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SECTION 6

RESULTS OF EARTHQUAKE SIMULATOR TESTING OF ISOLATED
BRIDGE CONFIGURATIONS

6.1 Introduction

The isolated bridge configurations included low and high damping elastomeric isolation systems,
and the low damping elastomeric systems with added linear and nonlinear viscous dampers. Each of
these configurations could withstand much stronger seismic excitations than the non-isolated
configurations. However, a set of low intensity tests was conducted to form a basis for comparison
with the non-isolated configurations and also to test the effectiveness of these systems under low
intensity excitation. The results of these tests are presented in this section, followed by an
interpretation which focuses on the effects of scragging, the benefits of seismic isolation, the
significance of damping, the importance of added damping in near-source seismic excitation, and
on the benefits and drawbacks of using nonlinear viscous damping.

6.2 Test Results

A total of 135 tests were performed on the four isolated bridge configurations. Table 6-1 presents
- peak values of response quantities obtained in the testing. Moreover, Appendices C to F present the
results in graphical form for a number of the conducted tests. For a complete graphical presentation
of the results see Kasalanati (1998). The response quantities presented in Table 6-1 are:
(a) The peak values of displacement, velocity and acceleration of the shake table. Of these, the
displacement and acceleration were directly measured, whereas the velocity was obtained by
numerical differentiation of the displacement record.
(b) The bearing displacement, bearing shear force, longitudinal component of damping force,
and total shear force at the abutment location. These forces represent the peak values of forces
on two abutments.
(c) Abutment drift measured as the displacement of the abutment top (at the connection to the
load cell above) with respect to the shake table.
(d) Abutment acceleration measured at the abutment top.
-(e). The bearing displacement at the flexible pier location.
(f) The pier shear force as measured by the strain gage load cells in the columns of the flexible
pier.
(g) Pier drift and p1er acceleration.
(h) Total shear at the isolation system level. This is the combined force in the abutment and the
flexible pier bearings and the longitudinal component of the damping forces.
(i)  Deck acceleration as the average of measurements by instruments AHDNE and AHDNW
(instruments 5 and 6 in Figure 4-17), ,
The results in Table 6-1 are presented in groups corresponding to the same earthquake excitation but
of varying intensity. That is, the results of tests are not presented in the sequence in which the tests
were conducted. For the high damping elastomeric isolation system the sequence of testing was
important since the bearings were installed without any prior testing (unscragged conditions).
Special note will be made on the behavior of the system in repetitive testing when the results are

interpreted.
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Table 6-1: Results of Testing of ¥solated Bridge Configurations

PE&KOI?]’%JIE!\ILE ABUTMENT PIER IIsolationl
System ] DECK
TEST EXCITATION DISPL] VEL |accy [Besing|Bearing Damper| Total | Abu. | Abur. [Bearing| Pier | Pier | prer | 1o A?C)L'
(mm) {(mavs)| (@) | Displ. | Shear| Force | Shear | Drift | Accl. | Displ. | Shear | Drift | Accl. Wt &
(mm) | /Wt Wt ) /Wt | (mm) (g) | (mm) | /Wt | (mm) €:3)]
LOFS002.1 EL CENTRO $00E 100% 244 | 161. | 0351 26.1 { 0.072 - 0.072 | 07 035 | 218 0070 | 3.6 | 049 | 0.136 | 0.15
LOFS003.1 EL CENTRO S00E 200% 48.7 | 325. | 0.64 { 60.8 | 0.136 - 0.136 | 16 | 063 ] 519 l 0135] 75 | 096 | 0.263 | 0.29
LLFS001.1 EL CENTRO S00E 100% 243 1 159. | 034 | 11.9 | 0040 | 0.090 [ 0097 | 07 | 037 | 102 0039 | 23 § 043 § 0122 | 0.13
LLFS002.1 EL CENTRO SO0E200% - 1 48.7 | 313. | 0.61 | 288 | 0.077 { 0.157 | 0.175 | 1.3 063 { 252 | 0073 | 44 ) 078 | 0214 | 0.23
LLFS002.2| EL CENTRO SOOE 200% -2 53.1 | 349. [ 0.68 | 321 {0084 [ 0169|0187 1.5 | 070 | 282 {0077 | 48 | 090 { 0232 | 025
LNFS002.1] + ELCENTRO SO00E 100% 28.1 | 163. | 032 f 81 (0034|0176 {0180} 22 | 046 | 68 |0034| 22 | 047 | 0207 | 023
LNFS003.1 EL CENTRO SO00E 200% 559 | 329. [ 0.62 { 197 | 0.066 | 0.218 | 0.250 | 3.1 095 | 17.1 | 0.066 | 4.2 1.07 | 0296 | 032
HOFS001.1 EL CENTRO S00E 200% - 1 557 t 325. | 058 | 514 | 0.168 - 0.168 | 13 0.66 | 448 | 0134 | 78 | 1.05 | 0.284 | 030
HOFS001.2 EL CENTRO SO0E 200% - 2 358 | 328§ 0.57 | 566 | 0.153 - 0.153 ] 1.2 | 068 § 493 | 0132 | 8.0 1.08 | 0.270 | 0.30
HOFS001.3 EL CENTRO S00E 200% - 3 35.6 | 332. | 058 | 575 | 0.151 - 0151 1.2 | 070 | 504 | 0128 | 85 1.12 { 0.264 | 0.29
HO¥FS001 4 EL CENTRO S00E 200% - 4 557 | 333. | 0.58 | 586 | 0.125 - 0.125) 10 | 072 | 524 | 0109 | 6.6 L13 1 0220 | 024
HOFS001.5 EL CENTRO SO0E 200% - 5 560 1 327. | 057 { 593 0.i22 - 0122 09 | 072 | 542 | 0108 | 65 112 §J 0212 | 0723
HOFS012.1 EL CENTRO S00E 100% 279 1 170. | 0.29 | 25.8 | 0.073 - 0073 05 | 035 ) 228 | 0065 37 | 031 | 0131 } 0.14
LOFS004.1 | EL CENTRO SOOEH+V 100% | 23.6 | 156. | 030 | 32.4 | 0.084 - 00844 09 038 | 273 | 0085} 44 (| 051 f 0.159 | 0.18
LOFS005.1 | EL CENTRO SOOE H+V 200% | 47.4 | 315. | 0.66 | 7.6 | 0.160 - 0160 1.7 | 078 | 612 | 0159 | 8.7 120 | 0306 | 0.34
LLFS003.1} EL CENTRO SOOEH+V 100% { 352 | 173. | 035 | 17.0 0.053 | 0.094 | 0.102 } 1.3 042 | 149 | 0051 | 2.8 | 051 | 0.144 | 0.16
LLFS004.1 ] EL CENTRO SOOEH+V200% | 70.0 | 367. | 0.70 § 39.8 | 0.102 0.170 1 0.194 | 25 070 | 348 [ 0093 55 121 f 0274 § 031
LLF5004.2] EL CENTRO SOOE H+V 200% | 53.1 | 348. | 0.68 | 3.8 | 0.085 0172 | 0.192 | 29 | 069 | 283 | 00781 49 ! 091 | 0.229 | 0.26
LNF5004.1] EL CENTRO SOOEH+V100% | 281 | 172. | 033 | 82 | 0.033 0.177 | 0.189 | 22 | 047 69 |[0034| 21 046 { 0208 § 023

Wt =Weight of the Deck = 140 kN
All Configurations are for Flexible North Pier and Stiff South Abutment
The Reported Forces at the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

LOFS - Low Damping Elastomeric Bearings (No Dampers)

LLFS - Low Damping Elastomeric Bearings and Linear Viscous Dampers
LNEFS - Low Damping Elastomeric Bearings and Nonlinear Viscous Dampers

HOFS - High Damping Elastomeric Bearings (NO Dampers)
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Table 6-1: Continued

PE&&TI%%LE ABUTMENT PIER Iso!ationl
System | DECK
TEST EXCITATION pISPL| VEL |accr, Bearing|Bearing Damper| Total | Abut. | Abut, Bearing| Pler Pier Pier g;;i_ A?;L'
(mum) |(mmds)| (g) | Displ. | Shear { Force | Shear | Drift | Accl. § Displ.| Shear | Drift | AccL Wt £
(mm) { /Wt | /Wt | /Wt | (mm) | () [ (mm)| /Wt | (mm)| (&

