acceleration and the time histories for the relative displacements
between the floor level and the tank.
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Figure 107: a) TH of floor acceleration b) TH of relative displacement of Tank 2 (PGA-level: 37%)
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Figure 108: a) TH of floor acceleration b) TH of relative displacement of Tank 2 (PGA-level: 70%)
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Figure 109: a) TH of floor acceleration b) TH of relative displacement of Tank 2 (PGA-level: 111%)
Figure 110 to Figure 112 show the time histories of the flange deformation and flange opening at the

joint at the base of Pos. 5 (Figure 74) for three different PGA-levels. No leakage was noticed in the
flange joints during all the test because of limited values of deformations and displacements.
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Figure 110: a) TH of flange deformation, b) TH of flange opening (PGA-level: 37%)
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Figure 111: a) TH of flange deformation, b) TH of flange opening (PGA-level: 70%)
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Figure 112: a) TH of flange deformation, b) TH of flange opening (PGA-level: 111%)

2.3.7 Conclusions and outlook

The SERA SPIF project was successfully carried out; the tests were carried out 1 month before the SERA
project end, therefore data-processing, damage assessment and results interpretation are still ongoing,
and only preliminary results are presented in this document. The world sanitary emergency of SARS-
COVID-19 arose right before the experimental phases, preventing the User Group to come to the RI,
and preventing the access to the Research Infrastructure right after the end of the testing campaign.

The results of the isolated tests were not presented here, as the base isolators failed at a very low level
of PGA, likely due to their small size needed to make them compliant with the actual payload, typical of
shake table systems, but quite smaller than usual real installations. There are ongoing discussions to
substitute the isolators and to repeat the isolated tests. On the other hand, the tests on the non-isolated
configuration have been properly executed, achieving a nominal PGA-level of 0,705g (the real PGA was
about 0.8g).

The preliminary results showed a dominant 1st frequency of 2.9 Hz and an almost linear elastic
behaviour of the primary steel structure for all PGA-levels. The maximum accelerations on the 3rd level
reached accelerations up to almost 25 m/s2. The acceleration profile along the height was linear for all
PGA-levels. The first damage occurred to one suspended pipe system on the 3rd floor during the tuning
phase for PGA-level 70%. The vertical tanks on the 1st level interacted very strongly with the steel
structure and caused substantial damage to the cross-beam at a PGA-level of 70%. The damaged cross-
beam was strengthened in order to proceed the tests with higher PGA-levels. During subsequent runs
with PGA-levels of 100% and 111% further cross beams experienced the same type of damage. No
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leakages were noticed in the flange joints of the pressurized pipe branches up to the maximum PGA-
level of 111% because of limited values of flange deformations and flange openings. Finally, the
conveyor on the RC slab collapsed due to the failure of the supporting system in the final test. Overall,
the test results will provide a better understanding of dynamic interaction effects between the primary
structure and the installations and thus the effect of seismic response of the installations on the
response of the structure and vice versa. The dissemination of the project results is supported by a
blind prediction contest, which was announced and will be finalized and evaluated till the end of June
2020.
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3 CEA

The TAMARIS infrastructure and its main shaking table AZALEE, to which access is offered, belong to
CEA’s Seismic Mechanics Study Laboratory (EMSI), who is leading the French SEISM Institute, is part of
the Paris Saclay University regrouping about 19 academic partners and research institutes, and has
international RTD collaborations with other facilities (EU, Japan, China, USA). The AZALEE shaking table,
with 100t allowable model mass, is one of the largest shaking tables in Europe. To date, tests with
masses up to 92t have been successfully performed. The shaking table is 6mx6m and 6 Degrees-of-
Freedom (DoF), allowing testing specimens under independent excitations of various types: sinusoidal,
random, shock and time-history with 0 to 100 Hz frequency ranges. Maximum accelerations of 1 g and
2 g in the horizontal and vertical directions, respectively, can be applied to specimens with the
maximum payload of the table. The peak velocity of the shaking table is 1m/s, peak displacements are
0.125 m and 0.1 m in the horizontal and vertical directions, respectively.

The areas of research supported by the infrastructure cover a variety of experimental and analytical
RTD national and international projects, both in the nuclear and non-nuclear fields, for equipment,
buildings and soil-structure interaction; both new and existing structures are addressed. Assessment
and retrofitting of existing buildings and equipment are of special interest for the laboratory.

3.1 Project #4 — SE.RE.ME. — Seismic Resilience of Museum contEnts

Authors
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3.1.1 Introduction

Earthquake actions pose an immense threat to museums and their contents. For example, during the
recent earthquakes on 21 July 2017 and 24 March 2020, in the island of Kos (Greece) and in Zagreb
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(Croatia), respectively, severe and widespread damage were reported in the archaeological museums
of the cities. The earthquakes extensively damaged the sculpture exhibition, where many artefacts
were dislocated, leaned against the walls, or overturned. In the case of heavy and slender sculptures,
the overturning mechanism, apart from damaging the sculptures themselves, poses a serious threat to
other standing exhibits in the gallery and the visitors. It is, therefore, of paramount importance to rely
on methods and tools for characterizing the seismic risk of museum artefacts and, where necessary,
proposing cost-efficient protective measures.

The study of the seismic behaviour of museum assets and the investigation of novel and cost-effective
risk mitigation schemes for improving the seismic resilience of European museums has received little
attention in the past. The H2020-SERA project Seismic Resilience of Museum contEnts (SEREME) aims
to fill this gap through extensive shake table tests on real-scale busts and statues. The aim of this large
experimental campaign is to understand the seismic response of statues and busts and then develop
novel and cost-effective risk mitigation schemes for improving the seismic resilience of museum
valuable contents. The study focuses on the investigation of the seismic response of two real-scale
marble roman statues and three busts of roman emperors standing on pedestals of different types and
size. Both isolated and non-isolated artefacts are considered, while two new and highly efficient base
isolation systems, tailored to art objects, are tested dynamically under seismic scenarios. The tested
isolators include a pendulum-based system and devices with Shape Memory Alloy (SMA) wires.
Furthermore, the importance of the hosting building is examined. Specifically tailored, numerical
models of varying complexity, for single and two-block rocking systems, will developed for the needs of
this study and will be assessed with the aid of the experimental results of the SEREME campaign.

The study of the seismic vulnerability of museum artefacts, especially of slender, human-formed
statues, is related to the research on the dynamic response of rocking rigid blocks. The dynamic
characteristics of the hosting structures are also important. This is evident from the fact that, on many
occasions, damage to the structure was reported leaving the exhibits intact and vice-versa. Although
the problem is coupled, it can be studied looking separately at the structure and its contents, provided
that the contents are not attached to the building. The seismic response of building contents is a topic
of growing interest, since it is directly related to seismic loss assessment and earthquake community
resilience. Building contents can be either attached to the structure, or may consist of objects that are
simply standing. Museum exhibits belong generally to the latter category, while free-standing
components are often studied as rocking objects. The response of the latter components is sensitive to
acceleration and velocity-based quantities and also their geometry. Today, there is lack of standards,
while the existing approaches in the literature are general in concept and do not sufficiently address
the mechanisms of the variety of rocking objects. The reliability of such analytical approaches has also
been scarcely validated with extensive testing, such as shake experiments.

Common structural analysis and design methods require the assessment of stress resultants and
displacement-based quantities. Additionally, the three-dimensional rocking response has not received
the interest it deserves. On the other hand, building contents, in most cases, consist of objects that are
freestanding. There are recent works in which the seismic response of freestanding contents is
investigated, e.g. Berto et al. (2013), Chiozzi et al. (2015) and Di Sarno et al. (2017), among others.
Museum exhibits belong to the latter category and the free-standing components are often studied as
rocking objects, hence their response is sensitive to acceleration and velocity-based quantities.
Geometrical properties of the artefacts also have significant effects on the dynamics and earthquake
response of the components. Additionally, when free-standing components are placed on a pedestal,
made either from marble or steel, their dynamic response is more difficult to be predicted with
simplified methods.
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The seminal analytical work carried out on the seismic response of rocking objects in the 60’s by
Housner (1963) stimulated several quantitative studies that have focused primarily on numerical
solutions, e.g. Zhang and Makris (2001), Voyagaki et al. (2013), Dimitrakopoulos and Fung (2016),
Diamantopoulos and Fragiadakis (2019). Recently, however, Purvance et al. (2008) carried out
extensive experimental and numerical studies in order to investigate the overturning response of
symmetric and asymmetric blocks with both simple and complex basal contact conditions and also
proposed block overturning fragilities. Similarly, ready-to-use fragility curves were proposed by
Konstantinidis and Makris (2009) through a comprehensive experimental program on full-scale
freestanding laboratory equipment located on several floor levels. The latter studies, however, focused
primarily on the behaviour of single blocks. Dual block systems were first studied numerically by
Psycharis (1990), while the recent experimental work of Wittich and Hutchinson (2017) studied
asymmetric free-standing component configurations. It is worth noting that, for rocking rigid objects,
such as artefacts, the response, at least in terms of overturning motion, is size-dependent, thus the
scaling of the specimens is not possible and the experimental tests should be based on full-scale
specimens.

Nowadays, considering the huge earthquake losses registered in the recent earthquakes, especially in
the Mediterranean region, it is also deemed imperative to propose viable and cost-effective seismic
protection measures for free-standing statues and busts. Podany (2015) discussed a range of
retrofitting measures based on the best practice followed by the J. Paul Getty Museum in Los Angeles,
in California, where a newly developed base isolation device has been employed. However, the
effectiveness of the use of seismic isolators for light weight components should be further investigated
to characterize thresholds for accelerations and horizontal displacements for an adequate seismic
protection of the artefacts.

The H2020-SERA SEREME project aims to fill the experimental gaps highlighted above and to include
comprehensive shake-table tests of several configuration of free-standing and base isolated statues
and busts. The freestanding artefacts are installed either directly on the marble floor, or on a pedestal.
The objective of the campaign was to give insight on the seismic behaviour of statues and busts as well
as to evaluate the effectiveness of two different seismic risk mitigation systems. A total of 5 pairs of
real scale marble artefacts were tested, 3 busts installed on marble pedestals and 2 statues. Seven
different testing arrangements (also termed “Configurations”) were considered during this
experimental campaign and more than 400 seismic tests were performed. Two innovative base
isolation devices were utilized as retrofitting remedies. The first system is a combination of friction
pendulum isolators (Castellano et al. 2016), a system designed for light components. The second system
is a newly developed device utilizing shape memory alloy wires in the horizontal plane. The isolation
devices tested are patented systems, namely ISOLART® PENDULUM &ISOLART® SMA, which are
manufactured by the Italian company FIP Mec, a member of the User Team. In order to obtain a direct
evaluation of the isolator effectiveness, for each test configuration, pairs of two similar artefacts were
tested together in an isolated and a non-isolated arrangement. The shake-table tests were carried out
considering uniaxial, biaxial and triaxial earthquake loadings at increasing amplitudes. In order to
evaluate the influence of the frequency content and the directionality of the seismic excitation, 13
different waveforms were applied to the shake table (8 uni-directional motions, 3 bi-directional motions
and 2 tri-directional motions). Regarding the instrumentation, the artefacts motions were recorded
using accelerometers, gyroscopic and displacement sensors.
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3.1.2 Museum contents tested

The experimental campaign of SEREME focused on the investigation of the seismic behaviour of real-
scale marble statues and busts standing on pedestals, as shown in Figure 114.The case study statues
and busts were selected with different geometry and weights; they are replicas of ancient roman
emperors. Five busts of roman emperors were utilized: two of emperor Traiano, two of Augusto and
one of Tito. Furthermore, four statues were also purchased, two standing on a low height marble
pedestal (quoted as “Figura Femminile”) and two simple female form statues (quoted as “Fanciulla”).
Since all specimens are made from solid marble, the average weight of the busts is 250-300kg, while
that of the statues was 500-600kg. The replicas of the same statue/bust have approximately the same
geometry, but they are not perfectly identical (Figure 113). The seismic response of a display case was
also examined.

(a) (b)

Figure 113. Components used for the shake table tests: (a) Busts and display case, (b) female statues

The busts are placed on a pedestal which is used to bring the specimens to the eye-level of the visitor
(Figure 114). Three different pedestal types were identified and then adopted for the experimental
tests: (i) solid pedestal, with dimensions 45x45x100 cm, (ii) hollow pedestal, with dimensions
35x35x100 cm, and (iii) modern type metallic pedestals that were provided by the Italian manufacturer
Fallani. The traditional, hollow and solid, pedestals were made of concrete which has a specific weight
close to that of marble. To reproduce realistic conditions for in-situ friction, on the upper and the lower
face of the pedestals, 3 cm thick marble plates were installed, as also shown in Figure 114. Solid
pedestals have large weights (nearly 500kg) and they also employ large bases, thus these pedestals are
not prone to uplift. On the other hand, hollow pedestals are slender with weight 226kg and have a base
with smaller width equal to 35c. Furthermore, its centre of gravity is much higher compared to the solid
case. The metallic pedestal has a large square base with side equal to 85 cm and it weighs only 85 kg.
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(a) (b) (c)

Figure 114. Busts on (a) a solid/large and hollow/small pedestal; (b) a hollow/small pedestal;
(c) a metallic/modern pedestal.

