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Abstract:

Soil-structure interaction (SSI) plays a crucial role in realistically predicting the behavior of structures
compared to rigid base assumptions. In this study, the seismic response of semi-buried heavy structures was
investigated using a mass—spring—damper model to capture SSI effects. Eleven soil samples with diverse
behavioral characteristics were considered to compare the responses of structures with rigid supports and those
with flexible, soil-supported bases. Numerical models were developed and analyzed using SAP2000 software. To
ensure the reliability of the results, a benchmark SSI study from the literature was selected for validation,
demonstrating an acceptable level of accuracy and convergence. Key soil properties for common construction
soils were incorporated. Following careful selection and scaling of appropriate earthquake records according to
Iranian seismic code (Standard No. 2800), nonlinear dynamic analyses were conducted. The findings clearly
illustrate the significance of SSI, particularly for silty soils, where the interaction effect is pronounced.
Incorporating SSI led to a considerable increase in base shear values, underscoring the necessity of accounting
for these effects in the seismic design of heavy, semi-buried structures.
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Imperial [Northridge 5,55, ¥ Guiss cpl 0 0,10 3g59 )5 0,65, ¥ 4 5L JBlas YA« o lubs] lalss L illas
Northridge 1994) aJ3J5 aw -l Sbxil Juds i F bl ojle S iaS 0l @l 31w, » <> El Centro 4 Valley
Gos (S alize slo i b jarls oo )55, 55> a5 ail oo ,bl> oy (EI Centro 1940) 4 Imperial Valley 1979
olis Jlade yumed Cawl oals solaiwl SSI glanslio slo Jdow (gl juiize dasio SYlEe 4o 45 s (5lS 5 alold 4
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e dulio cdilaio cpl j0 Fae Dol L 5l cpl b g (YA« aalipm] g sloj,) o asss §udo g /YO—+ /Y sg90>)
ool (8 Lael glls
5235 55l ilian s o3l gany ¥ el sl 5 VA® + o JSlial ¥ alns Ladsid bl 5 00 ol (sloo s,
Sls ke ¥ Jaax j0 0lai 0929 e 0,55, 4 (sile alad o po Jlesl 4 (g5l bl slao )55 ) aasiin 4 4z L
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Record PGA
Northridge 0.344
Imperial Valley 0.313
El Centro 0.319
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Northridge Response Spectrum
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Fl Centro Response Spectrum
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Mixed Response Spectrum
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o Jld) dawgie oVed cies CB (glojle i 1 Joli aS 0l (g5l SAP2000 l33le 5 5l eolatwl b x> e Jae
-z V299 Wiy 0 TCUO045 o] 881 565 ) 5l .l (gt 5 Jlasl bl 1o 35 eie oy &aie8 9 byd 9 o lp
Zwl (ASCE 7-22) Mol ey sboo lasbiwl b gillao g il ¥ = 350 loy o PCA =0.360 (a5 o oolaiwl )l o>
Olee BB (5,0 YIO-Y/O LuilS )8 oo jo) LY/T izl (b jo OS] wSlas ol lis mls anglis
slaoglas [ fols s Jlia| mlie .ol oo WV/A 51 paS il oy &ujes ;0 Dol 3 %0 VY e (sl ISCo s
Dol g slojlu it slizl (g5ldas jo oals plol glacy 1&5 «)l58le 5 alirs glaaseud o oo Jo laps oSl oS3
5oS) Joud bl osguze ;0 L] als aSul 4y ax 5 b .alil oo (Khosravikia et al., 2019) ol yue dewloee sl g, 4o
S ol il Jlo)55 5 ol slo Judos ploxl gl (BI5 jLel 51 ol Juw « (Stewart et al., 2020)acsls 13 (/10 5

o ool e cenlin SLlS (glanslie 5 S el )l Sladlae (gl s

el 00l o0ls HLad O Jgaz 0 5 Jow ol Olastin

(m)r

~

Lumped storey mass
and moment of inertia

5m

! 200 solid elements
p 363 interaction points

Beam elements

5m
Ground U: “‘)

motion,

B5m ieid squar: fouind: itio:

20m

Uniform half-space

Seismic

= -—n
SV-wave

(VY (o 9 (52) (oo o plaxil s oo bl Juw =Y Ko

(TAY (5 2) (i oo Joto Slaasidnr g

Zone Parameter

Uniform Half- Poisson’s ratio: 0.25<br>Shear-wave velocity: 500 m/s<br>Material density: 2
space Mg/ms<br>Damping ratio for P-wave: 0.0005<br>Damping ratio for S-wave: 0.001
Square Side length: 20 m<br>Embedment depth: 5 m<br>Foundation mass: 5000

