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Abstract

Seismic response of structure under soil-structoteraction effect (SSI) is an impressive
subject in earthquake engineering domain. Manyyéigal models and methods have been
proposed and utilized. These methods can be catedais direct and substructure (indirect)
approach. Due to the simﬁlicit requirement, swlzstre approach is frequently utilized in
practical work and research field. In this apprgdbhl analysis procedure is distinguished into
three steps: foundation input motion (FIM), dynanmepedance (Spring-Dashpot), and
seismic response of structure. However, the stapeailem in this approach was found and
needed to improve. In the existing analytical mageler substructure approach, SSI problem
is performed with equivalent-linear of soil maté@ad motion in frequency domain (FD).
This restriction can lead to mismatched responselte between SSI analysis and actual
response of structure during earthquake disaster.

Therefore, the objective of this paper is to pr@pas analytical model considering nonlinear
response of soil material and motion in time dpn(é?lbz; which leads to perform the seismic
response of structure under nonlinear SSI effaogusubstructure approach.

In this paper, the proposed analytical model praoedonsidering nonlinear response of soil
material and motion were presented. An example pvasided to validate this proposed

analytical model. Moreover, the seismic responsgtroicture under existing analytical model
and proposed analytical model considering nonlimeaponse of soil material and motion

were conducted. The seismic response of structae performed under linear response of
base-shear, overturning-moment, acceleration, atative-displacement. Furthermore, the
foundation stiffness-damping and hysteretic cureeenalso provided.

According to the nonlinear response motion in Ténfrthe proposed analytical model, this
motion showed a good agreement compared to therlied equivalent-linear response of
ground motion in FD. This agreement confirmed abth& validation of this proposed

analytical model. Furthermore, the seismic resparsfsstructure, it was showed that the
response results under existing analytical modekewarger than the responses under the
proposed analytical model. These discrepancies eth@about the overestimated results of
using existing model compared to the actual respohstructure under earthquake disaster.

Keywords: Soil-structure interaction, substructure approacbnlinear response of soil
material, nonlinear SSI effect.

I ntroduction

Soil-Structure Interaction (SSI) problem is regardas a crucial major in earthquake
engineering domain. SSI analysis permits evaluativegseismic response of structure and
foundation system including the interaction effettsoil medium. This analysis leads to an
understanding the actual response of structureruzaithquake disaster and controlling the
damage response of structural elements.

In order to perform SSI analysis, there are thigaificant interaction effects that have to
consider: kinematic interaction effect, inertiaigraction effect, and soil-foundation flexibility
effect [1]. To evaluate these interaction effestarious methods have been proposed and



utilized such as Finite Element Method (FEM), Boaryd Element Method (BEM), the
coupling of FEM-BEM, Discrete Element Method (DEM}c. However, these methods can
be categorized as direct and substructure (indir@gproach [2]. In direct approach, the
structure and soil are simulated within the sameehand analyzed as a complete solution.
This approach can deal with complicated structgeaimetry and soil condition. Many studies
have been conducted base on this approach. Howhkigeapproach is rarely used in practical
work, especially for complex geometrical structarel nonlinearity behavior of soil medium
as a result of large computer-storage, running,tane cost consumption [3]. In substructure
approach, SSI problem is commonly distinguished ithiree evaluation steps, which are
combined to a complete solution of the seismic aasp of the whole structure base on the
law of superposition [1]. These evaluation stepduithe foundation input motion (FIM),
dynamic impedance (Spring-Dashpot), and seismiporese of structure. This approach is
widely used in research and practical works dudecsimplicity, time, and cost consumption.
However, this approach is commonly performed witiuigalent-linear response of soil
material and motion in FD. This restriction can saumismatched structural responses
between analysis and actual response of structuterearthquake disaster.

In order to deal with this restriction, the objeetiof this paper is to propose an analytical
model considering nonlinear response of soil matteand motion, which facilitates
performing seismic response of structure under ineat SSI effect using substructure
approach. In order to obtain this objective, theRD frame structural model was used in this
study. This structure was assumed as a rigid suiffamndation and supported by uniform soil
medium. The Kobe earthquake record data was usedpas motion in this study. Other
relevant parameters were presented in the followeugions.

Existing Analytical Model of SSI Effect under Substructure Approach

Foundation Input Motion (FIM)

FIM can be derived from the relationship of freeldi ground motion (FFGM) and transfer
function. FIM component is composed by translateomd rotation motion that can be
expressed in Eq. (1) and (2) [4] [5], respectively.

l’IFIM = f(Hu’ug) (l)

@y = f (ug, Iw,B) (2)
Where
Ugy @y - translation and rotation of FIM
u, : free field ground motion
H,.l,: translation and rotation of transfer function
B : foundation dimension

In this step, FFGM is performed in FD using equivadlinear method, which is extensively
described in the geotechnical earthquake engirgeg¢6h This method has been used and
described in many programs such as SHAKE [7], EH&Aetc. According to this method,
the equivalent-linear response of soil materta}, (¢ ) and the corresponding FFGM at the
ground surfacey, ) were achieved.