In order to simulate the floor of museums, where typically busts and statues are hosted, the non-
isolated specimens were placed on a marble floor surface. The marble has thickness equal to 3 cm and
it is positioned on stiff wood also 3 cm thick. Both marble and wood were directly bolted on the shake
table. All specimens are placed on top of the marble floor and pedestal without any connection
material. In the case of isolated specimens, the isolator was bolted on the table with the aid of specific
holders that adjusts the holes of the table to the holes of the device. For the SMA isolators, marble
plates were glued on the upper surface of the isolator, while the specimens are simply standing.

(a) (b)

Figure 115. Tilt tests to determine the friction coefficient: (a) plate-plate interface, (b) bust-plate
interface

The static friction coefficient was measured for the marble-marble interface with inclined as shown in
Figure 115. The inclined tests were repeated 10 times in order to determine the mean friction angle.
For the plate-plate marble interface the mean friction coefficient 4 was found equal to 0.79, while for
the bust-plate interface it was found equal to 0.39. The values of the friction coefficient for plate-plate
interface that were derived experimentally comply with those provided in the literature. Conversely,
the friction marble-plate interface was found unexpectedly low. However, both mean values were also
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verified during the shake table tests where sliding was observed approximately at peak ground
acceleration (PGA) values close to the ones measured (the condition to have friction is PGA>ug). To
increase the friction coefficient, where necessary, a thin layer of a rubber material was glued at the
bottom of the busts. The friction coefficient at the interface of the marble floor and the bottom of the
statues was found sufficiently high and thus no measures were required.

Laser scanning was carried out by a joint research team before moving them the artefacts from the
vendor to CEA. Digitalization with laser scanning provides the geometrical properties of the specimens.
The purpose of laser scanning is two-fold: (i) it provides a finite element (FE) mesh of the geometry of
the artefacts that can be used to perform numerical simulations, and (ii) it allows the calculation of
fundamental properties of the components, such as the centre of mass (CM), the total mass, the
rotational moments of inertia and the distance of the CM from the pivot points. Furthermore, the laser
scanning verified that the specimens are made from solid marble through calculating the ratio of the
scanned volume over the measured weight of each specimen. Example of laser scanning information
obtained are shown in Figure 116 for the bust of Emperor August.

Figure 116. (a) Geometric properties of the Emperor August bust

Two different base isolator technologies were adopted (Figure 117): a friction pendulum isolator and
an innovative device with shape memory alloy (SMA) wires. The tested seismic isolator systems were
manufactured by the Italian company FIP Mec srl: the selected isolators are marketed as ISOLART® SMA
and ISOLART® PENDULUM, respectively. ISOLART® PENDULUM, is similar to common pendulum
isolators used for structures, but it consists of different materials and it has been designed specifically
for low-mass structures such as objects of art. The main difference between the two isolation devices
is the range of mass of the objects to seismically isolate. For ordinary friction pendulum bearings, the
friction can be large because of low vertical pressure. To overcome the problem, an increase of the
vertical force, or a decrease of the friction coefficient is required. For this purpose, the friction
pendulum was used to isolate several artefacts together which are standing on a heavy steel plate, thus
increasing the vertical force (Figure 117a). Therefore, three pendulum isolators were employed to
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isolate a floor on which a group of artefacts (2 or 3 artefacts) was installed. The installation of the
ISOLART® PENDULUM devices is shown in Figure 117a.

ISOLART® SMA, i.e. the SMA-based isolator, is a novel isolator based on SMA wires that are effective in
limiting the horizontal displacements of the device. ISOLART® SMA is a patented isolation system which
takes advantage of the super-elastic properties of SMA wires, i.e. their capacity to have a stress-induced
non-linear behaviour similar to elasto-plastic behaviour up to high deformations (about 7%) and unload
to zero displacement. As shown Figure 117b, the SMA isolator can be used to isolate a single specimen
each time, which is a significant advantage. Although all SMA isolators adopted have the same
dimensions, the properties of the SMA may differ. Three different types of SMA isolators were tested.

(a) (b)

Figure 117 Tested isolation systems: (a) friction pendulum isolator, (b) SMA isolator

Due to the large variety of specimens, pedestals and isolators, seven different Configurations were
analysed experimentally using the 6-DOFs shake table AZALEE. The seven testing configurations were
designed taking into consideration the limited testing time available and also the needs of the project.
The tests of each configuration lasted approximately 2, or 3 days. Configuration 1, was sub-divided into
five sub-configurations, shown in Figure 118 up to Figure 122 and considers only the SMA isolators. The
caption of each figure explains the properties of the tested configuration. In order obtain a direct
comparison between the isolated and the non-isolated case, the sub-configurations compare pairs of
two similar artefacts tested side-by-side in an isolated and a non-isolated arrangement. Instead of
testing simultaneously more than a pair of specimens, single pairs were considered every time. This
practice offered speed during the tests, while it also allowed to focus on one tested pair every time. In
configurations 1.4 and 1.5 a display case was tested, first isolated and then non-isolated.
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Figure 118. Configuration I-1: Traiano bust on solid pedestal; on marble and on SMA isolator

Figure 119: Configuration I-2: Traiano bust on steel metallic pedestal; on marble and on SMA isolator

Figure 120: Configuration I-3: Augusto bust on hollow pedestal; on marble and on SMA isolator
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Figure 121: Configuration I-4: Female statue (Figura femminile) standing on the ground pedestal and
non-isolated display case and isolated display case (SMA isolator)

Figure 122: Configuration I-5: Female statue (Fanciulla) standing on the ground pedestal and non-
isolated display case and non-isolated display case

Figure 123: Configuration II: Non-isolated vs isolated statues (friction pendulum system). The pairs of
specimens compared are: (i) Traiano bust on solid pedestal, (ii) Fanciulla and (iii) Figura femminile
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Figure 124: Configuration Ill: Non-isolated vs isolated statues (friction pendulum system). The pairs of
specimens compared are: (i) Tito bust on metallic pedestal, (ii) Augusto bust on solid pedestal, and (iii)
Traiano bust on hollow pedestal

Configurations Il and Il are shown in Figure 123 and Figure 124, respectively. These two configurations
test the friction pendulum as seismic isolator. In Figure 123, the two female statues and one bust were
positioned on top of the friction pendulum isolators. The specimens were positioned on the steel plate
in way that the centre of mass of the specimens approximately coincides with the centre of mass of the
plate. Configuration Il (Figure 124) compares simultaneously the three different types of pedestals.
Since only five busts were available, for the metallic pedestals only the non-isolated case was
considered. Furthermore, the upper face of the metallic pedestals was reinforced with an 8mm thick
steel plate which considerable improved the performance of the system compared to Configuration 1.2
(Figure 119).

3.1.3 Numerical simulations

Due to the complex geometry of museum exhibits and the uncertainties of the problem, the numerical
simulation of artefacts and museum exhibit systems presents significant difficulties. Complex
simulations should be repeated for each exhibit, or for groups of exhibits with similar geometrical
characteristics. Moreover, despite the great value of museum exhibits, in practice all decisions about
their safety are taken by museum curators, who have empirical knowledge, e.g. experience of past
earthquakes, but no technical background to perform sophisticated computer simulations.
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Specimen Standing conditions Rocking Acceleration (g) Overturning (mm/s)
drock,B,x drock,B,Y Ver X Ver,Y

Figura Femminile with 0.244 0.207 0.446 0.344

pedestal

Fanciulla 0.296 0.226 0.382 0.289

Emperor Traiano Bust only 0.240 0.236 0.297 0.308
Bust on solid pedestal 0.330 0.331 0.423 0.424
Bust on hollow pedestal 0.207 0.208 0.280 0.281
Bust on steel pedestal 0.293 0.292

Emperor Tito Bust only 0.283 0.254 0.262 0.309

Emperor Augusto Bust on solid pedestal 0.283 0.253 0.257 0.304
Bust on hollow pedestal 0.220 0.216 0.294 0.29
Bust on steel pedestal 0.318 0.310

Table 13 Peak ground acceleration that initiate rocking and overturning velocity estimates

The possible methods of analysis are either simplified calculations based on first principles, or advanced
methods of analysis, e.g. analyses using FE modelling, or the discrete element method (DEM).
Simplifications are based on simplifying the geometry to one or two rectangular, rigid bodies. These are
basic geometric calculations that do not require engineering knowledge, but give useful information
such as the maximum ground acceleration for which the system will slide or will engage into a rocking
motion. When laser scanning information is available, these calculations are more accurate and, despite
their simplicity, they are very important and helpful. Table 13 shows the peak ground acceleration
values that initiate rocking for each of the specimen considered. In the case of busts standing on a
pedestal, the two bodies are, crudely, assumed to behave as a single body. Table 13 also shows the
velocity that triggers overturning motion according the relationship proposed by Ishiyama (1982). This
is a conservative lower bound estimation, as opposed to the rocking initiation acceleration which is
exact.

Laser scanning was adopted for determining the geometric characteristics of the busts and of the
statues that were tested. The scanning provides FE models that allow to perform simulations, but with
increased CPU requirements. Furthermore, the accuracy of the scanning is very high and results to very
fine and detailed finite element models which do not offer more accuracy but they require excessive
memory and CPU resources. It is, therefore, necessary to also have simple models for the seismic
response prediction.

Figure 125 Eigenmodes of the Fanciulla statue obtained with CASTEM software
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Figure 126 Eigenmodes of the Traiano bust obtained with CASTEM software

FE simulations were performed using both CASTEM and Abaqus software. Figure 125 and Figure 126
show the first four eigenmodes of the Fanciulla statue and of the bust of emperor Traiano, respectively.
As expected, the statue has much lower frequencies compared to those of the bust which is practically
rigid. The FE method offers several advantages concerning the accuracy, but there are also difficulties
in utilizing the analytical simulation approach. The surface-to-surface interaction between the upper
surface of the pedestal and the lower surface of the bust requires knowledge of the friction coefficient
and the damping ratio, while damping of the motion due to rocking impacts cannot be introduced in a
straightforward manner. Also, the FE method is more realistic if the bodies have some flexibility.
Introducing the flexibility and the real modulus of elasticity of the artefacts will increase the CPU time,
thus making prohibitive a large number of simulations. On the other hand, the Discrete Element
Method (DEM) assumes that the objects are rigid and consequently can be adopted with reduced
computational costs. For the interaction between the surfaces, appropriately calibrated springs should
be introduced in the model. Psycharis et al. (2013) have described the numerical model for the
simulation of a multi-drum ancient column which is subjected to natural ground motion records. The
column consists of eight rigid bodies, the upper placed on the top of the lower. In this work the 3DEC
software has been used for the simulation of a problem that has similarities to the problem at hand.

(a) (b)

Figure 127. (a) Finite Element model (pedestal-bust), (b) response time history
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Models that consider either two-block assemblies (pedestal-bust) or freestanding, symmetric or
asymmetric, rocking blocks (a freestanding statue or a bust that rocks on a pedestal in rest) are a
possible alternative to the costly FEM and DEM simulations. Such simple models are typically limited to
one-direction simulations and hence the procedure should be repeated for both the longitudinal and
the transverse direction due to the asymmetry of the specimens. A simplified approach is offered by
using the equation of motion proposed by Housner (1963). A possible way to handle the equations of
Housner (1963) has been proposed by Diamantopoulos and Fragiadakis (2019). For the two-block case
and for simplicity reasons the work of Psycharis (1990) can be adopted. Vlachos et al. (2019) presented
a first attempt to extend the two-block problem in case of asymmetric upper block when the pedestal
is symmetric.

3.1.4 Testsetup

To evaluate the influence of frequency content of the excitation, as well as the directionality of the
seismic input, five different earthquake ground motions were adopted in this experimental study. The
ground motion records and their properties are shown in Table 14, while Figure 128 shows the
acceleration response spectra of the three components of the ground motions adopted (only Kalamata
is not shown). The records were applied in different combinations every time, i.e. first the X-component
was applied alone, the Y component afterwards and then the X and Y components were applied
simultaneously.