Foundation Mg<br>Foundation inertia: 177083 Mg-mz2<br>Static stiffness: 4.16 x 107 kN/m<br>Static
stiffness: 5.58 x 10° kN-m

Upper Storey mass: 2000 Mg<br>Storey inertia: 66708 Mg-m2<br>Storey stiffness: 2.08 x 107
structure kN/m<br>Model damping ratio: 5%
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@l 5 0005 g atws [zme slo 09,5 )0 (o) 2 950 wlie (Pls b slo S Geiod oI5 Gl Cg

5l 85 8 aulie 8,90 il o8 4S5 3l Lol gl b Mitns o)l 5 ST 18,0l gl Sk 51 ot Jlaial
o g dasle oS 5 sl dunle ¢y« 510 S5 09, (5l i 5 & st ool (glasgs Slakie Vo JIF gl
el 03305 @] Eoglite sla S g slooge ;5 NS duglin ol yas 45 il 5
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Time Period of Clay Base (sec)

Mode No Fix Based Soft Clay Difrence % Hard Clay Difrence % Sandy Clay Difrence %
1 0.862 1.049 22% 0.932 8% 0.911 6%
2 0.226 0.281 25% 0.249 10% 0.242 7%
3 0.104 0.202 94% 0.116 11% 0.111 7%
4 0.070 0.188 167% 0.115 64% 0.098 39%
5 0.052 0.150 187% 0.114 117% 0.096 84%
6 0.052 0.134 156% 0.102 94% 0.090 2%
7 0.024 0.092 276% 0.070 185% 0.061 148%
8 0.018 0.084 370% 0.045 154% 0.035 98%
9 0.018 0.033 84% 0.030 66% 0.028 58%
10 0.016 0.025 60% 0.023 43% 0.022 38%
11 0.015 0.023 56% 0.022 49% 0.022 46%
12 0.013 0.020 59% 0.018 38% 0.017 33%
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Time Period of Glacial Till Base (sec)

Mode No Fix Based Loose Glacial Difrence % Dense Glacial Difrence %
1 0.862 0.929 8% 0.880 2%
2 0.226 0.248 10% 0.233 3%
3 0.104 0.114 10% 0.107 3%
4 0.070 0.112 59% 0.079 12%
5 0.052 0.111 113% 0.072 38%
6 0.052 0.100 90% 0.072 3%
7 0.024 0.068 180% 0.044 79%
8 0.018 0.044 144% 0.026 47%
9 0.018 0.029 64% 0.022 22%
10 0.016 0.022 42% 0.020 30%
11 0.015 0.022 49% 0.020 36%
12 0.013 0.018 3% 0.016 28%
&l awlo b S5 09,5 5l lwsi OG0 Wlasuiv -A Jgu
Time Period of Sand Base (sec)
Mode No  Fix Based Silty Sand Difrence % Loose Sand  Difrence % Dense Sand  Difrence %
1 0.862 1.062 23% 1.039 20% 0.940 9%
2 0.226 0.284 26% 0.279 23% 0.251 11%
3 0.104 0.210 102% 0.195 88% 0.121 17%
4 0.070 0.196 178% 0.182 158% 0.121 71%
5 0.052 0.153 192% 0.148 182% 0.116 121%
6 0.052 0.136 159% 0.133 153% 0.106 102%
7 0.024 0.095 288% 0.090 268% 0.072 196%
8 0.018 0.086 378% 0.082 361% 0.049 172%
9 0.018 0.033 85% 0.033 83% 0.030 68%
10 0.016 0.025 62% 0.025 60% 0.023 44%
11 0.015 0.023 57% 0.023 56% 0.022 50%
12 0.013 0.020 59% 0.020 58% 0.018 40%
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Time Period of Sand & Gravel Base(sec)

Mo Fix Loose Sand & Difren Dense Sand & Difren
de No Based Gravel ce % Gravel ce %

1 0.8 0.923 7% 0.909 5%
62

2 0.2 0.246 9% 0.241 7%
26

3 0.1 0.114 10% 0.111 7%
04

4 0.0 0.114 62% 0.096 36%
70

5 0.0 0.112 114% 0.095 80%
52

6 0.0 0.101 93% 0.089 70%
52

7 0.0 0.066 168% 0.060 144%
24

8 0.0 0.041 127% 0.034 93%
18

9 0.0 0.030 65% 0.028 57%
18

10 0.0 0.022 43% 0.022 38%
16

11 0.0 0.022 49% 0.022 45%
15

12 0.0 0.018 38% 0.017 33%
13

o G S 09,5 6l p g (Loge wlasie Ve Jgux

Time Period of Silt Base (sec)