LNFS005.1] ELCENTRO SOOEH+V200% § 559 | 335. | 065 | 19.5 0.067 | 0218 [ 0252 | 33 | 091 | 169 | 0.068 | 43 1.18 } 0.298 | 0.32
HOFS002.1 | EL CENTRO SO0E H+V 200% 354 | 330. | 059 | 59.1 | 0.146 - 0.146 1.3 0.74 ] 522 | 0128 79 1.17 § 0.259 0.2
H(0FS013.1 | EL CENTRO SO0E H+V 100% 280§ 171. [ 030 | 259 | 0.074 - 0074 | 05 037 | 231 | 0056 | 39 | 0.50 | 0.133 0.15
LOFSC06.1 TAFT N21E 100% 161 | 78 | 0.15 | 153 | 0.049 - 0042 | 05 | 017 § 126 | 0045 | 24 | 025 § 0092 | 0.10
LOFS007.1 TAFT N21E 200% 323 | 158 | 032 | 332 | 0.0%6 - 0086 | 0.8 031 | 277 | 0083 ] 45 0.52 | 0.163 0.18
LLFS023.1 TAFT N21E 100% 16.1 77. | 0.15 74 [ 0.029 | 0.044 [ 0.060 | 03 0.15 39 10025 14 0.21 § 0.079 0.08
LLFS005.1 TAFT N21E 200% 324 1 158. 1 033 | 156 | 0.053 | 0.084 | 0110 | 09 [ 030 | 127 0048 | 26 | 041 | 0146 | 0.15
LLFS006.1 TAFT N21E 300% 48.7 | 237. | 049 | 248 | 0.074 | 0.122 | 0.156 | 1.3 046 | 208 | 0088 | 36 | 0.63 | 0208 { 022
LLFS007.1 TAFT N21E 400% 649 | 316. | 0.67 | 335 | 0.092 1 0.170 { 0.205 1.7 0.63 § 28.7 [ 008 | 4.6 0.84 § 0.266 0.27
LNFS006.1 TAFT N21E 200% 281 | 130. | 031 6.6 | 0.030|0.152) 0175} 20 0.32 57 | 003 21 038 | 0197 | 021
LNFS007.1 TAFT N21E 100% 138 69. [ 0.15 | 26 | 0.016] 0.106 | 0.116 12 0.16 24 | 0018 1.1 0.18 | 0.128 0.13
LNFS008.1 TAFT N21E 300% 424 1198 | 047 1 129 | 0.047 | 0195 | 0228 | 2% 0.53 11.1 (0048 | 34 0.56 | 0.261 0.27
LNFS009.1 TAFT N21E 400% 564 | 269. | 0.62 | 2095 | 0.065 | 0.225 | 0.264 | 33 0.81 183 | 0064 | 4.5 0.79 | 0306 | 0.32
HOFS003.1 TAFT N21E 200% 279 | 129. | 031 | 272 | 0.088 - 0.088 1 0.7 0._33 234 | 0071 | 42 044 | 0.154 | 0.17
HOFS004.1 TAFT N21E 400% 56.0 | 254. | 0.65 | 59.8 | 0.153 - 0153 5 1.1 070 | 33.0 | 0129 76 | 092 ] 0271 | 0.20.

HOFS014.1 TAFT N21E 100% 139 ] 66. | 0.15 | 122 | 0.047 - 0047 | 04 § 016 | 108 0037 23 | 020 ) 0082 | 009 '
LOF5008.1 TAFT N21E H+V 200% 280 | 130. | 0311 302 | 0.080 - 0080 | 12 [ 040 f 254 |0076] 43 | 061 | 0153 ] 017
LLFS008.1 TAFT N21E H+V 200% - 1 23.8 | 105. | 0.33 85 | 0029 0074|0088 | 08 0.37 70 0026 22 041 | 0102 | 0.14
LLFS008.2 TAFT N21E H+V 200% - 2 281 | 133, | 033 | 159 | 0.054 | 0.085 | 0.100 1.1 0.37 132 1 0.047 | 3.0 0.49 ] 0.148 0.16

Wt = Weight of the Deck = 140 kN
All Configurations are for Flexible North Pier and Stff South Abutment
The Reported Forces at the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

LOFS - Low Damping Elastomeric Bearings (No Dampers)
. LLFS - Low Damping Elastomeric Bearings and Linear Viscons Dampers

LNFS - Low Damping Elastomeric Bearings and Nonlinear Viscous Dampers

HOES - High Damping Elastomeric Bearings (NO Dampers)
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Table 6-1: Continued

PEI\AEg;ﬁrLE ABUTMENT PIER IsolationI .
System ] DECK
TEST EXCITATION DISPL| VEL |ACCL Bearing|Bearing Damper| Total | Abut. | Abut. {Bearing| Pier | Pier | Pier STl?::.Ir A?C)‘L'
(mm) |(mms)| (g | DisPL-| Shear | Force | Shear | Drift | Accl. | Displ.| Shear | Drift | Accl. o £
(mm) { /Wt | /Wi | /Wt | (mm) | (@) |(mm)| /Wt | (mm)| ()
LLFS009.1 TAFT N21E H+V 400% 36.4 | 261. | 0.69 | 360 [ 0.096 ; 0.161 { 0208 | 3.0 | 082 [ 304 [0090] 65 | 1.13 | 0278 | 030
LNFS010.1 TAFT N21E H+V 200% 28111341032 74 [0.030|0155]|0175] 23 | 043 ]| 68 |0036] 25 | 066 | 0.195 | 021
LNFS011.1 TAFT N21E H+V 400% 36.6 | 274. | 066 | 215 | 0.067 | 0221 | 0248 | 54 | 097 | 190 {0073 | 57 | 1.16 | 0288 | 036
HOFS005.1 TAFT N21E H+V 400% 562 | 263. 1 069 | 610 [0.152| - |O0.152{ 15 1. 542 {0127 | 81 | 1.36 | 0270 | 0.30
HOFS015.1 TAFT N21E H+V 100% 139 | 68 ) 016 | 124 |0048{ - |[0048) 04 | 020} 109 o038 | 27 | 032 f 0084 } 0.10
LOFS009.1 HACHINOHE NS 100% 31.4 | 134. | 023 | 183 10055) - 10055| 06 [ 023 | 151 [0054{ 28 | 029 } 0103 | 0.12
LOFS010.1 HACHINOHE NS 200% 63.1 | 269. | 0491 594 [0.134] - | 0134| 16 [ 050 | 505 [0132] 73 | 072 | 0257 | 028
LLFS010.1 HACHINOHE N-S 100% 316 { 134. 1 023 1 135 [ 0.046 [ 0071 {0104 | 09 | 023 | 112 o040 21 {027 | o3s | 014
LLFS011.1 HACHINOHE N-§ 200% 63.2 | 269. | 049 | 279 | 0.077 | 0.134 | 0.193 | 1.7 | 047 | 240 | 0069 | 37 [ 065 | 0.252 ] 026
LLFS012.1 HACHINCHE N-§ 300% 945 1 412. { 078 | 429 | 0105 [ 0205 | 0291 | 28 | 074 | 38.1 | 0095 | 55 [ 094 J 0378 | 038
LNFS012.1 HACHINOHE N-S 100% 315 [ 144. 1 023 ] 78 (003201330143 | 19 {0261 68 |0035| 23 | 027 | 0171 | 0.19
LNFS013.1 HACHINOHE N-§ 200% 631 [ 276. § 046 | 218 [ 0.064 {0.182 10234} 37 | 050 } 196 0064 | 48 | 056 | 0288 | 033
LNFS014.2 HACHINOHE N-§ 300% 944 | 425. [ 075 | 388 | 009710221 0302 54 | 070 | 355 [ 0098 { 7.2 | 0.76 | 0.387 | 0.44
HOFS006.1 HACHINOHE NS 200% 62.8 | 266. | 048 | 429 | 0106 | - |0.106 | 0.9 | 054 | 378 | 0089 | 66 | 068 | 0188 | 020
HOFS007.1 HACHINOHE NS 300% - 1 94.0 | 407. | 075} 748 {0170} - |0170| 16 | 084 | 669 | 0142 89 | 1.12 | 0300 ] 032
HOFS007.2] HACHINOHE NS 300% - 2 945 1 412, [ 076 | 26 [ G176 | - {03176 1.5 | 082 § 751 |0140) 94 | 113 f 0295 f 033
LOFS011.1 AKITA NS 100% 425 | 177. 1 024 | 496 [0115] - [0115| 1.1 | 023 | 428 |0113] 60 | 037 | 0218 } 0.25
LLFS013.1 AKITA N-§ 100% 445 1 185. 1 0.25 | 243 | 0.070 | 0.101 [ 0142 | 1.3 | 024 | 206 | 0062 | 35 | 028 | 0192 [ 021
LLFS014.1 AKITA N-S 200% 89.2 | 387. | 049 | 512 [ 0.125 {0203 | 0292 | 27 | 046 § 447 [o0113] 63 | 064 § 0383 § 042