Earthquake Date Mw Station Distance Soil PGA (g)
hypocentral category
L:0.33
Emilia, Italy 29.05.2012 6.0 TO800 14.4 C* (EC8) T:0.25
V:0.33
Svntagma L: 0.109,
Athens, Greece 07.09.1999 5,9 ,f/letri : 10.0 Stiffsoil  T:0.086,
V:0.087
Aterno L:0.45,T:
L'Aquila, Italy 06.04.2009 6.3 . < 2km Stiff soil 0.39, V:
river-AQA
0.37
. . . L:0.22, T:
Kalamata, Greece 09/13/1986 6.2 Nomarchia 5.0 Stiff soil 0.29
Takatori, 22.2 " )
Kobe, Japan 1/16/1995 6.9 Japan (< 1.5 km) C* (EC8) L: 0.068
Emilia, Italy = 29.05.2012 6.0 T0800 14.4 C* (EC8) L:0.37

first storey

Table 14 Ground motion records used for the testing campaign

The record combinations adopted are listed in Table 15. For each record combination, the ground
motion amplitude was gradually scaled up. In general, the target intensity levels considered were:
0.15g, 0.20g, 0.25g, 0.35g, 0.40g and 0.50g. For simulations where simultaneously two, or three,
components were considered, a uniform scaling factor was adopted for all record components
considered, while the target acceleration refers either to the X-, or the Y-component. When both X and
Y are present, it refers to the X-component. For the Takatori and the Kalamata records, the maximum
permissible scaling factor is controlled by the maximum allowable displacement of the shake table that
cannot exceed 10cm. As expected, differences between target PGA and the PGA measured as input to
the shake table were observed. On average 25-40 shake table runs were performed for each of the
seven tested configurations.
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Target PGA

ID Record Components
1 Emilia X

2 Emilia Y

3 Emilia XYZ

4 Emilia XY

5 Emilia Y (first floor)
6 Emilia YZ (first floor)
7 Syntagma X

8 Takatori Y applied on X
9 Takatori YZ applied on X
10 Takatori Y

11 L’Aquila X

12 L’Aquila XYZ

13 Kalamata X

0.15,0.25, 0.35, 0.40, 0.50
0.15,0.25, 0.35, 0.40, 0.50
0.15,0.25,0.35, 0.40, 0.50
0.15,0.25,0.35, 0.40, 0.50
0.15,0.25, 0.35, 0.40, 0.50
0.15,0.25, 0.35, 0.40, 0.50
0.15, 0.25, 0.35, 0.40, 0.50
0.10, 0.15
0.10,0.13,0.2,0.24
0.10,0.18,0.2,0.24
0.15,0.25, 0.35, 0.40, 0.50
0.15,0.25, 0.35, 0.40, 0.50
0.15, 0.20, 0.25, 0.30

Table 15 Record combinations

Apart from five naturally recorded ground motions, the acceleration response history of the first floor
of the museum was considered. The museum is the Archaeological museum of Pella in Greece. This is
a new reinforced concrete building. The building was modelled with OpenSees software and it was
subjected to the five ground motion records of Table 14. Since it is a two storey RC building with many
shear walls, it is a quite stiff structure (Tx =0.17s, T, =0.14s) and hence large amplifications were
observed at the stories. Among the various floor acceleration histories, the first storey of the Emilia
2012 (Italy) response acceleration was adopted for the tests. The response spectrum of this record is

also shown in Figure 128.
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Figure 128. Acceleration spectra of the records used for the test campaign

A state-of-the-art and dense instrumentation scheme was adopted for monitoring the response of the
table, the isolators, the pedestals, the busts and the statues. The instrumentation includes triaxial
accelerometers, gyroscopic and displacement sensors. The instrumentation of Configuration 1.1 is
shown in Figure 129 and Figure 130. Triaxial accelerometers were installed at each corner of the shake
table. At the middle of the table triaxial accelerometers and both displacement and velocity sensors
were also installed. The instrumentation of the pedestals includes measurement of the accelerations
(face 3) and the angular velocities (faces 1, 2, 4) in all axes X, Y, Z and for isolated and non-isolated
cases. At the base of the pedestal and at all faces, displacement sensors were installed in order to
record the longitudinal, the lateral and the vertical displacement.

The busts and the statues were instrumented with triaxial accelerometers and gyroscopic sensors. The
labelling adopted and the channels installed for Configuration I.1 are shown in Figure 129 and Figure
130. For the isolators, displacement sensors and accelerometers were installed at the upper plate. For
example, for the SMA case (Figure 130), on the upper plate and on the faces 1 and 2 longitudinal and
lateral displacement measurements were installed. Furthermore, on the southwest (SW), southeast
(SE) and northwest (NW) corners, triaxial accelerometers were also installed. For the friction pendulum
case, the only difference is that the displacement record on face 1 was measured from the middle of
the upper plate, while for the case with SMA case the horizontal displacement was measured from the
south corner of face 1. Overall, for Configuration I.1-1.5 the number of the active channels ranges from
62 to 77, while for Configuration Il and Ill, the number of channels was 97 and 106, respectively.

(a) (b)

Figure 129. Monitoring for Configuration I-1: front view and rear view
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(a) (b)

Figure 130. Monitoring for Configuration I-1: left view and right view

A novel videometric system was adopted in order to monitor the displacements of the specimens. A
special camera has been installed at the roof of the lab, above the shake table (Figure 131a). The
displacements were measured using special markers that were glued on the top of each statue/bust,
e.g. see Figure 124. Ad-hoc software (Figure 131b) is utilized to monitor the movement of the targets
at the top of the specimens and records the displacements of all specimens simultaneously.

(a) (b)

Figure 131. Measuring displacements using vide metric camera (a) the methodology, (b) videometric
camera above the seismic simulator

Due to the characteristic properties of the tested specimens, special protection measures had to be
taken. Specifically-tailored protection measures were developed for the needs of SEREME project.
These measures were applied primarily on the non-isolated specimens, since, in principle, the isolated
specimens are already protected. Solutions like hanging the specimens from ropes were not preferred,
since the ropes were found in the past that they affect the response of the specimens and moreover
because a special structure should have been built around the table in order to suspend the ropes. The
system adopted for the bust-pedestal system is shown in Figure 132a and b. The protection consists of
an upper and a lower basket. The upper basket successfully blocks the overrunning of the bust, while
the lower basket protects the pedestal. The upper basket was found quite efficient during the tests.
Furthermore, Figure 132c shows the basket adopted for the protection of the statues. These baskets
are considerably higher compared to those of the busts and were also successful during the tests.
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(a) (b) ()

Figure 132. Protection measures adopted

3.1.5 Observations and preliminary results

A vast amount of data was obtained during the experimental campaign that lasted approximately two
months. The User Team is currently working on post-processing the experimental data. However, very
interesting observations were made during the campaign. Due to the protection measures no major
damage on the specimens occurred, while the most typical damage type observed is the failure at the
corners of the specimens. This damage is shown in Figure 132 for both the bust and the statues. This
type of damage happened practically to all busts of Configuration 1.1-1.5, while the damage of statue
show in Figure 132b happened once. Since a large number of tests had to be repeated, the marble
bases of the busts were replaced, while for the statue the failed wedge shown in Figure 132b was
repaired by gluing it back and retesting the statue isolated. No damage occurred at the pedestals. The
metallic modern pedestals when tested in Configuration 1.2, exhibited some mild bending of their upper
face, where the bust was standing. The lateral bending due to the selfweight of the bust affected the
dynamic response. In order to mitigate this effect, in Configuration Ill, an 8mm thick plate was used to
reinforce the pedestal.

(a) (b)

Figure 133. Typical damage at the base of the specimens: (a) bust, (b) base of the statue
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Figure 134 summarizes the response of the non-isolated bust in Configuration .1 where the bust of
emperor Traiano was positioned on top of the solid pedestal. The solid pedestal, due to its massive
geometry, never uplifted and hence only rocking of the bust was observed. As expected from the PGA
values of Table 13, no uplift occurred for PGA values below 0.20g. Note that the accelerations of Figure
134 are the theoretical predictions; the latter differ, sometimes considerably, from the values recorded
on the shake table. Comparing record combinations 1 and 2 to combinations 3 and 4, it is evident that
the bidirectional ground shaking is more severe for the bust, since overturning was observed at much
lower accelerations for the Emilia earthquake. This observation also holds for the L’Aquila record
(combinations 11 and 12). The Takatori and Kalamata ground motions have a low recorded PGA and
have a large frequency content. These records were scaled but they were not critical for the busts, as
opposed to the Syntagma ground motion which was severe.

Different observations hold also for the SMA isolated specimen. As show in Figure 135, the specimen
was safe for most ground motion levels, practically for most ground motions. The Emilia XYZ ground
motion produced sliding and rocking that threatened the bust for a PGA of 0.40g. This is attributed to
the large vertical acceleration component. This was also seen for the first-floor response when a vertical
component is present. Interestingly, rocking was observed also for the Takatori and the Kalamata
ground motions.
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Figure 134. Response of the non-isolated bust of Configuration I.1
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Figure 135. Response of the SMA-isolated bust of Configuration 1.1
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Important findings were obtained from the experimental campaign and are briefly summarized as
follows:

e For high excitation intensity tests, the non-isolated artefacts are prone to show a complex rocking
and sliding behaviour. The impact induced by the rocking motion can be a source of damage to the
base of the busts, especially at the corner points of the base of the bust.

e The response of the busts on the solid and the on the hollow pedestal is substantially different. The
uplift of the hollow pedestal was always small and difficult to identify visually. However, it is clear
that it considerably affected the seismic response. Whether the bust is safer on the solid, or on the
hollow pedestal is a topic that deserves further research; the tests have shown that the safety
depends also on the ground motion frequency content.

e Tests where the friction coefficient between the bust and the pedestal was low, i.e. when friction
coefficients vary between 0.20 and 0.30, revealed that sliding is a beneficial response mode for the
bust. If the sliding motion of the rigid object is controlled, then some sliding is desirable.

e In most of the cases, the considered mitigation methods have been effective in the prevention of
the rocking/sliding behaviour of the artefacts. As a result, these mitigation methods improved
significantly the seismic behaviour of the artefacts. Especially the friction-pendulum system was
very efficient in practically all tests. Some attention is required in the case of high vertical
component. Although the vertical earthquakes considered were very strong, some attention is
required in this respect.

e The metallic pedestals, due to their geometry, did not uplift and hence they were equally efficient
as the solid ones, provided that they can fully support the weight of the artwork.

e The response of the statues was well predicted and with no surprises. When the input acceleration
was below the rocking initiation threshold, the statues performed some high frequency oscillation.

e The base of some of the statues was not fully flat, due to structural imperfections. This lack of
planarity affected the response and threatened the safety of the statues. This issue has been also
reported in previous research in the literature.

e The simplified calculations, summarized in Table 13, are very important and useful. Such
information should be always advised when taking seismic protection measures for artefacts.

3.1.6 Conclusions

The project presents an extensive experimental campaign on the seismic response of artefacts, with
emphasis on statues and busts. The tests took place in the framework of SEREME project (Seismic
Resilience of Museum Contents) at the AZALEE seismic simulator of CEA in Saclay, Paris under the
auspices of the SERA project. The campaign aims to help us understand the seismic behaviour of the
selected statues and busts and then to develop novel and cost-effective risk mitigation schemes for
improving the seismic resilience of valuable objects hosted in European museums. Two real-scale
marble (replicas are usually made from gypsum) roman statues and three busts of three roman
emperors standing on three pedestals of different types and size are investigated concerning their
response under seismic loading. The artefacts are considered either isolated or non-isolated. In the
latter case, two new and highly efficient base isolation systems, tailored to art objects, are tested. The
efficiency and the effectiveness of the isolators are of the main interest for the authors. The first isolator
is a pendulum-based system, while the second utilizes Shape Memory Alloy wires. Different
configurations were considered for examining all cases. The importance of the hosting building is also
examined, i.e. building type, stiffness and story that hosts the artefacts. Specifically tailored, numerical
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models of varying complexity and Finite Element models for single and two-block rocking systems were
developed for the needs of this study and are also assessed against the experimental results.
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3.2.1 Introduction

There is a great wealth of numerical and experimental research dealing with the seismic response
assessment of new steel moment resisting frames (MRFs). Such research has shown that: (i) the seismic
behavior of MRFs is largely influenced by the behavior of the joints; (ii) the loading protocol adopted to
qualify/test beam-to-column joints are representative of cumulative and maximum rotation demands
imposed by far-field seismic ground motions and (iii) the design of new steel MRFs according to EC8 is
mostly influenced by the serviceability checks (i.e. damage limitation requirements).

It is worth noting that most of the existing studies conducted focused mainly on the testing of sub-
assemblage, without accounting for the response of the building as a whole. Additionally, the loading
protocols used for qualifying the joints do not mimic actual earthquake demands at near-collapse
conditions. This is also the case of near-fault (NF) seismic input. Furthermore, there is a lack of
knowledge of the behavior of steel joints when subjected to NF seismic demand. Additionally,
earthquake reconnaissance studies have shown that the ratio of vertical-to-horizontal peak ground
acceleration can be larger in NF than in far-fault seismic events. Near-fault strong motions tend to
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increase the inelastic demand on structural steel members and joints. On the other hand, the use of
special ductile energy efficient claddings can be beneficial to relax the drift limitations, thus allowing to
optimize the structural design (i.e. reducing the design over-strength), reducing the use of material,
constructional costs and encouraging the adoption of more sustainable solutions. The use of such
ductile non-structural components will also lower the earthquake-induced losses arising from
claddings.