Mode Fix Silt Difrence
No Based %

1 0.862 1.096 21%
2 0.226 0.292 23%
3 0.104 0.230 55%
4 0.070 0.217 68%
5 0.052 0.159 67%
6 0.052 0.140 63%
7 0.024 0.103 76%
8 0.018 0.088 80%
9 0.018 0.033 46%
10 0.016 0.026 39%
11 0.015 0.024 36%
12 0.013 0.020 38%
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OutputCase Base Shear of Clay (kgf)
Fix Based Soft Clay Hard Sandy
Clay Clay
Northridge 175336 229081 233535 234699
Imperial 162506 206887 249475 250518
Valley
El Centro 154657 175739 231677 244265
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OutputCase Base Shear of Glacial Till (kgf)
Fix Based Loose Dense
Glacial Glacial
Northridge 175336 234485 239339
Imperial 162506 248574 237656
Valley
El Centro 154657 235512 230243
G dwlo Gl S5 09,5 gl Al oy polie Y Jou
OutputCase Base Shear of Sand (kgf)
Fix Based Silty Loose Dense
Sand Sand Sand
Northridge 175336 243900 222113 231024
Imperial 162506 205934 213219 253405
Valley
El Centro 154657 157637 187329 225337
o 9 dwlo 1 S0 b SIS 09,5 (gl arly (i polie -VF Jgu
OutputCase Base Shear of Sand & Gravel (kgf)
Fix Based Sand & Loose Sand & Dense
Gravel Gravel
Northridge 175336 234875 235716
Imperial 162506 247272 251035
Valley
El Centro 154657 241382 244117

o b S 09,5 (6l wly oy polio —V0 Jeuo

OutputCase Base Shear of Silt (kgf)

Fix Based Silt

Northridge 175336 252880

Imperial 162506 198044
Valley

El Centro 154657 149545
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Soft Clay
Story Northridge Imperial Valley El Centro Avarage
No
Fix Based Soft Clay Fix Based Soft Clay Fix Based Soft Clay Fix Based Soft Clay
0 0 0 0 0 0 0 0 0
1 0 0.06 0 0.05 0 0.05 0.000 0.054
2 0.13 0.21 0.13 0.20 0.13 0.18 0.133 0.198
3 0.32 0.37 0.31 0.37 0.31 0.32 0.314 0.353
4 0.47 0.50 0.46 0.51 0.46 0.45 0.464 0.484
S gy S adlg Jow o wlink ol wl> -V Joue
Hard Clay
Story No Northridge Imperial Valley El Centro Avarage
FixBased HardClay FixBased HardClay FixBased HardClay FixBased Hard Clay
0 0 0 0 0 0 0 0 0
1 0 0.02 0.00 0.02 0.00 0.02 0.000 0.023
2 0.13 0.16 0.13 0.16 0.13 0.15 0.133 0.158
3 0.32 0.34 0.31 0.32 0.31 0.28 0.314 0.314
4 0.47 0.49 0.46 0.43 0.46 0.39 0.464 0.439
&l awlo () S p 2dlg Jow o wlinb o wle VA Jgoo
Sandy Clay
Story Northridge Imperial Valley El Centro Avarage
No
Fix Based Sandy Fix Based Sandy Fix Based Sandy Fix Based Sandy
Clay Clay Clay Clay
0 0 0 0 0 0 0 0 0
1 0.000 0.017 0.000 0.017 0.000 0.017 0.000 0.017
2 0.133 0.154 0.133 0.150 0.134 0.155 0.133 0.153
3 0.315 0.334 0.312 0.300 0.314 0.317 0.314 0.317
4 0.472 0.489 0.457 0.417 0.462 0.437 0.464 0.448
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Loose Glacial Till

Story No Northridge Imperial Valley El Centro Avarage
Fix Based Loose Fix Based Loose Fix Based Loose Fix Based Loose