Wt = Weight of the Deck = 140 kN
All Configurations are for Fiexible North Pier and Stiff South Abutment
The Reported Forces at the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

LAFS - Low Damping Elastomeric Bearings (No Dampers)

LLFS - Low Damping Elastomeric Bearings and Linear Viscous Dampérs
LNFS - Low Damping Elastomeric Bearings and Nonlinear Viscous Dampers

HOFS - High Damping Elastomeric Bearings (NO Dampers)
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Table 6-1: Continued

PEL;Zg;g]IB\ILE ABUTMENT PIER Isolatio
Systern§ DECK
TEST EXCITATION DISPL| VEL |Acct Bearing{Bearing[{Damper| Total | Abut. | Abut. JBearing| Pier | Pier | Pier gt?:i- A??’"
(mm) [(mows)| (@) { Displ. | Shear | Force | Shear | Drift | Accl | Displ | Shear | Drift | Accl Wt g
(mm) | /Wt Wt MWt | fmm) | (8) | (mm) | /Wt | (mm) | (g)
LNFS015.1 AKITA N-S 100% 337145 {018 | 74 0031 (01230137 1.5 | 022 | 57 | 0030 21 022 1 0161 | 0.17
LNFS016.1 AKITA N-S 200% 676 | 291. 1 035 ]| 23.0 | 0.075 | 0.184 | 0248 | 3.0 | 054 | 193 | 0068 | 45 | 050 | 0304 | 031
HOF5008.1 AKITA NS 100% 33.7 | 1440 | Q.18 | 291 | 0.084 - 0084 | 035 0.18 § 259 {'D070 | 44 | 025 f 0.148 | 0.16
HO¥S009.1 AKITA NS 200% 674 1282 | 035 F 71.9 | 0.163 - 0163 12 036 | 653 [ 0.132 | 85 059 | 0279 § 032
LOFS012.1 MIYAGIKEN OKI 100% 120 | 79. | 017 | 11.0 | 0.036 - 0.036 | 04 020 | 5.1 | 00361 1.8 025 | 0.069 | 0.08
LOFS013.1 MIYAGIKEN OKI 200% 242 | 160. | 036 | 19.1 | 0.056 - 0056 | 05 | 038 | 162 [ 0.066 ] 3.1 049 1 0105 } 0.12
LOFS014.1 MIYAGIKEN OKI 300% 363 | 236. | 053 | 279 | 0.077 - 0.077{ 08 | 058 | 246 | 0094} 45 { 0.78 ] 0.144 | 0.17
LLFS045.1 MIYAGIKEN OKI 100% 120 | 77. [ 017 | 43 | 0021 | 0040 { 0051 | 04 { 017 } 33 |oo020f 1.0 | ¢19 [ 0085 | 0.07
LEFS046.1 MIYAGIKEN OKI 200% 242 | 157. | 034 } 10.0 | 0.037{ 0071 | 0.093 | 06 0.35 83 1003 18 042 § 01171 ©.13
LLFS015.1 MIYAGIKEN OKI 300% 363 | 239. 1 051 | 150 {0.046 | 0.104 | 0.127 | 09 053 | 132 0043 | 24 | 066 1 0.153 | 0.17
LLFS016.1 MIYAGIKEN OKI 500% 606 | 402. | 0.98 | 242 | 0070 | 0.185 [ 0216 |. 1.6 | 094 | 214 [ 0064 | 33 1.06 | 0.250 | 0.27
LNFS017.1 MIYAGIKEN OKI 100% 121 1 76. | 017 | 24 | 0014 { 0.098 | 0.106 | 1.1 016 | 20 {0016 10 | 023 ] 0115 ] 0.12
LNFS018.1 MIYAGIKEN OKI 200% 243 | 148, | 032 | 49 | 0023|0146 |0.159] 1.7 | 033 43 10027 1.7 | 037 JO0t14 | 0.8
LNFS019.1 MIYAGIKEN OKI 300% 365 | 230. | 049 | 87 | 00340180 | 0197 ] 23 046 { 7.7 (0041 | 21 054 1 0220 § 023
LN¥S020.1 MIYAGIKEN OKI 500% 60.9 | 398. [ 0.90 | 183 | 0.061 { 0226 1 0.242 | 3.0 | 087 [ 16.7 { 0.068 | 42 I 1.11 § 0279 § 032
HOFS016.1 MIYAGIKEN OKI 100% 1201 76. | 018 1 7.9 {0037 - 0.037 | 03 0.21 7.2 10029 1.7 0.22 | 0.064 { 0.08
HOFS017.1 MIYAGIKEN OKI 200% 243 | 155. 1 035 | 164 | 0.066 - 0.066 | 04 042 | 141 | 0052 2.8 | 043 | 0.111 | 0.12
HOFS018.1 MIYAGIKEN OKI1 300% 365 | 234. | 054 | 234 | 0.079 - 00791 06 | 064 | 21.0 {0073 42 | 0.66 ] 0.136 | Q.15
HO0ES019.1 MIYAGIEEN OKI 500% 60.7 | 394. | 0.87 | 438 | 0.108 - 0.108 ] 12 1.07 ] 385 | 0116} 6.3 1.23 § 0187 | 0.22

Wt = Weight of the Deck = 140 kN
All Configurations are for Flexible North Pier and Stiff South Abutment
The Reported Forces at the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

LOFS - Low Damping Flastomeric Bearings (No Dampers)

LLFS - Low Damping Elastomeric Bearings and Linear Viscous Dampers
LNFS - Low Damping Elastomeric Bearings and Nonlinear Viscous Dampers

HOFS - High Damping Elastomeric Bearings (NO Dampers)
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Table 6-1: Continued

- PEAK TABLE ABUTMENT PIER Isolation
MGTION - System § DECK
TEST EXCITATION Bearing Bearing|Damper| Total | Abut. { Abut. JBearing| Pier | Pier | Pier Total § ACCL.
?:;)L (n‘g‘s) Ac(:;L' Displ. | Shear | Force | Shear | Drit | Acel. f Displ. | Shear | Drift | Acal. | Stear | ®
(mm) { Wt Wt /Wt | (mm) | (g | (om) | /Wt | (mm) | (g)
LOFS015.1 PACOIMA $74W 100% 262 | 237, | 083 ] 501 | 0116 - 0.116 1.3 091 428 | 0.119 | 6.2 122 | 0221 0.26
LLFS024.1 PACOIMA S74W 50% 17.8 | 160. | 055 | 167 | 0.053 | 0.093 | 0.113 | 08 0.51 140 | 0.046 { 27 070 § 0.135 0.16
LLFES0O17.1 PACOIMA S74W 100% 356 1 319. | 097 | 324 | 0.087 | 0.177 | 0.208 1.7 095 | 27.7 | 0.080 | 4.8 141 | 0276 0.29
LNFS021.1 PACOIMA $74W 100% 289 1277 | 079 | 221 | 0.060 | 0211 | 0.236 | 3.2 1.05 199 | 0.087 | 48 LI1 | 0274 0.31
HOFS010.1 PACOIMA S74W 100% 285 | 278. | 0.86 | 520 | 0.110 - 0.110 f 0.9 102 | 475 {0,108 | 57 1.3Q 0.202 0.24
LOFS016.1 PACOIMA S16E 75% 81.2 | 512. | 093 { 972 | 0.227 - 0227 | 2.8 1.11 826 | 0226 | 120 1.64 | 0.433 0.48
LIFS018.1 PACOIMA S16E 75% 844 | 530. [ 092 | 446 | 0.110 | 0263 | 0.284 | 2.3 096 § 390 [0.105] &5 1.06 | 0.340 0.35
LLF8019.1 PACOIMA S16E 100% 1089 | 679. | 1.16 | 57.7 | 0.138 | 0356 | 0.351 3.5 1.15 | 508 [ 0.128 ; 9.1 166 | 0.431 043
LLFS020.1 PACOIMA S16E H+V 100% 79.0 | 491. | 0.84 | 49.9 | 0.121 ] 0237 | 0283 | Na 083 | 465 | 0123 | NA | 1.27 | 0.387 0.41
LNFS022.1 FACOIMA S16E 100% 79.7 | 492. § 088 | 366 | 0130 | 0245 | 0345 | 57 1.06 | 490 | 0.140 | 83 1.53 | 0.458 0.51
LNFS023.1 PACOIMA S16E H+V 100% 794 | 507. | 051 ] 508 [ 0122 ] 0256 0339 | NA 1.19 § 484 | 0.193 | NA 1.80 § 0455 0.50
HOFS011.1 PACOIMA S16E 100% 789 | 493. | 094 | 106.0 | 0.234 - 0234 | 22 1.23 § 955 0204 | 11.8 140 | 0414 | 0.46
LOFS017.1 JFLEVEL2GC 1 75% 802 | 344. | 029 | 860 | 0.204 - 0204 ) 1.8 | 030 | 746 {0.188} 99 | 035 | 0379 | 042
LLFS021.1 JPLEVEL2G.C.175% 809 | 330. | 029 | 324 0.087 | 0.130 | 0.176 1.3 036 ] 278 | 0081 | 46 035 | 0.234 } 0.25
LLFSOZZ..I JPLEVEL 2G.C. 1 100% 167.5] 469. | 0.39 | 453 | 0.112 | 0.181 i 0.237 19 0.43 389 | 0104 | 6.1 0.45 | 0.304 0.33
LNFS024.1 JPLEVEL2G.C.175% 811 { 358. | 032 | 17.8 { 0.059 { 0.165 | 0.181 235 0.43 153 | 0063 | 4.0 042 1 0224 | 0.26
LNFS025.1 JPLEVEL 2 G.C. | 100% 1082 478. | 041 } 29.5 | 0.085 | 0.200 | 0.253 | 3.3 0.66 | 252 | 0090 | 59 0.56 | 0.307 0.34
HOFS023.1 JPLEVEL 2GC 1 100% 107.9 | 469, | 041 | 848 | 0214 - 0.216 14 | 044 | 786 | 0160 | 100 | 0.54 | 0.353 0.39
LNFS026.1 JPLEVEL 2 G.C. 2 50% 504 ¢ 224. | 019 | 11.1 | 0.041 | 0.144 | 0.171 1.9 0.28 9.0 | 0042 ] 31 0.27 | 0.200 | 0.21