The experimental project FUTURE aims to qualify the behavior of steel moment frames equipped with
three different types of detachable beam-to-column Joints. The project investigates also the influence
of energy efficient ductile non-structural claddings under NF seismic scenarios. Therefore, a two-story
50-ton scale 2/3 model was then designed and manufactured.

The main findings expected from the tests are as follows:

1.  Provide design rules for steel frames under combined effects of horizontal and vertical
components NF, which are yet not considered in the design standards for new and existing
structures;

2. Validate the response of MRFs equipped with EU prequalified joints (i.e., extended stiffened,
haunched and dog-bone) under NF earthquakes as well as to demonstrate the effectiveness of
the new design rules for joints currently implemented in the draft of the amended EN1993:1-8;

3. Verify the efficiency of slab-to-beam and slab-to-joint details to avoid the composite action at
joint level but to ensure effective torsional restraints to beams;

4, Demonstrate the efficiency of fully detachable dissipative beam-to-column joints, which allow
easy replacement once the seismic damage is occurred;

5.  Contribute with new background data for the assessment and the repairing/retrofitting of steel
frames (e.g. the use of bolted dog-bone joints is representative of potential retrofitting solution)
in order to update the next version of EN1998-3;

6. Verify the revised requirements about P-Delta effects currently proposed by WG2 CEN-TC
250/SC8 and ECCS-TC13 for the amended version of EN1998-1;

7. Validate the use of special energy efficient and extra-ductile claddings for MRFs, characterized by
drift limits at DL/SLS larger than 1.5% of the interstory height.

8.  Develop experimentally-based fragility relationships for such ductile non-structural components,
which tend to minimize the earthquake losses due to claddings.

3.2.2 Specimen

The experimental mockup is a two-story one-bay steel frame (5 m x 5 m) that has been sub-structured
from a reference steel building that is a typical example of archetype for multi—story office building of
the typical EU practice. The reference structure was designed according to the updated provisions of
the amended EN 1998-1-1 and EN1988-1-2 and EN 1993-1 and EN1993-1-8, since the members of the
research units are actively involved in the revision of both EC8 and EC3. The experimental mock-up is
shown in Figure 136.
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(a) (b)

(b) (d)

(e)

Figure 136: the FUTURE mockup: overall layout without (a) and with cladding (b); the mounted mockup
(c) and some intermediate erection phases (d, e)

The mock-up has been designed to detach and replace easily all components that will experience plastic
deformations, namely the column ends at the base level and the end portions of the beams with
corresponding end-plate connections. Three types of beam-to-column joints are examined (Figure
137), namely reduced beam section (RBS), haunched (H) and extended stiffened (ES). The end-plate
connections of haunched and RBS joints were designed as full-strength, namely to be stronger than the
connected beam segment where plastic deformations are expected. ES joints were designed with equal
strength connections, namely designed to guarantee the contemporary yielding of both connection and
beam. In addition, for all joint configurations the column web panel was designed to be stronger than
the connected beam and connections in order to remain elastic during the test loading. A further
hierarchical criterion was adopted to avoid the failure of the bolts, so that the design tensile strength
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of each bolt row should be larger than the strength of the connected plate accounting for both the
random variability of its yield stress and the relevant strain hardening.

(d)

Figure 137: Investigated joints: a) Reduced beam section (RBS), b) Haunched (H) and c¢) Extended
stiffened equal strength (ES)

To facilitate the replacement of the dissipative beam segments with the relevant connections, finger
shims are designed and inserted between the end-plate of the connection and the column flange
(Figure 137d).

To speed up the assembling of the mockup in the laboratory, the prefabricated solid slabs have been
designed to be mounted on the mockup. In addition, to make easier this phase, each slab consists of
two sub-parts to be connected together. Figure 136 shows some details of the slab, where it can be
easily recognized how simple is their positioning and assembling on the steel frame.

A qualified steel company that is particularly specialized in high-quality welding techniques as well as
specified for this type of manufacturing fabricated the steel mockup and the two prefabricated slabs in
Italy near Naples.

3.2.3 Numerical simulations

The behavior of joints under both monotonic and cyclic loads was investigated by means of finite
element (FE) simulations carried out in ABAQUS in order to verify the effectiveness of the design
procedure. Parametric analyses were also carried out to investigate the influence of the finger shims
on both non-linear behavior of the joints that are used for constructional reasons to simplify the
demounting and mounting of the joints after each test. The results show that the design criteria are
effective to guarantee the required performance of the joints and, despite the cumulative plastic
deformation in the dissipative elements, the introduction of the finger shims are useful for the
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dismantling phase. The main results relative to local response quantities of the joints are summarized
hereinafter.

Figure 138 shows the results of both monotonic and cyclic analyses of RBS joints. The monotonic
analyses were performed up to 10% of joint rotation while the AISC341 loading protocol was used for
cyclic simulations. Most of the plastic deformations are concentrated in the RBS section with the
activation of a perfect plastic hinge leaving the connection almost elastic. However, some plastic
deformation can be observed around the weld between the beam flange and the end-plate at a high
level of imposed rotation (10%). The joints show a very ductile behavior up to 6% of chord rotation with
small decrease of resistance due to beam geometrical imperfections. Comparing the results in terms of
backbone curve no appreciable differences can be observed between the joints with and without finger
shims. These considerations are also confirmed by the PEEQ distribution on both the investigated joints.
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Figure 138: Monotonic and cyclic behavior of RBS joints with and without finger shims

The results in terms of moment rotation curves and distribution of PEEQ for haunched joints with and
without finger shims are summarized in Figure 139. As for the previous configuration, also for haunched
joints the plastic hinge forms at the extremity of the beam, leaving the connection and column web
panel in elastic range. However, a larger reduction of resistance due to the beam flange local instability
can be observed at 3.5% of rotation. The decrease of resistance is smaller than 20% at a 4% of rotation,
hence these joints conform with both European and American requirements. As in the previous case
also for this type of connection, no appreciable differences can be observed between the joints with
and without the finger shims.
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Figure 139: Monotonic and cyclic behavior of haunched joints with and without finger shims

In addition, the extended stiffened equal strength joints show a very ductile behavior with plastic
deformation in both beam and connection (Figure 140). Differently from the previous cases, the
presence of finger shims gives some slight difference in terms of moment-rotation response curves, but
negligible differences in terms of distribution of plastic deformations. The reason of such differences is
mainly due to the longer length of the bolt shanks in the joints with finger shims, which increases the
deformability and the gap opening of the connection in its non-linear range.
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(d) (e)
Figure 140: Monotonic and cyclic behavior of ES-E joints with and without finger shims

Based on these results, we can point out the following remarks:

e The bolted joint with reduced beam section ensures excellent ductile behavior up to rotation of 6%
without showing any resistance decrease. Finger shims do not influence the performance of this
type of joint.

e The haunched joint designed in accordance with the criteria developed within the Equaljoints
research project allow to obtain a full rigid/full strength joint. The response is not affected by the
introduction of the finger shim plates

e Differently from the previous cases, we can observe the influence of the finger shim plate for equal
strength connection due to the larger deformability of the connection and some variation of the
distribution of the contact forces when the connection opens. However, the presence of finger
shims does not significantly modify the global performance of the joint.

Preliminary numerical global analyses have been also performed in order to predict the system
response of the experimental mock-up that will be tested. Maximum interstory and residual drifts, the
displacement at the base and the overall overturning moments have been evaluated considering a set
of NF records.

The analyses have been performed using a very refined SEISMOSTRUCT model, which incorporates all
geometrical and mechanical features of the structures. The non-linearities are modelled using lumped
springs which were calibrated against the results of FE simulation carried out in ABAQUS software.
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(b)

Figure 141: Numerical model of the 3D mockup: a) planar views, b) 3D view and details of the rigid
offset used for to model the base-column connection

The numerical model of the mockup is shown in Figure 141. Figure 141a shows the planar views of the
model in both longitudinal and transverse direction, while Figure 141b shows the 3D layout of the
model. In addition, Figure 141b shows the details of the rigid offset that have been modelled to account
for the presence of stiffeners and steel footings at the base of the mockup.

For the sake of brevity, the results are shown for the case of haunched and RBS joints which correspond
to the upper and lower bound range of behavior that the structure may exhibit.

The non-linear behavior of beams and columns were modelled with lumped non-linear springs that
were calibrated on the basis of the finite element simulations carried out in ABAQUS. In particular,
Figure 142 shows the comparison of the FE simulation of the column segment at the base of the mockup
and the corresponding numerical simulation in SEISMOSTRUCT software under cyclic loading history

(i.e. AISC341-16 loading protocol). As it can be observed, the prediction of the numerical model is
satisfactory.
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Figure 142: FE simulation of the column segment at the base (a); model in SEISMOSTRCT (b); comparison
between the FE simulation and the numerical analysis (c)
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Figure 143 shows the comparison between FE simulation of the joints and the corresponding numerical
simulation of the non-linear springs adopted for the beam-to-column joints. In addition, in this case
there is a satisfactory correspondence.
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Figure 143: FE simulation vs numerical simulation of the joints: Haunched (a) and RBS (b)

The nonlinear analyses were performed considering the set of NF records reported in Table 16. The
corresponding spectra are reported in Figure 144 and compared to the EC8 spectrum at ultimate limit
state.

PGA PGV

Earthquake d, h Station Site Trasv Vert Long Trasv Vert

I-] [km] Il [-l lgl (gl  [em/s] [em/s] [ems]
LP19-70 LOMA PRIETA, USA 18/10/1989 6,93 717 17 COR N 0,47 0,64 043 47,03 55,55 2333 12,05 9,61 9,20
LP40-70 LOMA PRIETA, USA 18/10/1989 6,93 [ 2723 17 SAR S 0,32 0,50 035 42,58 4125 | 25,72 | 26,32 15,80 14,14
NIC5-70 MANAGUA, Nicaragua 23/12/1972 6.24 28 5 MAN S 0,33 0,37 0,32 29,88 35,26 18,03 6,36 14,61 6,86
NO2-70 NORTHIDGE, USA 17/01/1994 6.7 2027 18 NFS S 0,59 0,58 0,55 94,72 74,84 | 30,74 | 3047 17,60 12,79
SLV2-70 EL SALVADOR 10/10/1986 58 793 7 CIG R 0,42 0,66 0,38 61,19 79,49 11,38 16,27 11,81 2,72
AQA L'AQUILA, ITALIA 06/04/2009 6.3 4,62 838 AQA B 0,44 0,40 0,47 22,17 2598 8,03 4,08 4,07 5,46
AQG L'AQUILA, ITALIA 06/04/2009 6.3 4.53 8,8 AQG A 0,52 0,47 0,24 28,98 2542 8,70 293 4,18 345
AQK L'AQUILA, ITALIA 06/04/2009 6.3 1,75 8.8 AQK B 0,35 0,33 0,37 29,60 26,50 17,58 8,89 545 24,03
AQV L'AQUILA, ITALIA 06/04/2009 63 | 441 | 88 AQV B 0,55 0,66 | 052 | 3525 | 3290 | 978 493 495 6,53
NO NORTHIDGE, USA 17/01/1994 6.7 541 18 ST24436 C 1,78 0,99 1,05 112,84 77,55 73,53 | 33,00 | 3049 20,68
KO KOCAELI 17/08/1999 7.6 531 15 ST553_Izmit C 031 0,36 021 41,36 53,94 15,58 14,97 13,56 6,87

Table 16: Near-fault records used for the preliminary non-linear dynamic analyses of the case study
frame

D10.1 - Technical report on SERA Transnational Access activities TA1-TA10 M36 138



SERA | Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe

Figure 144: Spectra of the records in Table 16 vs. EC8 spectrum

The non-linear dynamic response of the mock-up shows a large plastic deformation at both significant
damage (SD) and near collapse (NC) limit states. In all investigated cases a large difference in terms of
interstory drift can be observed between the first and the second story. The latter response
demonstrates that the plastic deformations are mainly concentrated within the beams and the columns
at the first floor, as also confirmed by the result in terms of residual drifts at the end of the numerical
test. Figure 145a summarizes the demand in terms of interstory drift ratios at SD limit state for the
mockup equipped with RBS joints, while Figure 145b shows the demand at NC limit state. As it can be
observed the analyses confirm an almost uniform demand at both storys, which is associated to a global
mechanism.

(b)

Figure 145: Interstory drift demand for Mockup with RBS joints: a) Significant damage limit state; b)
Near Collapse limit state
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Figure 146a summarizes the demand in terms of interstory drift ratios at SD limit state for the mockup
equipped with Haunched joints, while Figure 146b shows the demand at NC limit state. It can be
observed a larger concentration of demand and damage in the upper story, even though a global
mechanism occurs.

