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Fig. 3. The geometrical configuration of the modeled soil
environment
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Fig. 1. The flowchart of evaluating the strength reduction factor
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Soil Type Soil Type Shear Wave Veloci . ' . . . (O f
(ASCE ?5’22) (Standard No, 2800) (m/s) ™ Poisson's Ratio  Soil Density (kg/m’) (kg/m?) (Degree)
D 11 200 0.4 1800 0 30
E v 150 0.45 1700 5 25
Table 1. Geotechnical characteristics of Soil Types
Lol el ol D St (g5, 4351 Sluasedn Y g
No. Earthquake Name Year Magnitude Recording Station Name Vs (m/s) PGA(g)
1 Imperial Valley 1979 6.53 "Parachute Test Site" 348.69  0.11267
2 Imperial Valley 1979 6.53 "El Centro Array #13" 24992  0.11796
3 Whittier Narrows-01 1987 5.99 "Downey - Co Maint Bldg" 271.9 0.20451
4 Whittier Narrows-01 1987 5.99 "LA - 116th St School" 301 0.27251
5 Landers 1992 7.28 "Yermo Fire Station" 353.63  0.24452
6 Loma Prieta 1989 6.93 "Palo Alto - 1900 Embarc." 209.87  0.12694
7 Loma Pricta 1989 6.93 "Dumbarton Bridge West End FF"  238.06  0.13837
8 Loma Prieta 1989 6.93 "Richmond City Hall" 259.9 0.12563
9 Northridge-01 1994 6.69 "Lakewood - Del Amo Blvd" 267.37  0.13327
10 Northridge-01 1994 6.69 "Downey - Birchdale" 245.06  0.14268
11 Morgan Hill 1984 6.19 "APEEL 1E - Hayward" 219.8 0.0409
Table 2. Characteristics of 11 earthquakes on soil D and their recording stations
Lol e olKaasl E St g5, 4305 1) Slaasiie ¥ J g
No. Earthquake Name Year Magnitude Recording Station Name Vs (m/s) PGA(g)
1 Imperial Valley 1979 6.53 "Westmorland Fire Sta" 193.67  0.07605
2 Imperial Valley 1979 6.53 "El Centro Array #11" 196.25  0.36681
3 Loma Prieta 1989 6.93 "APEEL 2 - Redwood City" 133.11  0.27441
4 Loma Prieta 1989 6.93 "Foster City - APEEL 1" 116.35  0.12694
5 Loma Prieta 1989 6.93 "Larkspur Ferry Terminal (FF)"  169.72  0.12563
6 Northridge-01" 1994 6.69 "Carson - Water St" 160.58  0.09145
7 Morgan Hill" 1984 6.19 "Foster City - APEEL 1" 116.35  0.04295
8 Loma Prieta 1989 6.93 "Foster City - Menhaden Court" 126.4 0.10977
9  Chi-Chi_Taiwan-03 1999 6.2 "CHY047" 169.52  0.05419
10 Chi-Chi_ Taiwan 1999 7.62 "CHYO076" 169.84  0.07001
11 Loma Prieta 1989 6.93 "Treasure Island" 155.11 0.10026

Table 3. Characteristics of 11 earthquakes on soil E and their recording station
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Fig. 5. Scaled Spectrum of earthquake records on soil Type IV
according to Standard No. 2800
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Fig. 4. Scaled Spectrum of earthquake records on soil Type III
according to Standard No. 2800
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experimental methods

C;ra.j@l:.?-r

o3l Sl S, b e gl A4S S sboles



\i'i JL.«: nV e)l.:..:: n\'o 092

oot Ol jes pwdige b g5 — ode alos

Lol Jals gb s oole 4 a5 ey slas sl

adamSe |6 oS (s IS e b das 20 B oS (sl 5L
3 g blad bae sl ¢ ol s eslem Sl sl sl 5 e

R
S, WRLO

m
S = N Wk U

sl

Al s 3 s 3l 3 S e Sk SSE aS ara S

_}\«A-\A\ bﬂ‘f@}@c-\dﬁ%pw‘))jw))
c]aﬂlf’jau;éuaj@):%ﬁ;ﬁg.w‘ujé A

D gy Sl g ik 10 510 0 X slaesle sl pdyollanl iy 5 o iy Sl 53 5,5 Loy VIS

-

= == = Fixed Base

Flexible Base

1

2
T_fixed (s)

m=2, N=5

= == == Fixed Base

- - ™ am = =

’-/"M

Flexible Base

1 2
T_fixed (s)

m=2, N=10

= == == Fixed Base

- -

Flexible Base

1 2
T_fixed (s)

m=2, N=15

= == == Fixed Base

- = - =

Flexible Base

1 2
T_fixed (s)