Regarding for the transfer functionH(,1,), various expressions under relationship of
foundation and wave motion types were describeMIB®T guideline for SSI problem [5],
Mylonakis et al [4], Nikolaou et al [9], etc.

Based on the description above, the FIM can beeseli corresponding to soil conditions,
wave motions, and foundation types.

Dynamic I mpedance (Spring-dashpot)

Dynamic impedance function is an interaction fumttbetween foundation and soil medium.
This function is represented by spring and daslopatoil-foundation interaction system as



shown in Fig. 1. The equation of this function eamposed by the stiffness (real part) and
damping (imaginary par?) as expressed in Eq. (8)(ah[3]-[5].

Ki =k +iax, 3)

Ki =k (1+i28) (4)
_ K

ﬂi—Z—K (5)

Where
: radiation damping ratio of foundation

: complex-valued impedance function
¢ : frequency-dependent foundation stiffness and piatsh
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Figure 1. Soil-foundation system [5]

In the Eq. (4), the foundation stiffneks can be expressed in function of constant equitalen
linear soil material values@,v) from the FFGM analysis in FD and foundation digiens
while the foundation damping can be expressednuotion foundation stiffness and radiation
damping ratio as shown in Eq. (5).

Various expressions have been proposed for bottiturs (k,c ) related to different types of
foundation and soil conditions. For instance, Mykis et al. [4], Gazatas [11] [12], Pais et al.
[13] have proposed the solutions for surface andeslded foundation with different types of
soil condition while the solution for single pilacggroup of pile have been discussed in NIST

[5].
Seismic Response of Sructure

For the seismic response of structure, the strectvas assumed to support by spring and
dashpot that computed in the second step and sebtjex FIM in the first step, as shown in
Fig. 2. The seismic response of the structure uS@&reffect can be solved under both FD
and TD [25] as expressed in Eq. (6) and (7), raspey.
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Figure 2. Structure model under SSI effect




-FD Equation:
(-o [M]+iafC] +[K]}{U} = ? [M]{BU, (6)

-TD Equation:
[M]{u} +[Cl{a}+[K]{u} = ~[M {1} G, (7)
Where
[M].[C].[K]: mass, damping, stiffness of the whole structure

U,U,: structure displacement and foundation input nmotio
U,u,u : acceleration, velocity and displacement of strcect
U, : foundation input motion

According to the description in the existing analgt model above, the seismic response of
structure considering SSI effect is solved undesvedent-linear of soil material and FFGM
in FD. However, due to this condition, this analgtimodel might not represent the actual
response of structure under earthquake disasterefidre, an analytical model of SSI effect
considering the nonlinear response of soil matema FFGM in TD was proposed as in the
following sections.

Proposed Analytical Model of Nonlinear SSI Effect using Substructure Approach
Free Field Ground Motion Analysisin TD

As described above, the existing analytical mod&®l problem can be performed only with
equivalent-linear response of soil material, whgah lead to mismatched response of analysis
results compared to the actual response of steiatnder earthquake disaster. Thus, the
objective of this paper is to propose an analyticatiel considering the nonlinear response of
soll material and motion that facilitated perforigpithe seismic response of structure under
nonlinear SSI effect.

In order to perform FFGM analysis in TD, the cogtien of FFGM analysis in FD was
necessary. FFGM analysis in TD was performed bgguslewmark’s equation [14]-[18], as
expressed in EqQ. (8). Furthermore, the modified BangrOsgood model [19] was used for
hysteretic rule of nonlinear response of soil matedn each layer, soil model can be
represented by consistent mass, dashpot, and eankpring, as shown in Fig. 3.