(b)

Figure 146: Interstory drift demand for mockup with haunched joints: a) Significant damage limit state;
b) Near Collapse limit state

The overturning moment relative to the investigated scenarios, show a very large action on the shaking
table. Indeed, the overturning moments vary from an average 1300kNm (Figure 147a) to about
1800kNm (Figure 147a) for the range of examined records.
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(b)

Figure 147: Overturning moments at the base of the mockup with RBS joints (a) and Haunched joints (b).
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Displacements at the base of the mockup
Record Scaling level RBS Haunched Record Scaling level RBS Haunched
I-1 [-1 [em] [em] I-1 I-1 [em] [em] |

Unscaled 2.8 1.9 Unscaled 1,89 1.61

LP19-70  |Significant Damage 4.8 3,7 NIC5-70  |Significant Damage 1,76 1.4
Near Collapse 8,2 6,3 Near Collapse 2,99 2,38

Unscaled 2 1.7 Unscaled 1,71 1.47

LP40L70 | Signifcant Damage 3.5 3.2 LP40T70 |Significant Damage 1.6 1.28
Near Collapse 6 5.5 Near Collapse 2,71 2,17

Unscaled 4.8 3.6 Unscaled 3,71 3.4

NO2L70 Significant Damage 8.3 7 NO2T70 Significant Damage 3.46 2,96
Near Collapse 14.2 11.9 Near Collapse 5.89 5.03

Unscaled 3.4 2.5 Unscaled 3,77 3.12

SLV2L70 | Signifcant Damage 6 4.8 SLV2T70 |Significant Damage 3.51 2,71
Near Collapse 10.2 82 Near Collapse 5.97 4,62

Unscaled 10.2 9.1 Unscaled 8,13 7.85

NO_L | Significant Damage 17.7 17.5 NO_T Significant Damage 7.58 6.83
Near Collapse 30.1 29.7 Near Collapse 12.89 11.62

Unscaled 2,5 2,4 Unscaled 2,58 2,67

KO_L  [significant Damage| 4.4 4.6 KO_T |Sigificant Damage| 2.1 2,32
Near Collapse S 8 Near Collapse 4.09 3.95

Unscaled 4.4 3 Unscaled 111 0.85

AQA_NSC |Significant Damage 7,7 5.8 AQA_WEC |Significant Damage! 1.03 0.74
Near Collapse 13.1 9.9 Near Collapse 1,76 1,25

Unscaled 2.4 1 Unscaled 2,17 1.99

AQG_NSC |Significant Damage 42 33 AQG_WEC |Significant Damage 2.02 1.73
Near Collapse 1 5.6 Near Collapse 344 2,94

Unscaled 1.9 1.6 Unscaled 1.35 112

AQK_NSC ignificant Damage 33 3.1 AQK_WEC |Significant Damage 1.26 0.9
Near Collapse 5.6 2 Near Collapse 2,14 1,65

Unscaled 42 34 Unscaled 3.66 2.95

AQV_NSC |Significant Damage 13 6.6 AQV_WEC |Significant Damage 3.41 2.57
Near Collapse 12,5 11.2 Near Collapse 581 4,37

Table 17: Maxima estimated displacements at the base of the mockup.

Finally, the maximum displacements at the base of the mockup were also evaluated and reported in
Table 17, where it can be observed that in the most of cases the expected values are compatible with
the capability of the shake table.

3.2.4 Test setup

The experimental program consists of two phases; each of them repeated three times (i.e. one per
examined type of beam-to-column joint). In the first phase, the entire mockup (i.e. frame + claddings)
is subjected to base ground motion incrementally increased to cover Full Operation (FO), Damage
Limitation (DL/ SLS) and Significant Damage (SD/ULS) earthquake intensity levels as defined in the new
draft version of Eurocode 8. In the second phase, after the removal of the cladding and the replacement
of the base columns (if damaged), the damaged joints are replaced without mounting new cladding and
the acceleration is incrementally increased up to Near collapse (NC) earthquake intensity. The
experimental campaign is supported by comprehensive numerical analyses of the entire mockup and
its components to simulate both the pre- and post-test conditions.

At this stage, the mockup is fully completed and ready to be tested, but the experimental campaign is
not yet carried out owing to the unpredictable emergency of COVID virus that is currently affecting all
European countries, especially Italy and France.

Nevertheless, all the preliminary issues that are relevant for the shake table tests have been carried
out. Strong motion input signals, instrumentation, test sequence and preliminary analyses have been
carefully assessed. As soon as governmental containment measures will been relaxed, the delivery,
assembly, instrumentation and testing will be carried out by using the 6DoF AZALEE shake table.

For the sake of clarity, Figure 148 illustrates pictorially all instruments, measuring devices along with
their location, that are going to be employed for the dynamic tests.
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Figure 148: Plan layout of instrumentation and measurement devices.

3.2.5 Conclusion

At this stage, the mockup is ready, the preliminary analyses are carried out, but the experimental
campaign is not yet carried out owing to the unpredictable emergency of COVID virus that is currently
affecting all European countries, especially Italy and France.

Nevertheless, all the preparatory work that was necessary to perform the experimental campaign were
completed, in particular the excitation signals, instrumentation, test sequence and preliminary

numerical simulations. As soon as the containment measures will been relaxed, the delivery, assembly,
instrumentation and testing will be carried out.
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4 LNEC

The Earthquake Engineering and Structural Dynamics Unit of LNEC runs an infrastructure with a
5.6 m x 6.4 m 3D shaking table (LNEC-3D), to which access is offered, located in a large testing hall with
10 m height and an overhead crane with 400 kN capacity, resulting in a versatile test facility that can
be used for a variety of earthquake and dynamic load tests.

The LNEC-3D shaking table (ST) has three independent translational degrees of freedom, with the
rotational ones being passively restrained via a stiff torque tube system. The actuators allow for
dynamic forces of 1000 kN in the vertical and 700 kN in the horizontal directions to be applied to the
system, with peak velocities up to 0.7 m/s and peak displacements of £0.2 m in all directions.

The control of the ST is fully digital, allowing input displacements of any form in a frequency range of
0-40 Hz. The digital control hardware and software was upgraded in 2011 into a more advanced and
open platform, whereby the introduction of new control strategies or the implementation of new test
strategies (e.g. hybrid simulations) is facilitated. The acquisition system allows a large number of
physical variables (such as pressures, forces, accelerations, displacements, strains, etc.) to be
monitored, using the extensive instrumentation available or specially developed instrumentation.

The LNEC-3D ST was designed specifically for testing structures and components up to collapse or near-
collapse conditions. It has a large capacity in terms of payload (max. weight of 40 tonnes), allowing tests
on medium-sized structures or larger structures at reduced scale. A special feature of this installation
is that the ST is surrounded by three stiff reaction walls, which can be used for different test setups.

During SERA, LNEC is hosting 3 User Groups (UGs) and Projects, for a total of 75 access days. In the 1
call for TA Projects, 5 UGs applied to LNEC as the 1% choice as TA host and 3 UGs applied to LNEC as the
2" choice for hosting institution. Two projects were selected:

e Project # 6 — (Towards the) Ultimate Earthquake proof Building System: development and testing
of integrated low-damage technologies for structural and non-structural elements;

e Project # 7 — Seismic Response of Masonry Cross Vaults: shaking table tests and numerical
validations.

In the 2™ call for TA projects, the 3™ UG was selected, among additional 8 applications from which 3
had LNEC as the 1% choice as TA host. The selected project was:

e Project # 19 — Seismic Testing of Adjacent Interacting Masonry Structures.

The 3 projects compose a very complete set of tests, resulting on important developments for both
new structures, with innovative materials and construction techniques, and for the assessment of
existing structures, representative of heritage buildings or typical city centre buildings. Moreover, it is
noteworthy to point out that the 3 projects correspond to a total of 8 independent shaking table tests,
since they include the test of more than one specimen or the test of the original specimen which is later
retrofitted and tested again.

The design of the models, the test setup and the instrumentation plan were developed by the UGs and
LNEC's research team, taking into account the constraints of the facility and the objectives of the UGs.
The construction of the specimens and the preparation for the tests followed.

After tuning the shake table motions to the target ones, the testing was performed and the post-
treatment of results was made or is underway. Numerical modelling was involved at different stages of
the activities, be it as preliminary simulations or a posteriori calibration and validation simulations.
Finally, the data curation of the test results is ongoing for dissemination to the wider scientific
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community in the experimental database of the SERA project and several scientific publications have
been published or are being prepared.

4.1 Project #6 — (Towards the) Ultimate Earthquake proof Building
System: development and testing of integrated low-damage
technologies for structural and non-structural elements

Authors

S. Pampanin®®, J. Ciurlanti™, S. Bianchi™, D. Perrone®, M. Palmieri®, D. Grant¥, G. Granello®, A.
Palermo®, A. Filiatrault?, A.A. Correial®, P.X. Candeias®®, A. Campos Costa®

(1) Sapienza University of Rome, Rome, Italy

() |USS, University School for Advanced Studies, Pavia, Italy
) ARUP, Amsterdam, Netherland's

4 ARUP, London, United Kingdom

) University of Canterbury, Christchurch, New Zealand

(6) | NEC, National Laboratory for Civil Engineering, Lisbon, Portugal

4.1.1 Introduction

The seismic design of modern buildings follows a performance-based approach targeting Life-Safety
criteria. Structures are conceived as ductile systems where inelasticity is concentrated within discrete
plastic hinge regions as per capacity-design principles and this primary structure is designed for allowing
buildings to sway and stand during earthquakes and people to evacuate. As continuously highlighted
after past seismic events, notwithstanding these buildings performed as expected depending on the
seismic intensity level they were subjected to, the Life-safety design philosophy is no longer acceptable
due to the significant damage to both structural and non-structural components which can result
(Figure 149, left). Repairing traditional structures may be uneconomical when compared with the cost
of demolition and re-construction of the entire building system, in terms of money and time.
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Figure 149: Left — typical damage occurring in modern RC buildings (Johnston et al., 2014); Right —
seismic performance design objective matrix of SEAOC Vision 2000 (1995) modified to achieve a
damage-control design philosophy (Pampanin, 2012, 2015)

The high socio-economic impact of moderate-to-strong earthquakes and the increased public
awareness of seismic risk have facilitated the acceptance and implementation of damage-control
technologies, whose development is nowadays demanded. Performance-based design criteria and
objectives need a shift towards a low-damage design approach (Figure 149, right) and technical
solutions for engineers and stakeholders to control the performance/damage of the entire building
system, including superstructure, foundation systems and non-structural elements. Moreover, this new
design philosophy should be considered to define an ultimate “earthquake-proof” building system
(Pampanin, 2012, 2015).

Apart from well-known innovative techniques such as base isolation and supplemental dissipative
braces, more recently developed “low-damage” systems are receiving attention by the engineering
community. These solutions are based on a combination of self-centering and dissipative capabilities
and are called as PRESSS (PREcast Seismic Structural System) technology for concrete (Priestley et al.,
1999; Pampanin, 2005; Pampanin et al., 2010) and Pres-Lam (Prestressed Laminated) for timber
(Palermo et al., 2005; Pampanin et al., 2006, 2013). Nevertheless, protecting the primary structure from
extensive damage is not enough for the actual society expectation, whilst the structural skeleton should
be “dressed” using low-damage non-structural components, i.e. exterior enclosures, partitions, ceilings,
services and contents. Therefore, innovative technological solutions have been recently developed and
studied with the aim of mitigating the damage to either vertical or horizontal elements (Baird et al,,
2013; Tasligedik et al., 2014; Tasligedik and Pampanin, 2016; Pourali et al., 2017).

The integrated structural/non-structural system comprising all these low-damage solutions should
represent the next generation of modern structures. However, notwithstanding initial studies on such
type of integrated system (Johnston et al., 2014), more comprehensive investigations are required for
demonstrating the high seismic capability of this building solution and refining the construction
detailing. With this aim, as part of the H2020 SERA project, 3D shaking-table testing of a half-scale
integrated low-damage system were carried out at the National Laboratory for Civil Engineering (LNEC)
in Lisbon, Portugal. The project was proposed and developed with the aim of promoting a research
effort within the European industry/community for the wider uptake of an integrated low damage
building system, including skeleton and non-structural components for the next generation of buildings.
An overview of the entire research programme is provided within this report, focusing on the
description of the test specimen, on its construction/assembly phases as well as on the experimental
setup and test and initial research outcomes.
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4.1.2 Test specimens

Three different system configurations have been tested, corresponding to three testing Phases (Figure
150), namely:

e the Skeleton Building, made of post-tensioned timber beams, precast concrete columns and hybrid
rocking-dissipative connections (beam-column joint, column base) in the longitudinal direction and
post-tensioned rocking-dissipative low-damage timber walls in the opposite transverse direction.
Both frame and wall systems comprised external “Plug&Play” dissipaters. Regarding the flooring
systems, two different typologies were introduced: 1) a Timber-Concrete Composite (TCC) flooring
system for the first level and 2) a Pre-stressed Timber-Concrete flooring system (3PT) on the second
level of the Test Building.

e Option 1 configuration, comprising fiber-reinforced gypsum partition walls with low-damage
detailing, built on the first floor of the specimen in both the structural directions.

e Option 2 configuration, representing an integrated structural/non-structural solution. The Skeleton
Building was “dressed” using Glass Fiber Reinforced Concrete (GFRC) cladding systems in the frame
direction and spider glazing curtain walls in the wall direction, while the internal gypsum wall was
substituted by a masonry partition made of low-damage detailing.