S = N Wk

S = N W B B

W A N

S~ N

m=4, N=3

= == = Fixed Base
Flexible Base

1 2 3
T_fixed (s)
m=4, N=5
P i -=-
- 7
/7
= == == Fixed Base
Flexible Base
0 1 2 3
T_fixed (s)
m=4, N=10
-~ - (it d --

Flexible Base

2
T_fixed (s)

m=4, N=15 = — = Fixed Base

Flexible Base

27N =~

/g_’/\"\“-:';/\’"

1 2
T_fixed (s)

OS=NWkAOUA

S = N W kA WA

S = N WA

= == = Fixed Base
Flexible Base

0 1 2 3
T_fixed (s)

= == == Fixed Base
Flexible Base

0 1 2
T_fixed (s)

m=6, N=10

s~

= == == Fixed Base

Flexible Base

0 1 2 3
T_fixed (s)

/N
-~ N7~

/’:’/\N\/\

= == = Fixed Base
Flexible Base
0 1 2 3
T_fixed (s)

Fig. 7. Strength reduction factor of fixed-base case and flexible-base case for 3, 5, 10 and 15 story structures on soil type D
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Fig. 9. The effect of ductility demand ratio on Strength reduction
factor for 3, 5, 10 and 15 story structures on soil type E
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Fig. 8. The effect of ductility demand ratio on Strength reduction
factor for 3, 5, 10 and 15 story structures on soil type D
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Abstract

This study presented an evaluation of the response modification factor of structures considering soil-structure interaction
(SSI). During an earthquake, the soil-structure interaction plays an important role in the response of the structure and affects
the dynamic characteristics of the structure. In current structural design codes, due to the complexity of soil medium behavior,
it is assumed that the structure is fixed at the base and the important effects of soil-structure interaction are disregarded. Thus,
dynamic responses of structures will not be simulated properly. One of the major seismic parameter is the strength reduction
factor, which represents the ratio of the elastic lateral yielding strength in system to the lateral yielding strength to maintain the
displacement ductility ratio demand, less or equal to the target ductility ratio. Previous studies were often investigated the
strength reduction factor of single degree of freedom (SDOF) systems, which cannot be an accurate estimation of real
structurers. The models were also based on the simple method of spring and dashpot simulations of soil-foundation system.
Thus, there is a need to conduct new studies on steel multi degree of freedom structures (MDOF) resting on soil medium. In
this regard, a wide variety of numerical analyses was considered to evaluate parameters affecting the strength reduction factor.

For this purpose, first, a brief review of the literature related to the response modification factor regarding soil-structure
interaction was presented. Then, several numerical structures with different number of stories, natural fixed base periods and
displacement ductility ratios were modeled in OpenSees software. The supporting soil was modeled as a continuous and two-
dimensional continuum medium using 2D plane strain shell elements. The structures were 3storey, Sstorey, 10story and
15storey buildings, with periods between 0.1 and 3 s, subjected to 22 strong ground motions on NEHRP site classes D and E,
on the basis of the ASCE7-16 (Soil type D, with shear wave velocity between 180 m/s and 360 m/s, and soil type E, with shear
wave velocity lower than 180m/s). The displacement ductility ratios used in this research were assumed 2, 4 and 6. The results
were demonstrated according to the natural fixed base periods of structures. It was observed that for flexible and fixed base
systems, increasing the number of stories reduced the values of Ry,. However, for soil-structure systems, the Ry, become less
sensitive to the number of stories. Ry, was sensitive to aspect ratio (h/r) of structures. As h/r increases, Rm experienced higher
values. On the other hand, strength reduction factor was mostly affected by displacement ductility ratios of the whole soil-
structure system. Nevertheless, generally, soil-structure interaction reduced the values of Ry,. The values of strength reduction
factor were sensitive to soil shear velocity. As soil shear velocity decreased, the SSI effect was considerable and therefore Rm
was decreased. Thus it can be concluded that the common seismic design approaches which does not considered soil-
foundation flexibility, can result in higher strength reduction factor compared to the real situations. Using higher strength
reduction factor leads to non-conservative dynamic structural outputs.

Keywords: Soil-structure interaction, response modification factor, strength reduction factor, soil modeling, inelastic strength
demand, ductility ratio.
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