Glacial Glacial Glacial Glacial

Till Till Till Till

0 0 0 0 0 0 0 0 0

1 0 0.022 0.000 0.023 0.000 0.022 0.000 0.022

2 0.13 0.160 0.133 0.161 0.134 0.147 0.133 0.156

3 0.32 0.338 0.312 0.314 0.314 0.291 0.314 0.314

4 0.47 0.492 0.457 0.429 0.462 0.401 0.464 0.441

e % g @8lg Juw yo Gl (ol ale -V Jgux

Dense Glacial Till

Story N Northridge Imperial Valley El Centro Avarage
o

Fix Based Dense Fix Based Dense Fix Based Dense  Fix Based Dense

Glacial Glacial Glacial Glacial

Till Till Till Till

0 0 0 0 0 0 0 0 0

1 0.000 0.009 0.000 0.009 0.000 0.009 0.000 0.009

2 0.133 0.143 0.133 0.143 0.134 0.150 0.133 0.145

3 0.315 0.323 0.312 0.311 0.314 0.328 0.314 0.321

4 0.472 0.482 0.457 0.443 0.462 0.468 0.464 0.464

e dlo p 28lg Juo o Wl sl vl -V Jgue

Silty Sand

Story No Northridge Imperial Valley El Centro Avarage

Fix Based  Silty Sand Fix Based  Silty Sand Fix Based  Silty Sand Fix Based  Silty Sand

0 0 0 0 0 0 0 0 0

1 0 0.064 0.000 0.053 0.000 0.048 0.000 0.055
2 0.13 0.215 0.133 0.199 0.134 0.176 0.133 0.197
3 0.32 0.368 0.312 0.364 0.314 0.318 0.314 0.350
4 0.47 0.501 0.457 0.499 0.462 0.438 0.464 0.479
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Loose Sand
Story No Northridge Imperial Valley El Centro Avarage
Fix Based Loose Fix Based Loose Fix Based Loose  Fix Based Loose
Sand Sand Sand Sand
0 0 0 0 0 0 0 0 0
1 0 0.058 0.000 0.053 0.000 0.048 0.000 0.053
2 0.13 0.208 0.133 0.206 0.134 0.183 0.133 0.199
3 0.32 0.365 0.312 0.372 0.314 0.327 0.314 0.355
4 0.47 0.499 0.457 0.508 0.462 0.452 0.464 0.486
o510 awlo p1 &8lg Jow 5 Glinb ol wl> -TY Jgux
Dense Sand
Story No Northridge Imperial Valley El Centro Avarage
Fix Based Dense Fix Based Dense Fix Based Dense  Fix Based Dense
Sand Sand Sand Sand
0 0 0 0 0 0 0 0 0
1 0.000 0.025 0.000 0.027 0.000 0.024 0.000 0.025
2 0.133 0.164 0.133 0.168 0.134 0.152 0.133 0.162
3 0.315 0.341 0.312 0.324 0.314 0.290 0.314 0.318
4 0.472 0.492 0.457 0.441 0.462 0.390 0.464 0.441
S (5 9 dwlo bgloeo p @y Joo o Wb (ol b -TF Jgur
Loose Sand & Gravel
Story No Northridge Imperial Valley El Centro Avarage
Fix Based LooseSand  FixBased LooseSand FixBased Loose Sand  FixBased Loose Sand
& Gravel & Gravel & Gravel & Gravel
0 0 0 0 0 0 0 0 0
1 0 0.020 0.000 0.021 0.000 0.020 0.000 0.020
2 0.13 0.158 0.133 0.157 0.134 0.149 0.133 0.154
3 0.32 0.336 0.312 0.310 0.314 0.300 0.314 0.315
4 0.47 0.490 0.457 0.425 0.462 0.413 0.464 0.443
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Dense Sand & Gravel

Story No Northridge Imperial Valley El Centro Avarage

Fix Based Dense Sand FixBased Dense Sand FixBased Dense Sand FixBased Dense Sand

& Gravel & Gravel & Gravel & Gravel
0 0 0 0 0 0 0 0 0
1 0.000 0.016 0.000 0.017 0.000 0.017 0.000 0.016
2 0.133 0.153 0.133 0.148 0.134 0.156 0.133 0.152
3 0.315 0.333 0.312 0.298 0.314 0.319 0.314 0.317
4 0.472 0.488 0.457 0.416 0.462 0.441 0.464 0.448

Cdiw p3 &8lg Joo jo Slib ol wl> -VF Jguo

Silt
Story No Northridge Imperial Valley Elcentro Avarage
Fix Based Silt Fix Based Silt Fix Based Silt Fix Based Silt

0 0 0 0 0 0 0 0 0
1 0 0.071 0.000 0.052 0.000 0.046 0.000 0.056

2 0.13 0.215 0.133 0.187 0.134 0.159 0.133 0.187

3 0.32 0.372 0.312 0.339 0.314 0.292 0.314 0.334

4 0.47 0.504 0.457 0.469 0.462 0.405 0.464 0.459
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