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/] ABSTRACT /

This study reviews concepts, theories and formulas included in standards on soil-structure interaction and also shows practical example
of application for engineers. Real structures are 3 dimensional and multi degree of freedom but they are often idealized to single degree
of freedom for convenience. In this study, detailed procedures to calculate soil spring constants and damping coefficients and method to
model soil-structure system are explained. Additionally, case studies to judge fixed base condition and evaluation of applicability of simple

analysis method based on response spectra are performed.
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Table 1. Primary categories of SSI effects[1]

e |ntroduction of flexibility to soil-foundation
system : Change of Natural Frequency of
System

e Dissipation of Energy from the soil-structure
system through radiation and hysteretic soil
damping

N

. Inertial Effects
- Flexible Foundation
- Foundation Damping

2. Kinematic Effects
- Wave Scattering
- Base Slab Averaging
- Embedment Effect

e Filtering of ground motion transmitted to the
structure
® Ground motion reduction with depth

Table 2. Procedure for soil-structure interaction analysis[4]

()Eemt

— ® Evaluation of FIM(Foundation Input Motion)
considering kinematic Interaction.
- Base slab averaging & embedment effect

is considered using fig. & table

® Impedance function
- Frequency dependant soil spring and
damping coefficient are calculated and
modified using Table for dynamic factors

ky
_ Egﬂ
ky, kg complex

e Analysis of structure on compliant base
subjected to FIM
- Response Spectrum or
- Response History Analysis

Ug= free field motion (FFM) with
conventional damping

(a) Rigid base model

U= foundation input motion (FIM)
with system damping including
Adjust for foundation foundation damping

damping

foundation input motion (FIM) with
conventional damping

Kinematic interaction
(high T-pass filter)

free field motion (FFM) with
conventional damping

(b) Soil-structure interaction model

Fig. 1. Foundation modeling assumptions[1]
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Fig. 2. Equivalent SDOF (Single Degree of Freedom) model for SSI
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Table 3. Suggested effective profile depth (z,)[7]

Translation Rocking
Pre-2000 NEHRP 41y 1571,
Post-2000 NEHRP 0.75 0.75 1,
Roesset (1980) (for Circular) 05r
Gazetas (1991) (for Rectangular) 0.25B | 0.17B
* B : Width of Rectangular Footing

|

Layer#2 : py, Voo

|
|
i
|

Layer#l : p;, V, i D,
|
|
T
|
|
|
|
|

Fig. 3. A foundation on non-uniform soil profiles

Table 4. Stiffness modification factors considering Vs ratio[4, 7]
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Table 5. Frequency independant spring constant and damping coefficients[4],[5],[9]

Kk, k, Cy Cy Equivalent Radius
3
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ASCE 4-98 (1998) e T 0576k £ TrE Ry \/TI[
oo AL
; 4 3 kX X k’) [0 ™
Jonathan P. Stewart et al. (1998) 8Gry _8Gry £ ol
2—v 3(1—v) V vV,

% where, A | is sectional area of foundation and I is 2™ moment of area of foundation
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(a) Dynamic modifiers for ¥=0.4 & £,=0.1[10]

* dancies modification to paramelen lor surface

(b) Dynamic modifiers for v=0.25 & 5,=0.01[11]

Fig. 4. Dynamic modifiers for springs and damping coefficients
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Table 6. Section properties of cap, cylinder and foundation

r(m) | torl(m) | Vol.(m® | W(kN) |lo(ton - m?
Cap (1) 1 1,257 29,586 | 5,878,297
Cylinder (2) 20 40 4,901 115,386 | 9,875,282
Foundation (3) 25 3,142 73,966 769,690

3% Unit Weight of Structural Material () is 23.544 kN/m®

=20 (m)

® |

1 (m)

T
@
— —1m 40 (m) c h
K
2.5 (m)
cM -

(a) Sectional view of structure (b) SDOF idealization

Fig. 5. Comparison between real and SDOF idealization

Table 7. Equivalent height (h) for different considerations

Considered Mass Equivalent
Cases Target (ms) for Limitation H:i ht (m)
Moment Equilibrium 9
Same w not matched
h1 & ks 0 mcap + mcylinder With ¢ 26-7
Same v, & Meap + Meylinder not matched
h, ) 18.1
Moment + Mroundation with kg
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Table 8. Properties of different subsurface material conditions

Vsi st v G
(misec) | (misec) | (KNImM®) | (kPa) v S
Type() | 300 | 210 | 20 80908 | 033 | 006
Type(l) | 675 | 4725 | 22 500,677 | 028 | 003
Type(ll) | 1,050 | 735 1,321,651
2% 025 | 001
Type(V)| 2,400 | 1,680 6,904,954

3 Type(IV) is additional case to confirm fixed base cond.

Table 9. Shear wave velocity reduction factor(n) [1]