[MKG € &{ Ja - K}u £-]M 1 G (8)
Where
[M],[C],[ K] : mass, damping, stiffness matrix
{&,{ &{ Ju : acceleration, velocity, displacement vector

{Ug : acceleration at the base of column
{1} : unit vector

The soil element matrix in each layer can be exgg@$rom the Eq. (9) to (11):

_phi2 1
[M]_?L 2} 9)

Gl 1-1
[K] ‘FL J (10)



[Cl=adM] +5{K (11)
Where
£ unit weight of soil,  h: thickness in each layer
G :shear stiffness of soil, a, B;: coefficient of Rayleigh damping

According to Rayleigh [20]a,and S coefficient can be computed using two significant
modes m and n:

1 Yo, @ [a) e,
5 5 =l 2§11
This matrix can be solved as the following expr@ssi
—_ %gn ~ a%{m —_ wm{m B a‘%]gn
ag =2 —men hem =2 = ——en
If the damping ratio is frequency independemtand S; coefficient becomes:
= og| _“hh - 1
o ZE(%WJ g 25(%%]
Where
& damping ratio w,, @, : two significant frequency modes
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Figure 3. Soil deposit model for TD analysis

As mentioned above, the nonlinear response of saiterial was conducted using the
modified Ramberg-Osgood model, as shown in Figvhlch was proposed by Tatsuoka et al.
[19]. The Iskeleton and hysteretic curve equatiomsewexpressed in Eq. (13) and (14),
respectively.

y=GL(1+ a|r|ﬁ) (13)

5
j (14)
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Figure4. Stress-strain relationship of Ramber g-Osgood model [21]

According to hysteretic rule, the nonlinear resgoon$ shear stiffnes& (t) can be derived
from Eq. (15) and shown in Fig. 5.

G(t)="—"

Vi =Viq

(15)

Where
1,,1,_,: reversal shear stress of point i and i-1

Y., Vi, : reversal shear strain of point i and i-1

(¥6,%6)

Figureb5. Reversal points of shear stress-strain

Besides this, in order to perform nonlinear respomsalysis of FFGM in TD, the analytical
procedure of input motion at the base of soil coluras very important in order to obtain a
properly output motion at the ground surface.

Analytical Procedure for Input Motion in TD

In this step, the FFGM in FD was needed to obtagnimput motion for FFGM analysis in TD.

In linear analysis (LN), the target earthquake omtivas input at the base of soil column (or
surface layer) as an outcrop moti@k). Then, the within output motiofe¢ F) was extracted
at the base of soil column and applied this mo#@ibthe same layer of soil column (as input
motion) for TD analysis, as shown in Fig. 6. Thehwi motion E+F) of any location is an
actual motion of that location.



In nonlinear analysis (NL), the procedure was thmes as linear analysis but it was required
to perform in both linear and equivalent-linear JEdnalysis in FD and the within output
motion E+F) of both analyses were significant to be the samamost the same. Due to this
requirement, some extra layers might be needed,Tthes within output motionE+F) was
applied at the same layer of soil column for TDIgsia, as shown in Fig. 6.

FD ™D FD D

2E E+F 2E

IN E+F
L .

IN~EL

Figure 6. Linear and nonlinear input motion procedurefor TD analysis

Furthermore, in order to validate the nonlineapoese output motion at the ground surface
in TD, a comparison of this motion with linear aequivalent-linear analysis at the ground
surface were necessary. This comparison can lead tmderstanding how correctly of this

nonlinear response motion.

Example of FFGM Analysisin TD

In this stud?/, the uniform soil column in depth 20ras assumed rested on the bedrock. This
uniform soil column consisted the same propertem&lass E of IBC [22], as shown in table
1. Kobe earthquake record data were assumed atsnmgiion at the base of soil column. The
motion in X and Y direction were assumed as theesasithe motion in EW and NS of record
data as shown in Fig. 7 while the motion in UD dii@n was ignored in this study.

Table 1. Uniform soil column properties

H (m) Vs (m/s v (KN/m®) £ (%)
0.0C-20.C 180 18.0 5
Bedrocl 90C 21.C 1
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Figure 7. Kobe earthquake record motion data



For linear analysis, according to the procedurecrilgsd above, the output result at the
ground surface for both analyses was shown in&ig.
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Figure 8. Linear analysisof FFGM in FD and TD

For nonlinear analysis, according to the procedigscribed above, two extra layers were
needed for this study case, as shown in Fig. 9.fifstelayer consisted 5m in depth and 900
m/s for shear velocity while the second layer cstesi 800m in depth and 8km/s for shear
velocity above the bedrock, which consisted 8 kfofsshear velocity. The within output

motion in FD was shown in Fig. 10 and the outputiamoat the ground surface in TD was

shown in Fig. 11.
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Figure 9. Analytical procedurefor input motion in TD
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Figure 10. Within input motion (E+F) in TD

As shown in Fig. 10, the within output resul&+§) from both analyses showed a good
agreement and adequate for input motion for TDyesmal These within output&¢F) were
applied at the same layer and property for TD aislyrhe FFGM at the ground surface for

both directions and nonlinear response of sofirgt#s (,, ) were obtained.
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Figure 11. FFGM at the ground surfacein TD
However, as described above, the comparison oé theslinear response motions with linear
and equivalent-linear motions at the ground surfadéD was necessary. These comparisons
were shown in Fig. 12 and 13.
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Figure 12. Comparison between LN, EL, and NL motion in E-W direction