Figure 150: Test specimen configurations — Skeleton Building (left), Option1 (centre), Option2 (right)
(Pampanin et al., 2020)

The Test Building was designed considering a hypothetical full-scale Prototype Building with typical
structural dimensions of an inner core of multi-storey commercial buildings, while ensuring the
specimen could fit to the weight limitations of the shaking table as well as being compatible to the size
of the steel foundation already available at LNEC. The Prototype Building is a two-storey structure with
two seismic resistant post-tensioned timber-concrete frames in the longitudinal direction and two post-
tensioned timber walls in the transverse direction. The structural system was designed for the Ultimate
Limit State (475-years return period earthquake for an Importance Class 2) following the Direct-
Displacement Based Design (DDBD) procedure by Priestley et al. (2007) and Pampanin et al. (2010), as
well as considering the seismic demand associated to a seismicity representative of a high seismic zone
in Italy, with PGA of 0.353 g at ULS. Then, the Cauchy-Froude similitude of constant stress and constant
acceleration was applied to determine the geometrical configuration of the 1:2 (A=0.5) scale Test
Specimen configuration. The specimen components were designed considering the scaled forces from
the Prototype Building as well as applying the same DDBD procedure, as further verification. Additional
masses (driving masses) were required to be added to the Test Specimen when compared to the
Prototype Building, representing the increased density required by scaling. The global geometry of the
specimen and its components can be found in Figure 151.
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Figure 151: Global dimensions of the Skeleton Building (Pampanin et al., 2020)

Concerning the structural system, the hybrid connections (beam-column joint, column base and wall
base) were designed considering the forces obtained from the DDBD procedure and following the
procedure described in the NZCS PRESS Design Handbook (Pampanin et al., 2010) for the concrete
elements and the STIC Design Guidelines (Pampanin et al., 2013) for the timber components. Apart
from the design of the post-tensioned tendons/cables (1/2” or 3/8” wire strands for the beams and
18WR threaded bars for the walls) and of the external dissipaters (16 mm or 20 mm mild steel bars
necked down to 6.8/8.8 mm for the beam dissipaters, from 20 mm to 14/15.6 mm for the column
dissipaters, and from 16 mm to 11 mm for the wall dissipaters), all the steel assemblies (steel plates,
bolts/screws/nails, welding) introduced for correctly realizing the hybrid connections were properly
verified using formulations from international codes (European, Italian and New Zealand).

Concerning the flooring systems, the first level was a Timber-Concrete Composite (TCC) floor designed
following the STIC (2012) and AS/NZS 1170 series (2002), consisting of 120 x 220 mm timber joists,
12.5 mm plywood and 27.5 mm concrete slab. On the other hand, the second floor was a 3PT
prestressed timber-concrete floor (Palermo and Pampanin, 2017) composed of 1076 x 120 mm timber-
concrete beams comprising 3 wire-strands of 5.2 mm diameter. Furthermore, many other structural
details were introduced for providing the correct functionality to the entire system. A detailed
description of the structural design and detailing can be found in Pampanin et al. (2020) and Ciurlanti
et al. (2020).

The Skeleton Building was entirely built outside the shaking table, on a steel foundation. After the
introduction of specific measurements to strongly fix the steel foundation plates of columns and walls
to the existing foundation, the assembly of the Test Building involved different construction phases.
Some photos of the construction phases as well as some specimen detailing are shown in Figure 152.
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Figure 152: Construction of the Test specimen — assembly of the lateral beams to the wall (top, left),
lifting and positioning of the seismic beams (top, centre), detail of the wall dissipaters (top, right),
assembly of the timber joists on the first floor (bottom, left), assembly of the 3PT flooring system (top,
right)

Regarding the non-structural elements, apart from the low-damage masonry partition of Option 2 fully
designed referring to Tasligedik and Pampanin (2016), the systems were proposed by the related
industry suppliers and their details were discussed to be adapted to the existing structural skeleton.

Concerning the partitions tested during the second experimental phase (Option 1), the system
consisted of two orthogonal walls: a 5 m-long wall with openings in the wall direction and a 2.5 m-long
monolithic wall in the frame direction. These walls comprised steel sub-frames covered by fiber-
reinforced ceramic gypsum panels. Specific measurements were included during the construction of
the system, i.e. introduction of horizontal and vertical gaps, telescopic joints. During the third testing
phase, this system was demolished to be substituted by a masonry partition with low-damage detailing,
i.e. 90 mm thick rocking vertical panels built inside an internal steel frame. Specific detailing was
introduced to define the low-damage solution, i.e. steel frames separated by lateral gaps. More details
on the two partition systems can be found in Bianchi et al. (2020).

External enclosures were then introduced to cover the structural skeleton during the last testing phase
(Option 2): GFRC cladding systems in the frame direction and spider glazing in the wall direction. The
cladding system consisted of Glass Fiber Reinforced Concrete (GFRC) panels with a central opening
connected through stirrups to a steel frame which, in turn, was attached to the structural members
using two restraint anchorages at the bottom and two sliding connections on the top. Concurrently,
spider glazing walls covered the structural skeleton in the opposite direction and were composed of
10+1.52Pvb+10 mm laminated glass panels fixed to the structural skeleton using steel assemblies
specifically manufactured. The facade system was made of articulated screws (hinges) consisting of
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spherical joints inserted within holes in the glass panels, whereas these joints were bolted to spider
connectors coupled to the structural system (edge beams and steel foundation).

Some photos of the non-structural elements tested during Phases 2 and 3 of the experimental
campaign are presented in Figure 153.

4.1.3 Numerical prediction

Numerical modelling was implemented to predict the building performance under seismic loading.
Specifically, a model based on a lumped-plasticity approach was defined and non-linear static and time-
history analyses were performed using Ruaumoko3D (Carr, 2003).

A three dimensional lumped-mass and lumped-plasticity model was implemented as shown in Figure
154. The structural members were modelled as elastic (Giberson) components and the inelastic
behaviour was concentrated at the connection interfaces. The material stiffness was assumed as per
design values. The non-linearity of the system was concentrated into two inelastic rotational springs in
parallel, representing the moment contributions to the rocking connections. The springs were zero-
length elements, fixed between the rigid link of the column and the elastic beam element. The
parameters of the hysteresis rules describing the springs were determined to match the moment-
rotation relationships evaluated during the building design. The post-tensioned tendons/bars were
represented by multi-linear elastic moment rotation curves, while for the mild steel (dissipator) springs
a kinematic hysteresis (multi-linear plastic) was assigned. Additional (rotational) springs were
introduced for simulating the out-of-plane behaviour of the hybrid connections. Rigid restraints were
inserted at the base of the vertical members and, finally, the total building mass was applied to both
structural directions and distributed across the nodes at each storey level.

Figure 153: Non-structural elements — fiber-reinforced gypsum partition (top, left), low-damage
masonry infill wall (top, right), GFRC facade system in the frame direction (bottom, left), detail of the
hinge spider-plate assembly (bottom, centre), assembly of the spider glazing facade in the wall direction
(bottom, right)
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Figure 154: Numerical model of the Test Building implemented in Ruaumoko3D (Ciurlanti et al., 2020)

Non-linear static and push-pull analyses were initially performed to capture the quasi static monotonic
and cyclic behaviour of the model. In Figure 155 the numerical push-over curves are compared to the
analytical curves obtained from the DDBD procedure. Adopting a Capacity-Spectrum approach and
converting the curves into acceleration/displacement values in the Acceleration-Displacement
Response Spectrum (ADRS) domain, the performance points describing the expected seismic demand
can be estimated for both building structural directions.

Ultimately, time-history analyses were performed to evaluate the maximum inter-storey drift and floor
accelerations to be expected at each intensity level and earthquake motion to be simulated by the
shaking table.

Figure 155: Push-over curves in the ADRS domain: Analytical (DDBD) vs. Numerical (w/o and with out-of-
plane springs) (Ciurlanti et al. 2020)

4.1.4 Test setup

The monitoring system of the Test Building consisted of a combination of sensors: accelerometers,
LVDT transducers, potentiometers, load cells, optical devices, strain gauges. The instrumentation was
used to analyse the global behaviour of the building, to determine the local response of the structural
connections and to study the seismic performance of the non-structural elements. Considering the
instrumentation and channels available for the data acquisition, the monitoring system was designed
trying to find the best solution during each testing phase.

During the first testing phase (Skeleton Building) all the sensors were used for monitoring the seismic
response of the structural skeleton and its connections. At the foundation level, 4 accelerometers were
used for measuring the acceleration of the shaking table in all the three directions and the impact effect
at the base of a rocking column. LVDT transducers or potentiometers were introduced for monitoring
the opening/closing of the gaps at the base of two opposite concrete columns and of the two timber
walls (Figure 156, left). Concerning the two building levels, accelerometers were introduced for
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monitoring the four lateral columns at the corners and the two timber walls in both longitudinal and
transverse directions, as well as the vertical accelerations on the two timber-concrete floors. LVDT
transducers monitored the opening/closing of the gaps at the beam-column interface for two opposite
corners. Figure 156 (centre) shows one of the fully monitored beam-column joints.

Figure 156: Monitoring system — LVDTs/potentiometers at the base of a timber wall (left), load-cell,
accelerometers and LVDTs monitoring a beam-column joint (centre), “Plug&Play” dissipaters (right)

2D optical devices were introduced to control the displacements of one structural frame, while load
cells acquired the variation of post-tensioning force during the earthquake shakings for all the wire-
strands and threaded bars. Finally, strain gauges were attached to selected external dissipaters for
recording the force developing under seismic motions. The strain gauges were fixed to the internal fuse
of the Plug&Play dissipaters using glue (Figure 156, right), and afterwards the dissipaters were
completed introducing steel tubes filled using epoxy for anti-buckling action. Before bolting the
Plug&Play into their anchorages, the monitored dissipaters were subjected to tensile testing, within the
elastic range, with the aim of calibrating the strain gauges' measurements.

Due to the need for monitoring both the structural system and the internal partitions during the second
testing phase (Option 1), some of the accelerograms and transducers were removed from the structural
system and positioned on the internal gypsum partitions. The partition wall in the frame direction was
fully monitored using LVDT transducers and accelerometers (Figure 157, top-left).
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Figure 157: Monitoring system — sensors on the fiber-reinforced gypsum partition in the frame direction
(top, left); LVDT transducers on a lateral low-damage masonry wall and accelerometer at the middle of
the panel (top, centre and right); accelerometer at the middle of the GFRC panel (bottom, left) and LVDT
monitoring the anchorage-column relative displacement (bottom, centre); transducers recording the
glass/column and glass/glass displacements (bottom, right)

Concerning the last specimen configuration, due to the large number of components to be monitored
some of the external facades and rocking walls were more thoroughly instrumented than others.
Regarding the masonry rocking wall, two lateral walls were monitored using LVDTs for measuring the
horizontal relative displacements between the column and the wall and between two adjacent walls as
well as the vertical wall/floor relative displacements (Figure 157, top-centre), while an accelerometer
was positioned at the centre of the wall for recording the out-of-plane accelerations (Figure 157, top-
right). Regarding the cladding systems, accelerometers were installed for controlling both the in-plane
(Figure 157, bottom-left) and the out-of-plane accelerations, while LVDTs were used for measuring the
relative displacements between the cladding system and the column (Figure 157, bottom-centre), as
well as between two panels. Finally, for the case of the spider glazing glass facade, the glass panel in
the upper-left corner of a facade was fully monitored for the in-plane accelerations at the spider
connectors and at the middle of the panel, and for the out-of-plane accelerations at the centre of the
panel and along the diagonal direction. Furthermore, LVDTs were introduced for monitoring the relative
displacements in the horizontal and vertical directions between the fagade and the structural skeleton
and between adjacent panels (Figure 157, bottom-right).