Peak Ground Acceleration (g)
0.1 0.15 0.2 0.3
n 0.9 0.8 0.7 0.65
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(a) lo of cylinder part (b) lo of cap part

Fig. 6. Parallel axis theorem for mass moment of inertia
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Fig. 7. Input ground motions

Table 10. Seismic responses of SDOF system depending on h

cond.
Cases h Ground Input Max. Responses
Condition| Motion (Acc.(g) / Displ.(m))
Wolf
) Average
hq-(1)-H Hachinohe | ASCE 4-98 (0.136/0.0103)
Typell) Stewart
el
P Wolf
Average
h-(1)-0 Ofunato | ASCE 4-98 (0.131/0.0099 )
Stewart
hl
Wolf
. Average
he-(IV)-H Hachinohe | ASCE 4-98 (0.316/0.0066 )
Type(lV) Stewart
el
P Wolf
Average
hi-(IV)-O Ofunato | ASCE 4-98 (0.516/0.0108 )
Stewart
Wolf
. Average
ha~(1)-H Hachinohe | ASCE 4-98 (0.139/0.0100)
Typell) Stewart
el
P Wolf
Average
h~(1)-O Ofunato | ASCE 4-98 (0.128/0.0093 )
Stewart
h2
Wolf
. Average
ho-(IV)-H Hachinohe | ASCE 4-98 (0.316/0.0066 )
TypeV) Stewart
el
P Wolf
Average
ha-(IV)-O Ofunato | ASCE 4-98 (0.518/0.0108)
Stewart

* Notation for Cases : Equivalent height-Ground Cond.-Input Motion
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Table 11. Parameters to check the fixed base conditions

Parameters Wolf ASCE4-98 | Stewart Average

Type(l) 1.899 1.894 1.993 1.929

Wy Type(ll) 1.223 1.221 1.235 1.226
sy Type(lll) 1.093 1.092 1.095 1.093
Type(lV) 1.018 1.018 1.018 1.018
Type(l) 0.619 0.622 0.580 0.607

fo) Type(ll) 1.419 1.428 1.380 1.409
fu) Type(lll) 2.267 2.284 2245 2.266
Type(lV) 5.183 5.221 5.245 5.216

3% Type(IV) is additional case to confirm fixed base cond.

Table 12. Analysis cases to check applicability of fixed base cond.

Cases Ground Input Max. Responses
Cond. Motion (Acc.(g) / Displ.(m))
(F-H) | Fixed |Hachinohe |  Fixed Base - (0.3199/0.0065)
(F0) | (Ref) | Ofunato |No spring & dashpot| (0.5627/0.0114)
Wolf
) Average
(Il-H) Hachinohe |  ASCE4-98 (0.322/0.0078)
Typelll Stewart
E— e
p Wolf
Average
(II-0) Ofunato ASCE4-98 (0.421/0.0102)
Stewart
Wolf
) Average
(IV-H) Hachinohe ASCE4-98 (0.316 /0.0066)
Type(V) Stewart
— e
yp Wolf
Average
(IV-0) Ofunato ASCE4-98 (0.516/0.0108)
Stewart

3% Notation for Cases : Ground Cond.-Input Motion
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Fig. 9. Comparison of max. responses depenidng on ground cond.
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(b) Acceleration responses for short period EQ (Ofunato)
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(c) Displacement responses for long period EQ (Hachinohe)
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(d) Displacement responses for short period EQ (Ofunato)
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Table 13. Analysis cases to evaluate applicability of simple method

Case | Ean Ground Input Max. Responses
91 Cond. | Motion (Acc.(g) / Displ.(m))
Wolf
. Average
(10-1-H) Hachinohe | ASCE4-98 (0.136/0,0103)
Typell) Stewart
el
i Wolf
Average
(10-1-0) Ofunato | ASCE4-98 (0.131/0.0099)
Stewart
(10)
Wolf
. Average
(10-1IV-H) Hachinohe | ASCE4-98 (0.316 / 0.0066)
TypeV) Stewart
i Wolf
Average
(10-IV-O) Ofunato | ASCE4-98 (0.516/0.0108)
Stewart
Wolf
) Average
(12-1-H) Hachinohe | ASCE4-98 (0.234/0.0162)
Typell Stewart
el
P Wolf
Average
(12-1-0) Ofunato | ASCE4-98 (0.159/0.0100)
Stewart
(12)
Wolf
. Average
(12-IV-H) Hachinohe | ASCE4-98 (0.325/0.0068)
Type(lV) Stewart
ype Wolf
Average
(12-V-0) Ofunato | ASCE4-98 | 547/00108)
Stewart
3% Notation for Cases : Eqn. No.-Ground Cond.-Input Motion
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Fig. 11. Evaluation of applicability of simplified analysis
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Fig. 12. Comparison of responses for long and short period EQ
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