Wt = Weight of the Deck = 140 kN
All Configurations are for Flexible North Pier and Stiff South Abutment
The Reported Forces af the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

LOFS - Low Damping Elastomeric Bearings (No Dampers)

LLFS - Low Damping Elastomeric Bearings and Linear Viscous Dampers
LNFS - Low Damping Elastomeric Bearings and Nonlinear Viscous Dampers

BOFES - High Damping Elastomeric Bearings (NO Dampers)




Table 6-1: Continued

. PEAX TABLE

1zl

MOTION ABUTMENT PIER I;o;;t;zl LECK
TEST EXCITATION pispL| veL |accr |Bearing|Bearing|Damper| Total | Abut. | Abut {Beacing| Pier | Pier | Pier STI?tal ACCL.
(nm) {(mmfs)| gy | DiSPL| Shear | Force | Shear | Drift | Acel. | Displ | Shear | Drift | Accl. A:,";'I @
(mm) | Wt Wt Wt (mm) [ (@) | (om) | /Wt | om) ()

LNFS(27.1 JPLEVEL 2 G.C. 2 100% 100.5 | 457. | 040 | 37.5 | 0.109 | 0.226 | 0.312 | 39 | 053 | 327 | 0.106 | 74 | 047 1 0395 | o041
HOFS024.1 JPLEVEL 2 GC 2 100% 100.9 | 455. | 042 | 825 | 0148 | - [0.148 | 14 | 046 | 755 | 0123 | 82 | 062 | 0253 | 029
LNFS028.1 JPLEVEL 2 G.C. 3 75% 827 | 372. | 032 | 194 [0.061 {0.194 { 0212 | 34 | 048 | 167 | 0.065 | 46 | 0.46 | 0.261 I 027
LNFS029.1 JPLEVEL 2 G.C. 3 100% 109.9 1 507. | 0.52 | 329 | 0.090 | 0.225 | 0.280 | 11.5 | 0.65 | 285 | 0.092| 65 | 0.60 | 0353 | 037
HOFS025.1|  JPLEVEL 2 GC 3 100% 109.6 | 509. § 0.55 1 1317 | 0301 | - |0301] 23 | 057 1234|0211 | 124 | 075 | 0.484 | 054
LOFS018.1 JPLEVEL 1 GC 1 100% 161 | 95. | 011§ 227 [0.063( - [0063| 06 | 011 | 190 | 0058 | 3.0 | 0.14 ] 0120 I 0.13
LLFS025.1 JPLEVEL 1 G.C. 1 100% 163 | 97. | 011§ 9.0 | 0036|0042 0068| 05 | 013 | 73 o0031] 18 | 013 | 0005 | 0.10
LNFES030.] JPLEVEL 1 G.C. 1 100% 164 1 109. | 011 | 34 | 0019|0100 {0108 | 1.1 | 016 | 28 |0020| 11 | 013 | 0118 | 0.12
HOFS020.1 JPLEVEL 1 GC 1 100% 162 ] 100. § 011 | 175 | 0.064 | - o064 | 05 | 011 ] 151 |o0051| 30 | 016 | 0105 § 0.12
LOFS021.1 JPLEVEL 1 GC 2 100% 171 | 1141 012 | 304 [0079| - 10079) 07 | 013 | 258 10077 ] 40 | 017 | 0150 1 017
LLFS026.1 JPLEVEL | G.C. 2 100% 173 | 114. | 012 | 116 [ 0.039 [ 0054 [ 0079 | 06 | 013 | 94 |0034) 19 | 015 | 0108 | 0.12
LNFS031.1 JPLEVEL 1 G.C. 2 100% 176 | 117. 1 032 } 42 | 0019 | 0099 | 0109 | 12 | 015 | 31 [0022] 14 | 016 | 0118 | 0.13
HOFS021.1 JPLEVEL 1 GC 2 100% 17.5 1 119. 1 012 | 244 10077 | - |0077| 05 | 013 | 213 [o065| 39 | 015 [ 0134 | 015
LOFS019.1 JPLEVEL 1 GC 3 100% 334 | 156. [ 013 | 405 {0097 | - [0097] 09 | 013 | 342 | 009 | 52 | 016 | 0.185 | ©.20
LLFS027.1 JPLEVEL 1 G.C. 3 100% 335 1158 | 013 1 118 | 0.039 | 0055 (0077 | 06 | 013 | 97 J0035) 19 | 016 | 0108 | 012
LNFS032.1 JP LEVEL 1 G.C. 3 100% 333 1294 1034 45 |o022 | 0111|011 NA | 017 [ 38 [0023| Na | 024 f 0110 | 0.3
HOFS022.1 JP LEVEL 1 GC 3 100% 334 1159 | 013 1 237 0074 ] - 0074 05 | 013 | 206 |0062| 37 | 015 | 0.130 | 0.14
LOFS020.1 | NORTHRIDGE SYL.9%0°100% § 498 | 339. | 0.58 | 836 | 0179 | - 10179 | 21 | 057 | 717 1015 155 | o057 | oo 0.38
LLFS028.1 INORTHRIDGE SYLMAR 90° 50%| 24.9 | 167. | 030 | 184 }0.059 | 0081 | 0.120 | 1.0 | 034 | 154 | 0.052 29 | 025 J 0168 | 0.7

Wt = Weight of the Deck = 140 kN
All Configurations are for Flexible North Pier and Stiff South Abutment
The Reported Forces at the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

* Pailure of SW Elastomeric Bearing

LOFS - Low Damping Elastomeric Bearings (No Dampers)

LLFS - Low Damping Elastomeric Bearings and Linear Viscous Darnpers
LNFS - Low Damping Elastomeric Bearings and Nonlinear Viscous Dampers

HOFS - High Damping Elastomeric Bearings (NO Dampers)
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Table 6-1: Continued

PEﬁgTTIgiLE ABUTMENT PIER Isolation

System§ DECK

TEST BXCITATION DISPL| VEL laccrL Bearing|Bearing|Damper| Total | Abut. | Abut. Bearing] Pier | Pier | Pier ST;:tal ACCL.
(mm) |(mmss)| (g) | Displ. | Shear | Force | Shear | Drift | Accl, Displ. { Shear | Drift Accl. },WB:I @

(mm) | /Wt Wt Wt | (mm) ® {mm) | /Wt | (mm) {g)