After the definition of the instrumentation plan, the test matrix was identified. Four levels of
earthquake intensity were tested on the shaking table, namely: LS1, representing the Damage Control
limit state (TR = 50 years); LS2, representing more than a Serviceability limit state (TR = 101 years); LS3,
i.e. the Life-Safety limit state (TR = 475 years); and LS4, corresponding to the condition of TR = 1500
years, more than the Collapse-Prevention limit state. Then, 5 different ground motions were selected
to be scaled at each of these seismic intensity levels: 3 Far-Field earthquakes (EQ1, EQ2, EQ3) and 2
Near-Fault records (EQ4, EQ5). An additional earthquake was introduced to represent a shaking motion
with high vertical acceleration (EQ6). All the cited earthquakes are summarized in Table 18.
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ID Event Station Record ID Year Mw
EQ1 Cape Mendocino Eureka — Myrtle & West FFO2 1992 7.0
EQ2 Landers Morongo Valley FFO3 1992 7.3
EQs Darfield REHS FF15 2010 7.1
EQ4 Imperial Valley-06 El Centro Array #4 NFO1 1979 6.5
EQs Christchurch Cccc NF13 2011 6.3
EQs L'Aquila AQV AQ 2009 6.3

Table 18: Selected earthquake motions

These ground motions were scaled using the methodology described within the NZS 1170.5 (2004). The
scale factors k; were limited to the range of 0.33 - 3.0 and the first period T; of 0.4 s for the full-scale
Prototype Building was used for implementing the procedure. Finally, the obtained records were
further scaled in time for respecting the similitude requirements. The scaling factors k; of all the records
were determined at the Life-Safety limit state (LS3), while the scaling SF at the different intensity levels
was defined assuming that the average spectrum from the earthquakes at the Life-Safety limit state
represented the reference condition with SF equal to 1.

The experimental campaign was carried out by incrementally increasing the seismic intensity in
different directions and the test sequence was thus conceived as: 1) the building was subjected to 1D
input motions in both the horizontal (X or Y) and vertical (Z) directions; 2) then, to 2D input motions in
the horizontal direction (XY), and 3) finally to 3D input motions considering the combination of the XY
input with the vertical excitation (XY+Z). In addition to the ground motion test sequence, a white noise
motion was run before and after each intensity level for dynamic identification of the specimen.

4.1.5 Observation during testing

The shaking table tests confirmed the high potential of the integrated low-damage structural system.
Regarding the structural skeleton, the system behaved as expected having a very high seismic
performance, in this case proved through three-dimensional shakings and for the case of a timber-
concrete frame-wall structure. However, due to the great number of earthquake motions (up to 400)
and to the different system configurations analysed, the experimental testing led to expected damage
conditions as well as to identify other damages to be taken into consideration when designing the
structural detailing.

The yielding and consequent permanent deformations of the external dissipaters is one of the expected
damage conditions for such type of structures. The inelastic demand is accommodated within these
elements, representing the only component to be substituted after earthquake. During the seismic
tests this damage state was achieved after many shakings and particularly during the Life-Safety test
sequence (Figure 158, left). Other damage conditions for the structural system were related to: 1) the
second building floor, due to the pounding effects on the lateral seismic beams which, in turn, after
many tests brought to a rotation of these beams around their axis; 2) the central beam of the TCC floor
which supported a large vertical loading due to the presence of 6 steel masses (around 3.6 tons) on its
influence area, not only contributing to the horizontal seismic inertia but also imposing additional
vertical inertial loads on the building floor.

Regarding the non-structural elements, they had an excellent seismic performance if compared to more
traditional non-structural solutions, i.e. the damage conditions were achieved for higher values of
seismic demand. However, some damage states were observed.
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Damage to the fiber-reinforced gypsum partition was mainly related to diagonal cracking from the
corners of the door openings (Figure 158, centre). These cracks formed during the LS1 sequence (less
than 0.04 mm for an inter-storey drift of around 0.4%) and continued to open until the end of the tests
(larger than 2 mm for inter-storey drift larger than 1%). Detachment of the silicone sealant and loss of
adhesive in the corners of the partition wall was also observed from LS2, while initial crushing of the
panels was noticed in some corners after the LS4 sequence.

Figure 158: Yielding of the external wall dissipaters (left), diagonal cracking of the gypsum partitions
(centre), out-of-plane displacements of the glass panels (right)

Concerning the GFRC facades, these components had very high seismic performance during the
earthquake shakings and no damage was observed after all the testing sequence. Regarding the spider
glazing systems, no cracking of the glass panels was observed and they behaved very well in the in-
plane direction. However, comparatively large displacements in the out-of-plane direction of the glass
panels relative to each other (maximum of around 14 mm) were found (Figure 158, right). This was
related to the yielding and elongation of the hinge bolt fittings subjected to high forces in this direction
due to the inertia force provided by the glass panel.

Finally, for the low-damage infill wall, the seismic behaviour of this solution confirmed the high
potential of applying low-damage detailing to such type of partition walls. Overall, the infill wall did not
suffer any serious in-plane damage and did not lose its out-of-plane capacity, which was due to the in-
plane integrity of the clay brick infill wall and the integrity of the sub-frame system. No damage was
observed after the first two levels of seismic intensity, then initial detachment of silicone sealant in the
corners as well as initial sliding of the masonry walls inside the frames was noticed. Only after the last
seismic intensity sequence, cracking of the mortar surrounding one brick located in the upper-left
corner of a rocking wall was observed.

4.1.6 Preliminary results

For the control of the shaking table, the compatible displacement and acceleration time series were
sampled at 200 Hz through Fourier filters, both low and high pass, integration, differentiation and
detrending. The digital signal processing, in both time and frequency domains, was carried out using
the LNEC-SPA software. Shaking table data acquisition was collected via a high-rate acquisition system.
All data was collected at a sample frequency of 4000 Hz to ensure high-quality sampling, which was
then filtered and decimated to 200 Hz. Butterworth bandpass filtering was applied to all recorded
acceleration data across the frequencies of 0.1-20 Hz to eliminate noise outside the range of interest.

Considering a specific earthquake, for each structural direction and building level, average values of the
inter-storey drift/floor acceleration can be obtained from a preliminary data post-processing. Taking
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into account all the sensors monitoring a direction/level and considering all the earthquake sequence
of a determined intensity level (LSi, i=1,2,3,4) the maximum values of these demand parameters can
be calculated. The maximum values of the inter-storey drift ratios and the floor accelerations for each
intensity level and building direction are summarized in Table 19 for Option 1 and Option 2 specimen
configurations. In the same table, for the different tested non-structural components, the maximum
accelerations and relative displacements between such element and the primary structure can be
found.

Concerning the global performance, the specimen behaved as expected with demand parameters
coherent with the ones calculated during the design process. Regarding the non-structural
components, the in-plane behaviour confirmed the good response of these components due to the
introduced non-structural detailing, while the out-of-plane accelerations allowed to define the relative
amplification factors which were estimated to be in the range of 2-3 for all the non-structural systems
when compared to the building levels, apart from the masonry infills where the amplification is found
to be around 2.

Dynamic identification of the entire specimen and of the non-structural systems was carried out after
each intensity level sequence, through white noise signals and using impact hammer inputs
respectively. Elaborating the acceleration data through the transfer function method, the natural
frequencies of the structure and of all the interior walls/envelopes can be identified and are listed in
Table 20 for Option 1 and Option 2 specimen configurations.

Comparing the natural period for both building directions between Option 2 and Option 1
configurations it can be highlighted that the stiffness provided by the non-structural components
reduced the natural periods, although the building mass increased.

Regarding the structural system, the decreasing value of frequency was mainly due to the yielding and
consequent permanent deformations of the external dissipaters, nevertheless, this loss of capacity was
mainly related to the high number of shakings to which they were subjected. Notwithstanding no failure
of the dissipaters was observed, they were fully replaced between each testing phase of the
experimental campaign, in order to re-establish the initial capacity for the structure.

The evolution of frequencies for the non-structural systems highlights their loss of capacity: 1) no
reduction is observed for the glass panels, 2) very reduced reductions are noticed for the fiber-gypsum
partition and the GFRC facade, while 3) for the infill partition wall a modification of the natural vibration
is mainly identified when moving from LS2 (more than Serviceability Limit State) to LS3 limit state (Life-
Safety).
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Intensity Level LS1 LS2 LS3 LS4
Direction Frame Wall Frame Wall Frame Wall Frame Wall
Option 1
Table 0.17 0.20 0.29 0.25 0.35 0.38 0.35 0.43

Floor 1 0.35 0.36 0.56 0.42 0.63 0.68 0.67 0.65

Acceleration [g]
Floor 2 0.55 0.67 0.86 0.82 0.90 1.49 1.16 1.48

Partition 0.53 1.20 0.86 1.27 0.99 1.64 1.12 1.68

Inter-storey Level 0/1 0.46 0.49 0.92 0.69 0.96 1.54 1.14 1.11

drift [%] level1/2 | 040 | 039 | 079 | 056 | 086 | 161 | 095 | 1.07

Rel. displ. [mm] | Partition 5.49 1.23 12.82 1.67 14.01 9.72 12.75 6.48

Option 2

Table 0.14 0.17 0.22 0.17 0.34 0.32 0.41 0.47

Floor 1 0.26 0.31 0.38 0.28 0.53 0.48 0.60 0.59

Floor 2 0.44 0.54 0.46 0.50 0.91 0.97 1.08 1.24

Acceleration [g]
GFRCH. - 0.79 - 0.79 - 1.12 - 1.52

Glass f. 0.59 0.39 0.97 0.35 1.09 0.69 1.47 0.99

Partition 0.40 - 0.55 - 0.82 - 0.96 -

Inter-storey Level 0/1 0.36 0.57 0.55 0.36 0.74 0.94 1.01 0.94

drift [%) level1/2 | 029 | 032 | 058 | 033 | 058 | 069 | 076 | 1.04
GFRCf. | 3.97 - 5.52 - 9.21 - 12.15 -

Rel. displ. [mm] Glass f. - 2.76 - 2.38 - 4.55 - 5.32

Partition - 3.02 - 1.93 - 6.53 - 9.91

Table 19: Summary of the maximum recorded quantities (Bianchi et al., 2020)

Configuration Option 1 Option 2
System Frame | Wall Gy\z:ﬁm Frame | Wall M?;;Try S::ecl s;sesl
Initial 3.50 3.71 21.00 3.66 3.90 16.27 69.00 37.35
After LS1 3.37 3.12 20.00 3.53 3.87 16.02 69.00 37.05
After LS2 3.08 3.12 19.71 3.47 3.71 - - 32.44
After LS3 3.03 2.59 19.06 3.35 3.32 15.43 68.75 26.17
After LS4 2.88 2.54 18.70 3.08 2.98 15.27 68.59 15.02

Table 20: Frequencies [Hz] of the first mode of vibration of the structure and the non-structural
elements
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4.1.7 Conclusions

This report described one of the H2020 SERA project transnational access experimental activities,
involving 3D shaking table tests of a two-storey 1:2 scaled fully prefabricated dry-assembled building
with two bay timber-concrete low-damage seismic frames and post-tensioned rocking dissipative
timber seismic walls and comprising different low-damage or high-performance non-structural
components (fiber-reinforced gypsum and masonry partitions/glass and GFRC facades). The aim of the
project was to promote a research effort within the European environment for the development of an
integrated low-damage building system.

An overview of the full experimental campaign was provided, which consisted of three different testing
phases and specimen configurations, i.e. Skeleton Building, Option 1 (Skeleton Building with internal
gypsum partitions), Option 2 (Integrated system made of an internal masonry wall and exterior
envelopes). The overall research project was described, from the Test Building and its structural and
non-structural detailing, to the test setup and to preliminary results. The dynamic shaking table tests
confirmed the seismic performance of the low-damage skeleton for timber-concrete structures and
proved the high potential for implementing an integrated low-damage or high-performance
structural/non-structural building solution for the next generation of buildings. However, the observed
damage conditions will suggest improvements to the system detailing to be applied and studied in
future research.
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4.2.1 Introduction

The observation of damage caused by past seismic events demonstrates the high vulnerability of
historic masonry buildings. Several types of mechanisms can be activated during an earthquake. The
mechanisms that involve the horizontal structural elements are dangerous and fundamental for the
seismic performance of buildings. Thus, these types of mechanisms should be better investigated
(Rossi, 2015).

Widely spread among monumental masonry buildings (mainly in churches and palaces), masonry cross
vaults are some of the most vulnerable horizontal structural elements. Acting as both a ceiling and a
structural horizontal diaphragm with significant mass, vaults’ mechanical behaviour affects the overall
seismic response of buildings, in terms of strength, stiffness, and ductility. Moreover, their local damage
and collapse may produce significant losses in terms of cultural assets and casualties.

Because of these reasons, the seismic assessment and the seismic vulnerability reduction of masonry
vaults are interesting topics, which deserve attention and care by the research community. The need
of care is associated to several open issues that researchers and practitioners have to face when dealing
with masonry cross vaults. In fact, many authors highlighted the difficulties on analysing the complex
3D behaviour of existing masonry cross vaults. These structures may be damaged due to the interaction
with adjacent structural elements or with the counteraction system (such as flying buttresses or
foundations). Moreover, in general, there is not the possibility of knowing their thickness and the
different sizes of cross vaults may lead to difficult comparisons from the structural point of view
(Bertolesi et al., 2019). In the last twenty years, giant steps were certainly made in the safety
assessment of masonry structures and the design of interventions in heritage buildings. However, there
is still a lot to be done.

Most of the studies, in the past, were oriented to the description of the structural response of vertical
masonry structures, disregarding the role of horizontal diaphragms. These were neglected in the
analyses (since considered very deformable, such as the case of timber floors), or considered infinitely
stiff (since substituted by, or reinforced with, RC elements). Conservation and safety issues pushed
towards a different approach: on the one hand, the substitution of timber floors with RC floors, as well
as the reinforcement of masonry vault with concrete “jackets” is not acceptable anymore; on the other
hand, recent earthquakes showed that the introduction of excessively rigid diaphragms may
compromise the structural response of the masonry building. Today, improved structural analyses and
assessment procedures requires improved models for diaphragms. This is one of the most crucial issues
in structural masonry modelling and analysis.

Another large quantity of past studies was oriented to the description of the behaviour of masonry
arched structures (arches and vaults). These studies were mainly focused on the analysis of special
buildings, such as churches and monumental structures, and were mainly based on the study of the
equilibrium of rigid blocks, disregarding the deformability of such structures in the elastic and inelastic
field and the limited strength of the material in compression. Moreover, as already stated, they
considered the 2D behaviour of the arch/vault only, disregarding their 3D behaviour involving
shear/sliding mechanisms. Today, such approaches should be improved, in particular for complex 3D
vaults such as the ones considered in this research project.
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Two PhD studies which have been recently developed, namely the work carried out by Gaetani (2016,
2017) and Rossi (2015, 2017), represent the starting point of this investigation work.

Gaetani’s work, performed at the University of Sapienza and University of Minho, corresponds to a
phased study based on a wide literature review, numerical analyses and experimental activities with
the aim of an expedite assessment of the seismic capacity and the failure mechanism for groin vaults.
Moreover, a standard limit analysis code was implemented. Rossi’s research, performed at the
University of Genoa, presents the experimental investigation of groin vaults, subjected to static actions,
with the use of a small-scale mock-up.

Previous investigations, from the state-of-art until the experimental campaigns and the theory of scaled
tests design lead up to the definition of the shaking table tests, performed at the National Laboratory
for Civil Engineering (LNEC) in Lisbon, Portugal, in the framework of the transnational activities of the
H2020 SERA project. The preparation and operation of the shaking table follows standard protocols to
achieve the target motions, as proposed by Candeias et al. (2017).

In particular, three sets of shaking table tests were planned:

1.  Testsona 1:5scale cross vault made of 3D-printed blocks assembled with dry joints (Rossi, 2015):
to validate the efficacy of static tests on reduced scale mock-ups, performed in earlier studies,
and to describe the seismic dynamic response of masonry vaults;

2. Testsona 1:1scale model of a brick unreinforced masonry cross vault: investigating the behaviour
of brick masonry cross vaults under different seismic inputs, in terms of damage, displacement
capacity and peak acceleration;

3. Testsona 1:1 scale model of a brick reinforced masonry cross vault: to evaluate the effectiveness
of reinforcing techniques to repair the vaults tested in b).

The originality and innovation of the proposed research lies in several aspects:

e Despite both the structural and architectural relevance of masonry cross vaults, only a few
experimental tests were carried out and can be found in the literature;

e The test setup was designed in order to reproduce the diaphragm shear response of cross vault
(which is very difficult to model dynamically). Moreover, since the setup considers the vault only, it
allows to disregard the “filter effect” produced by its supporting structures (piers or columns) on
the dynamic action applied;

e The innovativeness of the proposed strengthening technique, since based on highly efficient and
compatible materials. The efficiency of the technigue was never tested on masonry cross vaults in
the dynamic field.

The theoretical interpretation of the results, aims not only to calibrate advanced non-linear numerical
models but also to validate/propose safety assessment procedures to be implemented in European
codes.

The broader impacts of the research regard the safety and preservation of historical masonry buildings
in the European earthquake prone areas. It is well known that policies for the preservation of cultural
heritage, in the structural field, are based on two main lines of development: the improvement of safety
assessment procedures and the improvement of strengthening techniques. The idea is that, for
heritage buildings, the safety should be guaranteed with “minimum intervention”, which is one of the
pillars of conservation theory. In this framework, the more reliable the safety assessment procedures
are, the less interventions are needed; the more efficient the strengthening interventions are, the less
interventions are required.

In conclusion, by improving the knowledge and the modelling/analyses approaches of vaulted masonry
structures, this research contributes to a better safety assessment of heritage buildings and to a better
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design of strengthening interventions, thus contributing to an improvement of the safety and
preservation policies of heritage buildings in the EU.

4.2.2 Test specimens
Reduced scale vault 1:5

The tests were performed on a 1:5 scale model made by 3D printed plastic blocks with dry joints (Figure
159). The same mock-up was already tested under static conditions by Rossi (2015; 2017). The blocks
were 3D printed with the SLS (Selective Laser Sintering) technology: an efficient method to generate
small-scale models with high geometrical accuracy (0.1 mm), low cost and short time of production.
Moreover, it allows for the production of blocks with large stiffness (to guarantee the rigid block
assumption and the repeatability of the tests by minimizing the damage due to impacts) and large
friction (to inhibit the sliding between blocks).

The shape and the geometry of the scaled model derived from the intersection of two semi-circular
barrel vaults, generating a squared base groin vault with a net span of 0.620 m and a rise of 0.225 m.
The model is made up of 1132 blocks. The standard blocks were designed considering the typical
dimensions of clay bricks, which are 0.06x0.12x0.24 m? in order to keep a classic bond stereotomy of
medieval groin vaults.

Blocks of different dimensions are placed along the outer edges of the webs to guarantee the offset of
the joints. Blocks' shape is slightly trapezoidal in order to compensate for the absence of mortar
between them. Special care was taken to design the stereotomy of the elements located along the
diagonals to guarantee the correct interlocking between adjacent webs. Each block was identified by a
numerical code, in order to easily rebuild the model after each test.

Full scale vault

The physical full-scale groin vault mock-up and the testing setup designed for the shaking table tests is
herein described. The mock-up’s geometry and test setup were designed taking into account the
dimensions and load capacity of the 3D LNEC shaking table. The brick vault model’s size is about
3.5x3.5 m? in plan and includes two semi-circular barrel vaults with a net span of 2.9 m, with a rise of
0.80 m and constant thickness of 0.12 m. A plan view and a lateral view of the mock-up are shown in
Figure 160 and Figure 161, respectively. On the side, simulating the lateral continuous wall, the vault’s
supports are built on two masonry piers which are clamped on a RC slab placed on the shaking table.
In order to increase the piers' stiffness and to avoid relative displacements between the two piers, a
steel frame made with IPE and UPN profiles is also introduced.

On the opposite side that simulates the colonnade, the two supports are left free to move in all
directions on a movable system of wheels. Moreover, steel masses are added to the supports (between
the vault’s abutments and the wheels) in order to simulate the weight of the roof and the roof’s
supporting wall. In addition, in order to avoid any rotational movement of the supports, the four
abutments are linked to each other by couples of steel rods with rods ends characterized by plain
spherical bearings. An overlying infill is built in correspondence of the four vault's corners in order to
cover 50% of the total height of the vault. To avoid local failures at the supports, steel plates were
added along the height of the supports and the infill. The steel profiles also aim to increase the stiffness
of the supports and prevent their deformation. The total mass of the mock-up, excluding the steel rods,
is equal to 5.15 tons.
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(a) (b)

Figure 159: (a) Details of the construction on the plywood scaffolding and (b) the model fully assembled

Figure 160: Plan view of the model (dimensions in meters). In red the elements made of masonry, in
grey the elements made of steel

The strengthened configuration adopts the performance of Textile Reinforced Mortar (TRM) technique,
used as retrofitting of the full-scale model using the mesh GeoSteel Grid 200 and the hydraulic lime
mortar GeoCalce® G Antisismico, provided by Kerakoll. The shaking table tests are performed on the
model, after establishing a level of admissible damage, without reaching the collapse, in stepwise
increasing earthquake inputs, with intertwined dynamic identification tests. The TRM is applied to the
extrados of the vault as introduced in Figure 162. This approach aims at evaluating the performance of
the retrofitted vault to quantitatively estimate the effect of the strengthening technique.
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This task is very important to partially overcome the lack of knowledge in the evaluation of the
strengthening techniques in masonry cross vaults. The majority of retrofitting jobs, in fact, are
implemented on arches or barrel vaults.

It is important to mention that dynamic identification tests are the tool for evaluating the dynamic
properties of the structures and repeating them at the various stages of the shaking table testing allows
to determine the evolution of dynamic properties of the mock-up.

Moreover, the material properties are obtained by performing the following complete set of material
characterization tests:

e Determination of consistence of fresh mortar (by flow table) — EN 1015-3 (CEN, 2004);

Bulk sampling of mortars and preparation of test mortars —EN 1015-2 (CEN, 1999);

Flexural strength of hardened mortar —EN 1015-11 (CEN, 2006);

Compressive strength of hardened mortar — EN 1015-11 (CEN, 2006);

e Testing of hardened concrete to depict the secant modulus of elasticity in compression —EN 12390-
13 (BS EN 12390-3:2009, 2011);

e Axial compression tests on unconfined masonry —EN 772-1 ASTM D2938-95 (ASTM 2938-95);

e Diagonal compression tests to depict the tensile strength of masonry — ASTM E519-02 LUM B6
(RILEM TC—LUM B6, 1991);

e Determination of initial shear strength (triplets tests)— EN 1052-3 (CEN, 2004).

Figure 161: View A-A’ of the model built on a RC slab fixed to the shaking table (dimensions in meters).
In red the elements made of masonry, in grey the elements made of steel

Figure 162: Extrados and intrados disposition of TRM on the masonry cross vault (Kerakoll Guidelines)
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4.2.3 Numerical simulations

Several numerical models were built considering, namely, the finite element method, with macro and
micro-modelling strategies, and discrete element methods, reproducing both the reduced scale and
full-scale vaults. The experimental tests are reproduced in the Diana finite element environment
(DIANA, 2019). After a detailed calibration of the models, the final aim is to compare the previous static
investigation carried out by Rossi et al. (2017) with the dynamic tests from both experimental and
numerical points of view.

The same type of analyses and configurations used in the FEM analysis are adopted for the DEM
numerical modelling into the 3DEC software (ltasca, 2014). The comparison between the two
approaches is the early result of this task; the comparison is suitable if the numerical model is properly
calibrated considering the experimental results. The calibration phase follows the model updating
criterion in order to keep the same dynamic properties of the mock-up: several eigenvalue analyses are
performed on the FE and DE models to maintain the same natural frequencies and mode shapes,
determined during the dynamic identification tests of the setup.

Nonlinear dynamic analyses are useful to compare the results obtained by the two different strategies
and by the experimental campaign, using the same ground motion (Emilia’s earthquake). The
comparison takes place in terms of maximum capacity, failure mechanism, displacements, and
hysteretic behaviour. The amplification factor along the height of the structure is not considered in the
experimental campaign, while from the numerical point of view this aspect is investigated further.

What was done for the unreinforced model, is replicated for the strengthened configuration also from
the numerical point of view. Table 21 summarises the numerical simulations performed.

Reduced model 1:5
Macro-model — FEM Micro-model — FEM Discrete element method

Analyses
Modal analysis Pushover & ~ Pushover &
! Time history analysis Time history analysis
Full scale model
Macro-model — FEM
Analyses

Modal analysis Pushover Time history analysis

Table 21: Summary of the models and of the main analyses performed

Numerical simulations are performed to assess the efficacy of different modelling strategies and
analysis techniques. The final aims are to improve the safety assessment procedures proposed for
historic masonry buildings in Eurocode 8 — Part 3 and to provide better seismic assessment techniques
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and strengthening measures. The main results of the comparison between both modelling approaches
allows to define the contribution of the parameters on the local failures of masonry cross vaults, as a
function of the type and quality of the masonry, masonry bond and knowledge level of the properties
of the structure.

Finally, parametric numerical analyses are performed on the basis of calibrated models in order to
define performance indicators for the TRM solutions.

4.2.4 Testsetup
Reduced scale vault 1:5

The setup was carefully designed in order to get the shear failure on the mock-up, with similar
conditions to the real prototypes and measuring the relevant effects, which are necessary for its
performance assessment (Figure 163). The abutments p1 and p2 were anchored to the ground with
bolts, while p3 and p4 were left free to move on the flat surface.

The instrumentation of the small-scale groin vault was defined according to the expected behaviour o