LLFS029.1 [NORTHRIDGE SYLMAR 90° 75% 374 251, {044 1 201 | 0.081 | 0117 [ 0.170 | 1.5 047 | 246 (0073 | 4.1 .| 037 § 0237 | 024
LLFS030.1| NORTHRIDGE SYL.90° 100% | 49.8 | 340. | 060 | 394 | 0.101 | 0.058 | 0222 ] 2.1 | 062 | 37 [0.095 | 53 | o5 0301 | 031
LNFS033.1} NORTHRIDGE SYL.90°100% § 504 | 344. | 0.63 | 347 | 0.093 [ 0.202 { 0265 | NA | 084 | 305 | 0.098 65 | 058 | 0348 | 0.38
LNFS034.11 NORTHRIDGE SYL. 90° 150% | 755 | 517. | 099 | 62.7 | 0,150 | 0236 | 0361 | 50 | 128 | 525 | 0143 98 | 087 | 0490 [ 0354
LOFS022.1 INORTHRIDGE Syl. 90° H+v 100%| 498 | 341. | 055 | 866 | 0.187 | - ] 0187 | 56 | ocs | o3 o150 1.0 | 086 | 0.362 | 0.40
LLFS031.1 iNORTHRIDGE Syl. 90° H+V 1009} 497 | 344. | 0.62 | 401 | 0.104 [ 0155 [ 0216 | 19 | 0.66 | 339 | 0.097 | 64 | 083 | 0500 | 031
LNFSO35.1'N0RTHRIDGE SyL 90° H+V 100%| 505 | 356. | 0.64 | 349 | 0.091 | 0.203 | 0264 | 43 | 078 | 315 | 0010 ] 74 | 11t Vo350 | o3s
LNFSO036.1 INORTHRIDGE Syl. 90° H+V 150%| 754 | 534. | 1. | 628 | 0.149 | 0.236 | 0360 | 67 | 148 | 556 (01721 155 1 143 0491 | 0.53
LLFS032.1 | NORTHRIDGE Newhall 90° 100% | 43.6 | 311. | 099 | 246 | 0.067 | 0.145 | 0183 | 1.6 | 052 | 214 10060 37 o0 1 oo 0.24
LOFS023.1 INORTHRIDGE NH 90° H+v 100%| 43.2 | 329. | 090 | 578 | 0133 | - |03 | 15 | 101 | 508 10157 | 52 | 1c3 0262 | 030
LLFS033.1 INORTHRIDGE NH 90° H+V 100%| 43.5 | 323. | 096 | 243 | 0.066 | 0.168 | 0.189 | 2.6 | 1.02 | 214 [ 005 | 51 | 134 0219 | 029
LOFS023.1 | NORTHRIDGE Newhall 360° 75% | 435 | 322. | 0.61 | 686 | 0147 | - | o047 | 16 o065 1 557 o153 53 0.79 | 0285 | 031
LLFS034.1 { NORTHRIDGE Newhall360° 50% | 294 | 208§ 037 | 203 | 0.056 | 0.127 | 6.161 | 13 | 036 | 180 100511 23 043 | 0205 | 022
LLFS035.1 | NORTHRIDGE Newhall 360° 759 | 44.1 | 322. | 060 | 289 {0076 | 0.200 | 0.246 | 2.1 058 | 262 | 0068 | 4.1 | 072 | 0.300 | 032
LLFS036.1 [NORTHRIDGE Newhall 360° 100%| 58.9 | 438. | 0.85 | 382 | 0.098 | 0279 | 0332 | 2.8 0.81 | 328 | 0.090| 55 1.06 | 0393 | 042
LNFS037.1 INORTHRIDGE Newhall 360° 100%) 594 | 451. | 0.81 | 383 | 0094 | 0241 | 0324 | 40 | 094 | 357 | 0.111 5.8 1.20 | 0409 | 043
LLFS037.1 NORTHRIDGE NH 360°H+V100%[ 58.8 | 454. | 0.86 | 408 | 0.108 | 0.284 | 0334 | 35 1. 372 | 0107 | 87 1.50 } 0384 | 0.39

Wit = Weight of the Deck = 140 kN
All Configurations are for Flexible North Pier and Stiff South Abutment
"The Reported Forces at the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

LOFS - Low Damping Elastomeric Bearings (No Dampers)

LLFS - Low Damping Elastomeric Bearings and Linear Viscous Dampers
LNFS - Low Damping Elastomeric Bearings and NonEnear Viscous Dampers

HOFS - High Damping Elastomeric Bearings (N0 Dampers)
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Table 6-1: Continued

PESE;%I;LE ABUTMENT PIER Ilsolationl
System | DECK
_TEST EXCITATION DISPL| VEL |accL Bearing|Bearing|Damper] Total | Abut. | Abut. Bearing| Pier Pier Pier g;;lr A(E;L
(mm) |(m/s)| (g) | Displ. | Shear | Force | Shear [ Drift | Accl. | Displ. | Shear | Drift | Acch. Wt
{mm) | /Wt Wt /Wt | (mm) @ (mm) { /Wt | (mm) (g
LNFS038.1 [NORTHRIDGE NH 360°H+V100%| 596 | 426. | 0.78 | 38.9 {0.095 | 0.243 [ 0.318 | 5.3 L1l | 344 [ 01207 8.0 1.64 | 0396 | 044
LOFS024.1 [KOBE - KOBE STATION N5 100%} 41.7 | 445. [ 081 [ 93.5 0.224 - 0224 | 28 080 | 808 [ 0238} 116 | 128 § 0411 | 047
LLFS$038.1 [KOBE - KOBE STATION N-5 50%| 21.1 | 210. [ 038 | 181 0.054 | 0.148 | 0.162 | 1.3 036 § 157 | 0.048 | 25 0640 | 0.181 | 0.20
LLFS039.1 [KOBE - KOBE STATION NS 100%] 424 | 450. | 086 | 357 0.085 | 0311 | 0.344 | 2.8 080 | 333 {0081 | 59 1.21 § 6377 | 041.
LNFS039.1 [KOBE - KOBE STATION NS 100%| 42.4 | 448. | 077 | 376 0.094 | 0.256 | 0322 | 4.1 1.14 | 344 | 0094 | 58 097 | 0394 | 044
LLFS040.1 {KOBE - KOBE ST. N-§ H+V 100%{ 43.1 | 443. | 0.93 373 {0095 | 0310 | 0342 | 4.1 091 | 33.7 | 0.089 | 8.1 145 | 0391 | 0.38 .
LNFS5040.1 |KOBE - KOBE ST. N-S H+V 100%] 42.3 | 455. | 083 { 362 | 0.082 0258 | 0324 | 5.0 1.18 | 339 | 0102 | 60 | 1.58 § 0392 | 041
LLFS041.1 MEXICO CITY NOOW 50% 250 | 145 [ 009 ¥ 157 | 0,050 | 0.051 | 0.081 | 07 0.10 } 128 | 0044 } 26 0.11 § 0120 | 0.13
LIFS042.1 MEXICO CITY N90OW 60% 300 | 175 | 012 | 202 | 0.081 | 0.063 | 0.099 | 08 0.12 | 166 | 0.054 3.1 015 | 0.145 | 015
LLFS043.1 MEXICO CITY NSOW 80% 400 [ 234, 1 015 ] 300 [ 0.082 ] 0,086 { 0134 | 13 015 | 251 | 0.074 | 44 0.16 | 8195 | 0.21
LLFS044.1 MEXICO CITY NSOW 100% 522 1 305. | 0.18 | 423 | 0.106 | 0121 1 0175 | 1.8 0.18 § 357 { 0.097 | 5.8 025 | 0254 | 0.27
LNFS041.1 MEXICO CITY N9OW 100% 521 ) 309. | 0.19 | 142 1 0.050 0.131 | 6159 | 27 020 | 119 [ 0049 3.9 022 1 0:193 | 021

Wt = Weight of the Deck = 140 kN
All Configurations are for Flexible North Pier and Stiff South Abutment
The Reported Forces at the Abutment Represent the Forces on Two Abutments

Bearing Displacements and Pier Drifts are Average Values from Two Measurements

LOFS - Low Damping Elastomeric Bearing.;: {No Dampers)

LLFS - Low Damping Elastomeric Bearings and Linear Viscous Dampers
LLNFS - Low Damping Elastomeric Bearings and Nonlinear Viscous Dampers

HOFS - High Damping Elastomeric Bearings (NO Dampers)




Testing of the isolated bridge was conducted with a number of records from the 1994 Northridge
and 1995 lapanese Kobe earthquakes. These records together with some from the 1971 San
Fernando earthquake were characterized by near-fault conditions with high ground velocity.
Unfortunately, testing of the high damping elastomeric isolation system was not conducted with
the Northridge and Kobe motions due to failure of the bearings.

It is important to note in Table 6-1 that the peak table motion is not the same for motions that were
specified to be identical. The reasons for this phenomenon were the table-structure interaction and
the occasionally insufficient hydraulic power in the stronger inputs (which was affected by the
demand for power from the other experiments conducted in the laboratory at the same time). Due
to the long-period characteristics of the tested isolated bridge, the relevant parameter for assessing
the intensity of the seismic input is the peak table velocity.

6.3 Interpretation of Results

6.3.1 Behavior of High Damping Elastomeric System under Unscragged and Scragged
Conditions

The high damping elastomeric bearings were installed in the bridge model without prior testing.
Accordingly, they exhibited unscragged properties. As evaluated in Section 4 from the testing of
another bearing, the unscragged conditions were charactetized by a stiffness approximately 50-
percent higher than the scragged one. It has been assumed that the scragged properties are not
stable and that recovery to the unscragged properties occurs after some time. Accordingly,
repetitive testing with the same strong excitation was conducted. The interest was to observe the
bearing displacement response and the force transferred to the substructure under scragged -
conditions and under conditions following recovery (presumed fo be the same as the unscragged
conditions).

Testing with the El Centro SO0E (horizontal component only) motion scaled up by factor 2.0
(denoted in Table 6-1 as El Centro SOOE 200%) was conducted first. The same test was repeated
two more times, it was followed by four other tests, and then again repeated twice, Figure 6-1
presents.the force-displacementloops of the southwest abutment and the northwest flexible pier
bearings recorded in the first (unscragged), third and fifth tests in this sequence. These graphs,
together with the results in Table 6-1, demonstrate that during the scragging process there is a
substantial drop in the effective stiffness of the isolation system from about 0.83 kN/mm in the
. first test to about 0.54 kN/mm in the fifth test (indeed as determined in the testing of the first
bearing, the unscragged stiffness is about 50-percent larger than the scragged stiffness).
Moreover, there is a reduction in the characteristic strength of the system, from about 10.5 kN in
the first test to about 8.9 kN in the fifth test.

In terms of the displacement response, we observe a minor difference between the unscragged and
scragged conditions. As seen in Table 6-1, under unscragged bearing conditions (test HOFS001.1)
the bearing displacements are about I5-percent less than the displacements under scragged
bearing conditions. However, there is a marked difference in the force transmitted to the
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Figure 6-1: Comparison of Force-Displacement Loops of High Damping Elastomeric

Bearings in Repetitive Testing with Ei Centro SO0E 200% Input
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substructure. As seen in Table 6-1, the peak total shear force in the isolation system changes from
0.284 to 0.212 times the deck weight. That is, the force transmitted to the substructure under
unscragged conditions is about 30-percent higher than the force transmitted under scragged
conditions.

Of interest is to note that the observed differences are entirely predictable on the basis of the
simple equations in the 1997 AASHTO (American Association of State Highway and
Transportation Officials, 1997). Specifically, the isolation system displacement, d, and the
isolation system force, F are related to the effective period, T4 and damping coefficient, B (which

is related to the effective damping) by:
T

d-- (6-1)
Fo—t (6-2)
BT,

where the symbol ~ denotes proportionality. For the tested system the following parameters were
determined from the experimental data. For unscragged conditions (first test): T, 5= 0.83 sec, B =

0.16, B = 1.38. For scragged conditions (fifth test): Tpe= 1.02 sec, B = 0.18, B = 1.44.

Assigning subscripts s for the scragged conditions and u for the unscragged conditions, we have
on the basis of (6-1) and (6-2):

d,-d, - 1_T8J‘3’_“'If§ (6-3)
d.s' Teffs‘Bu

Fu—Fs= Bs'Teﬁ".s'_l (6-4)
F.r Bu'Teffu :

For the tested system, (6-3) gives 0.15 and (6-4) gives 0.28, that is, in good agreement with the
experiments. :

We conclude that analysis of isolated structures on the basis of the scragged properties of high
damping bearings may underestimate the isolation system forces by a significant amount when
comparing to the conditions of the bearings after some time in service (herein we presume that the
bearings recover their unscragged properties).

6.3.2 Comparison of Behavior of Non-isolated and Isolated Bridge Configurations without
Dampers

Figure 6-2 presents a comparison of key response quantities of the non-isolated and the isolated
bridge configurations without dampers. These response quantities are presented as functions of
the peak table velocity, which is an appropriate measure of intensity of the seismic input for the
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tested flexible systems. This figure clearly demonstrates the effects of isolation: reduction of the
shear force transmitted to the vulnerable pier at the expense of larger bearing dlsplacements and
accordingly larger force transmitted to the abutments

However, the interesting result in this figure is that the response of the isolated bridge with low
damping elastomeric bearings is, in many tests, not very different from the response of the high
damping elastomeric system. One would expect an overall superior performance from the high
damping elastomeric system given that the two systems had essentially the same effective period
but substantially different effective damping (less than 0.09 in the low damping system versus
about 0.15 to 0.20 for the high dampmg system)

Accordingly, we proceed with a direct comparison of response of the low and high damping
elastomeric systems under the same seismic excitation. Figures 6-3 to 6-6 present comparisons of
time histories of the abutment bearing displacements, isolation system shear force versus bearing
displacement loops and the flexible pier shear force versus pier drift loops in the tests with the
Hachinohe NS 200%, El Centro SO0E 200%, J apanese Level 1 and Ground Condition 3 (soft soil)
100%, and Pacoima Dam S74W 100% horizontal seismic input.

Starting with Figure 6-3 we observe the benefits offered by the high damping elastomeric system.
There is a reduction in bearing displacement which is consistent with equation (6-1). That is,
when considering an effective damping of about 7 to 8-percent for the low damping system (so
that B = 1.10) and effective damping of about 15 to 20-percent for the high damping system (so
that B=145), we expect a ratio of peak displacement in the two systems of about

1.16/1.45 = 0.75 provided that the effective period is the same.

In the case of the El Centro input (Figure 6-4) there is very little difference in the displacement
response of the two systems due to the larger effective period of the high damping elastomeric
system. However, the benefit of reduction of the force transmitted to the substructure is evident.

The great benefit of increased damping is seen in the case of the Japanese Level 1, ground
condition 3 input (Figure 6-5). Due to the existence of strong, long period components in this
input the two systems.are essentially driven to resonance. Accordingly, the high damping system
shows a clearly superior performance which can not be predicted on the basis of equation (6-1).
For such a case, the ratio of peak displacements may be approximately calculated by

el (6-5)

where the subscripts 2 and / denote high damping and low damping systems, respectively, and f3 is
the effective damping. Equation (6-5) is based on the known displacement magnification relation
at resonance of harmonically excited systems (Chopra, 1995). Approximately for the two systems

in Figure 6-5, §; = 0.08 and B, = 0.15. Accordingly, (6-5) results in d,/d;=~0.53, which is

consistent with the experimental results.

128



HACHINOHE N-S 200%

(o))
o

o &
>
P

—
T

A mwf‘“"v/\ f‘
o W

0 10 20

ABUTMENT BEARING DISPL. (mm)

I T

v 717

ISOLATION SHEAR / WT.
S & o o o o
N Lo 4o oW

0.2 T T T T T
WT. = 140 kN

_02 1 | 1 1 | L
-10 -5 0 5 10

FLEXIBLE PIER DRIFT (mm)
Figure 6-3: Comparison of Response of Isolated Bridge with Elastomeric Systems for
Hachinche.N-S 200% Input

FLEXIBLE PIER SHEAR /WT,
o
o

129



ISOLATION SHEAR/WT.  ABUTMENT BEARING DISPL. (mm)

FLEXIBLE PIER SHEAR / WT.

Figure 6-4: Comparison of Response of Isolated Bridge with Elastomeric Systems for El

EL CENTRO S00E 200%

80

30

40 ' 0

40

ABUTMENT BEARING DISPLACEMENT {(mm)

80

WT. =140 kN

-0.1

'0'2-1 0

FLEXIBLE PIER DRIFT (mm)

Centro SO0E 200% Input

130

5

10



JP LEVEL 1 GROUND CONDITION 3, 100%

T T T

(4]
(o)

ABUTMENT BEARING DISPL. (mm)

0.2 .

e
-l
I

S
T
|
L
-
i
|

[SOLATION SHEAR / WT.
o
o

o
n

l 1 (l | 1,
-B0 -25 0 25 50
ABUTMENT BEARING DISPLACEMENT {mm)
=
2 0.1 S — —_—
z WT. = 140 kN | =
T
w
i 0.0
o
L i
wd
@ . >
>
-0, 1 L I 1 X L L 1 L )
=B 3 0 3 6
FLEXIBLE PIER DRIFT (mm)

Figure 6-5: Comparison of Response of Isolated Bridge with Elastomeric Systems for
Japanese Level 1, Ground Condition 3, 100% [nput

131



PACOIMA DAM S74W 100%
60 —T ; T - ] - T

30

ABUTMENT BEARING DISPL (mm)
I
o
l L}
<%
3
i

0 2 4 6 8 10
TIME (sec)
~ 0.3 T T~ y ] T T ]
= FOR LDR, PGV = 237 mm/s
P " FOR HDR, PGV = 278 mm/s : )
I . . ‘f. £ s .
B 0.0 g '
=
Q
F ~ HDR
—
@)
[¢3) ‘_03 1 i ' ] 1 1 1 1 ! L
= -60 -40 -20 0 20 40 60
ABUTMENT BEARING DISPLACEMENT (mm)
E 0-2 T | T T |
o WT. = 140 kN
5 0.1 - ]
I i
[43]
0.0
L
= i
w01 -
m X
>
w -0, L L 1 1 | s
- 02—10 5 0 5 10
FLEXIBLE PIER DRIFT (mm)

Figure 6-6: Comparison of Response of Isolated Bridge with Elastomeric Systems for
Pacoima Dam S74W 100% Input

132



Finally, we discuss the case of the Pacoima Dam S74W input (Figure 6-6). To start, we note that
the inputs in the two tests differed in terms of the peak table velocity (278 mm/s in the high
damping system and 237 mm/s in the low damping system). If we approximately adjust the
displacement of the low damping system to correspond to the input of 278 mm/s peak table
velocity, we obtain an abutment bearing displacement of nearly 59 mm versus the 52 mm
measured displacement of the high damping system. There is, therefore, some benefit offered by
the high damping system in reducing the displacements. However, the benefit is not as large as in
other types of input. We recognize the near-fault characteristics of this input (however, not as
prevalent as in other inputs), which will be further discussed later in this report.

Unfortunately, testing of the high damping elastomeric system was not conducted with other
'motions having prevalent near-fault characteristics due to failure of one of high damping
elastomeric bearings. However, we could obtain a very good set of results when we tested the two
systerns with the Pacoima Dam record, component S16E. This motion contained a clear high
velocity shock. The two systems were tested for different specified intensities of this input (see
Table 6-1) but for some unknown reason the motion of the table was nearly identical. Figure 6-7
presents a comparison of the recorded response in the two tests (tests LOFS016.1 and -
HOFS011.1). The inputs are nearly the same with the low damping system excited by slightly
higher peak velocity. It may be observed.that the two systems experienced nearly the same peak
bearing displacements and peak force in the isolation system. The higher damping did not have
any effect during the cycle of movement caused by the input velocity shock. However, it had a
substantial effect during the subsequent cycles (which were essentially cycles of free vibration
response).

Concluding, we note that the high damping elastomeric bearings were effective in the reduction of
displacement and accordingly force in the structure in motions lacking high velocity shocks
which are characteristics of near-fault motions. This issue will be further discussed when the
results of testing of the system with added viscous dampers are presented.

6.3.3 Failure of Elastomeric Bearings

During the testing of the high damping elastomeric System with the Japanese level 2 and ground
condition 3 (soft soil) input (test No. HOFS025.1), the southwest abutment bearing failed. Figure
6-8 presents plots of the force displacement loops of the four bearings during this test.

The displacements of the bearings reached rubber shear strains of about 175-percent for which the
bearings were theoretically unstable. However, the bearings appeared stable and exhibited some
stiffening at large strains (beyond approximately 120-percent) which was characteristic of the
utilized rubber compound. The bearing at the southwest side on top of the abutment failed in a
combined de-bonding of rubber from the top end plate and fracture of rubber in the top layer. It
was bearing No. 3 from batch No. 1 which was likely improperly cured and exhibited significant
creep. The fact that the failure initiated as de-bonding of the rubber from the steel plate further
reinforces the notion of improper curing.
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Figure 6-9 shows a view of the failed bearing in which the failure region is visible. Note that the
bearing still carries the weight of the deck but it has some distortion as well as visible bulging of
dividual layers. The bulging was the result of excessive creep and it was present before the
failure test (actually, both bearings from batch No. 1 had similar bulging). The failure of the
bearing was not apparent during testing. Rather it was detected afterwards due to the permanent
distortion of the bearing. It should be recognized that this failure was dependent on the condition
of the bearings (improperly cured) and the nearly unstable condition of their operation. It is
impossible to extrapolate the failure results to the scale of prototype bearings. Nevertheless, it is
encouraging to observe that the failure was not catastrophic.

6.3.4 Comparison of High Damping Elastomeric System and Linear Viscous Damper Sys-
tem

Comparison of the two systems is interesting because they primarily differed in their damping
characteristics with the system with linear dampers having approximately twice the effective
damping of the high damping elastomeric system. However, the comparison is limited by the fact
of not having tested the high damping elastomeric system with the records from the 1994
Northridge and 1995 Kobe earthquakes. ‘

Nevertheless, a good picture of the behavior of the two systems is provided in Figure 6-10 where
the peak response of the two systems is presented as a function of the peak table velocity. It is
evident that the system with linear viscous dampers has substantially Jess bearing displacement
and flexible pier shear force response than the high damping elastomeric system. Moreover, the
two systems have about the same total shear force at the isolation level. However, due to the
redistribution of this force provided by the viscous dampers, more force is transmitted to the
strong abutment by the system with dampers. '

Interesting observations can be made when the response of the two systems is directly compared
for the same or nearly the same seismic input. For this comparison we choose the El Centro SO0E
and the Pacoima Dam S16E inputs. Figures 6-11 and 6-12 present comparisons of the recorded
time histories of abutment bearing displacement, loops of isolation system force versus abutment
bearing displacement and loops of flexible pier shear force versus pier drift of the two systems.

For the case of El Centro SOOE 200% (Figure 6-11), the input in the two tests was essentially the
same. The benefits offered by the viscous damper system are apparent and significant: reduction
of bearing displacement to about half without any increase in the isolation system total shear
force.

For the case of Pacoima Dam S16E (Figure 6-12), the input in the two tests is not the same. The
input in the case of the system with dampers is stronger with the peak table velocity being nearly
40-percent larger than that of the input in the case of the high damping elastomeric system.
Despite the difference in the intensity of the input, the system with viscous dampers undergoes
substantially lesser displacement response (approximately half) while the peak isolation system
force is nearly the same in the two systems.
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Figure 6-9: View of Failed Bearing (note that it still carries the weight of the deck)
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Concluding, we note that the use of viscous damping in the isolation systems is particularly
beneficial in reducing the displacement response. However, it should also be noted that for the
tested systems, the resulting substructure forces for strong seismic excitation were large and of
about the same magnitude whether the dampers were utilized or not. Reduction of these forces
may be accomplished by the use of more flexible elastomeric bearings together with viscous
dampers.

6.3.5 Comparison of Isolated Systems with Linear and Nonlinear Viscous Dampers

The nonlinear viscous dampers were designed to deliver the same force as the linear dampers at
the velocity of 350 mm/s along the axis of the damper. For the angle of 45 degrees of placement of
the dampers, this limit on velocity corresponds to approximately 495 mm/s relative velocity at the
isolation system level in the longitudinal bridge direction. Such high relative velocities were not
reached in the majority of tests of the isolated bridge with dampers. Accordingly, in most tests the
nonlinear viscous dampers mobilized a substantially larger damping force than the linear
dampers. The result was a further reduction in the bearing displacement at the expense of
increased total shear force at the isolation system. Figure 6-13 presents a comparison of recorded
isolation system loops of the two systems in identical or nearly so seismic excitations. These tests
were selected to demonstrate the substantial effect of the nonlinear dampers to further reduce
displacement and without or with minor increase in the peak isolation system force.

A different picture emerges in the comparison of loops obtained in motions characterized by near-
fault conditions, which are presented in Figure 6-14. It is observed that in all three cases of input
the bearing displacements are nearly the same for the systems with linear and with nonlinear
dampers. We investigate this further by differentiating the records of damper displacements to
obtain the peak damper velocities. They are presented in Table 6-2 together with measured values
of the peak damper forces. Clearly, the achieved velocities exceed the limit of 350 mm/s for which
the two dampers were designed to deliver the same damping force. The effect is that the nonlinear
dampers mobilized lesser peak damping force than the linear ones as it is also evident in the loops
of Figure 6-14. This provides an explanation for the observed behavior.

Table 6-2: Peak Damper Velocities and Forces in Tests with Motions Having Near-Fault

Characteristics
LINEAR DAMPERS NONLINEAR DAMPERS
PEAK | PBAK | PEAK PEAK | PEAK | PEAK
INPUT MOTION TEST No TABLE |[DAMPER|DAMPER TEST N TABLE [DAMPER|DAMPER
" | VEL | vgL! |FoRcE! ® | VEL | vEL' | FORCE!
{mm/s) | (mm/s) | (kN) (mm/s} | (mmy/s) (kN)
NORTHRIDGE
LLES036. . : .
NEWHALL36q0 | LLES036.1| 438 | 350 | 281 |LNFS037.t| 451 419 | 250
Kggﬁ LLFS039.1| 450 | 386 | 313 |LNFS039.1| 448 461 | 258
PACOS%‘; PAM {11 ps019.1 | 679 | 443 | 358 |inmsozzal as2 | 477 | 262

1: Each Damper (values in two dampers were slightly different; reported value is average)
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An interesting observation may be made in the results of Figure 6-14. The system with the
nonlinear dampers has a slightly larger peak isolation system force than the one with linear
dampers, whereas both undergo about the same peak displacement. One may question the benefit
offered by the nonlinear dampers. To discuss this we start with an explanation for this behavior.
Simply, the nonlinear dampers mobilize a larger damping force at low velocities, that is, at
displacements near their peak value. The result is obvious when considering that the isolation
system force is the superposition of the damping and the restoring (from the bearings) forces.

The benefit, then, offered by the nonlinear dampers is to achieve a behavior comparable to that of
the linear dampers with a lesser peak damping force (provided that velocities are large enough).
The result is lower cost for the damper and connections, and lesser uncertainty in the value of
peak damper force. It becomes now obvious that an optimal design of the nonlinear dampers is to
have linear behavior for a range of low velocities (which, however, depends on the characteristics
of the input motion) and nonlinear behavior for large velocities.

It is interesting to study the time histories of the bearing displacements for the two systems in the
motions with near-fault characteristics, as shown in Figure 6-15. The following are observed:
(a) The peak response occurs as the result of some strong velocity shock in the input, which
is preceded by input of lesser intensity.
(b) During excitation by the preceding input, the system with nonlinear dampers undergoes
lesser displacement than the system with linear dampers due to the substantially larger
damping force that the nonlinear dampers deliver. '
(c) Atthe instant of application of the strong velocity shock, the two systems are at different
stages of motion in terms of both displacement and velocity with respect to the table. That is,
while the two systems are subjected to same, more or less, velocity shock, they undergo
motion thereafter that depends on their characteristics (in this case they differ by the damping
force they deliver) and their initial conditions (which are different due to the effects of the
preceding seismic input). It just happens that they end up with the same peak displacement.
(d) In the motion that follows the peak response (primarily free vibration response), the
system with nonlinear dampers undergoes progressively lesser displacement response due to
its higher damping. '

It should be clear now that the conditions of movement (the initial conditions) at the instant of
application of the strong velocity shock have a significant impact on the peak response of the
system. To elucidate this we present analysis results of a simple system subjected to ground
shock. We consider a rigid mass supported by an isolation system which has linear elastic and
viscous characteristics with period equal to 1.0 sec and damping equal to 0.30 (that is, very
similar to the tested system with linear viscous dampers). It is subjected at the ground with half
cycle of sinusoidal acceleration history of peak velocity equal to 0.5 m/s and duration equal to 0.2
sec. The relative displacement is numerically calculated on the assumption of zero initial
conditions and then again with nonzero initial velocity conditions. The time histories of
displacement are presented in Figure 6-16. The results clearly demonstrate the importance of
initial conditions. It may be recognized that for this case of a linear-viscous system the total
response is simply the superposition of the response due to the input for zero initial conditions and
the free vibration response due to the initial conditions.
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| 6.3.6 Effect of Vertical Ground Acceleration

A number of tests were conducted with horizontal only excitation and then again with
combined horizontal and vertical excitation. The results in Table 6-1 demonstrate minor
effect on the isolation system force and displacement but some effect on the flexible pier
shear force and drift. The effects seen on the drifts of the pier and abutment may be
entirely the result of vertical vibration in the instruments used to measure displacement.
The same phenomenon occurs in the instruments used to measure the bearing
displacements but the effect is insignificant due to the much larger displacements of the
bearings by comparison to the pier and abutment drifts. Moreover, the recordings of pier -
shear forces may have been also affected by the vertical excitation. Note that the strain
gauge shear load cells in the columns of the flexible pier were calibrated in the absence of
vertical Joad. Accordingly, the measurement may be affected by the vertical load,
particularly when is variable.

Figures 6-17 and 6-18 present comparisons of the recorded response of two of the tested
- isolation systems in tests without and with the vertical ground component. The effects of
vertical ground acceleration are clearly insignificant.
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Figure 6-18: Effect of Vertical Acceleration on the Response of Elastomeric
Isolation System with Nonlinear Dampers

It is of interest to note that significant vertical accelerations were recorded in the vertical
direction at the bases of the abutment and flexible pier during these tests. For example, in
the testing of the high damping elastomeric system with the Taft N21E and Vertical at
400% (test No. HOFS005.1) the vertical accelerations reached 0.69g. Figure 6-19 shows
the recorded axial load on the abutment southeast bearing as function of the bearing
horizontal displacement in this test and in the test without the vertical component of
excitation (test No. HOFS004.1). The figures show the records for a time window
corresponding to the maximum bearing exertion. It may be observed that there is a
significant variation in the axial load which is consistent with the recorded peak vertical
acceleration. The axial load varies between about 8 and 60 kN, whereas the gravity load
for this bearing was 36.3 kN. Despite this significant variation we observe an insignificant
effect on the response of the isolated bridge, which is primarily manifested as waviness in
the loops as seen in Figure 6-17. It is also interesting to observe that the peak axial load on
the bearing occurs at a substantial lateral displacement, which in this case is about 2/3 of
the peak displacement.
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6.4 Conclusions

The testing of the elastomeric isolation systems allowed for a number of interesting observations.
One is on the effect of the scragging phenomenon in the case of the high damping elastomeric
systems. Consideration of only the scragged properties of the bearings and neglect of the
likelihood of full recovery to the unscragged conditions could result in substantial
underestimation of the inertia forces. In the conducted tests this underestimation was of the order
of 30-percent. This results provides justification for the requirement in the 1997 AASHTO
(American Association of State Highway and Transportation Officials, 1997) to consider the
scragging and recovery phenomenon in the analysis of isolated bridges.

Damping in high damping elastomeric bearings is, as expected beneficial in the reduction of
displacement and accordingly of inertia forces, This has been observed throughout the testing
except for motions with strong near-source characteristics, Tn this case, the amount of damping
provided by the high damping elastomeric bearings did not offer any advantage over the low
damping elastomeric bearings in reducing either the displacement or the force response of the
tested bridge. This phenomenon has been explained on the basis of different inifial conditions in
the motion of the two systems at the instant of application of the velocity shock in the near-fault
seismic input. Stated differently, the additional damping provided by the high damping
elastomeric system was insufficient to affect the response of the system in the seismic motions
with strong near-source characteristics. ’ '

However, the addition of viscous damping, whether of linear or nonlinear nature, provided for a
marked reduction in the displacement response without an increase in the isolation system force.
It appears that significant added damping is needed in isolated structures at locations susceptible
to seismic motions with strong near-source characteristics. The experiments provided data that in
motions with strong near-source characteristics, such as the Pacoima Dam S16E input, added
linear viscous damping of the order of 30-percent of critical are needed to reduce displacement to
low levels. While the recorded displacements were exceptionally low, they were achieved at the
expense of damper forces with horizontal components of the order of 25-percent of the deck
weight.

‘The use of properly designed nonlinear dampers produces results comparable to those of the
linear dampers in motions with strong near-source characteristics, however with lower peak
damper forces. As seen fro example in Table 6-2, the nonlinear dampers operated at peak forces of
about 10 to 20-percent lower than the peak forces in the linear dampers while the isolated bridge
response in terms of the peak displacement and peak isolation system shear force were about the
same. This represents the main advantage offered by the nonlinear dampers.

Another interesting observation made in the testing of the elastomeric isolation systems is the
minor effect of the vertical ground acceleration on the response of these systems. While
significant fluctuations in the axial load on the bearings were recorded, they had a negligible
effect on the behavior of the system.
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