18 | Linear Response N-§

12
0.8
04 | _—E

04 ¥~

Acceleration (g)

0.8
1.3 | Time (s)

-1.6 < -NL -LN

1.6
1.2 Nonlnear Response

03 | \

0.4 -
0.4 '

Acceleration (g)

-0.8
T
i ime (s)

16 NL EL

Figure 13. Comparison between LN, EL, and NL motion in N-Sdirection

As shown in Fig. 12 and 13, the nonlinear respaeselt showed a good agreement with
linear motion response for a few seconds from iatarpoint and with equivalent-linear
motion response for the last several seconds. TageeEments confirmed that the nonlinear
motion response at the ground surface in TD stdrted linear to nonlinear motion response.
This confirmation showed about the validation o ffroposed analytical model considering
the nonlinear response of soil material and mofidre hysteretic curve of nonlinear response
of soil medium at the ground surface was also plej as shown in Fig. 14.
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Figure 14. Hysteretic curve of nonlinear response of soil medium

The response of soil stiffness under both analytreadels, FD and TD, were shown in Fig.15.
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Figure 15. Soil stiffnessresponse analysisin TD and FD

Seismic Response of RC Frame Structure under Nonlinear SSI Effect

After obtaining the nonlinear response of soil mats and FFGM at the ground surface, the
Imegr resgonse of RC frame structure under egemdinear and nonlinear SSI effect were
conducted.

In order to achieve this objective, the 3D RC frastractural model (from E-defense test [23]
[24]) was used in this study. This structure waspsuted by rigid surface foundation and was
assumed to rest on uniform soil deposit subjeateekttically incident S wave. The relevant
parameters were shown in the following sections.

Structural Model Assumption

As mentioned above, the model of 3D frame strucivas used in this study as shown in Fig.
16. This structural model consisted six stories &ian for height in each story. There were
two spans in X-direction and three spans in Y-dioecwith the same length 5m in each span.
In this study, the column C1 section was 0.5mx0ith 8-D19 and C2 section was

0.3mx0.3m with 4-D19, beam section was 0.3mx0.5th D19, and both shear-wall and

sidewalls thickness were 0.15m with doubly reinifogcbar D10@300. Furthermore, the

shear reinforcing bar of column was D10@100 whigarh element was D10@200. The
nominal strength of reinforcing bars were SD345 295 for D19 and D10, respectively,

and concrete strength was 21MPa for all structelleihents. Besides this, the non-structural
element load was assumed 3.0 kPa and live loadP3a.fk each story.
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Figure 16. E-Defense test structure model
Soil Property and Input Motion

The uniform soil property and input motions wersuased to be the same as described in the

previous sections. The equivalent-linear and nealirof soil stiffness values were shown in
Fig. 15.

Foundation Input Motion (FIM)

Due to the condition of rigid surface foundatiordasubjected to the vertically incident S
wave, the FIM was the same as the FFGM [4]. The Fdbponse of both FD and TD were
shown in Fig. 17 and 18, respectively.

08 08
E-W N-S
06 | 06 ) I.I
I |
o 04 | = 04 || |
o (1 2 oA | I
=] I 1 =] Wl
g~ 1A HI| WA £ % | " A v oy A
fIff (v 1 o b
§ o Ww,\ﬂll\ ! I'I‘ | i \-Iﬂ/ '\.“ “"/\N'\(Vmw 5 o M_,»\,_/“' I |1l‘|||||| ||M," AN f"x\w\uﬁ“’”‘“w
8 00" Il s 0 8 0 [5] "‘|| II |1l 15 20
g 0 ! S 0. |
< ‘ I/ < 02 I‘ I 0
-0.4 \
| 04 .| \I \\
|
0.6 0.6 |‘
o ]
0.8 Time (s) 08 Time (5)

Figure 17. Foundation Input Motion in FD
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Figure 18. Foundation Input Motion in TD

Dynamic Impedances

The dynamic impedance of rigid surface foundatiaas vexpressed in Eg. (3) and (4). The
static stiffness, dynamic stiffness modifier andiaion damping can be expressed in the
following equations:



1. Static Stiffness
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Linear, Equivalent-linear and Nonlinear Foundation Stiffness-Damping

In this comparison, there are six directions farfdation stiffnesk and damping for rigid
surface foundation as shown in Fig. 19.
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Figure19. Linear, Equivalent-linear, and Nonlinear Foundation Stiffness



Hysteretic Curve of Foundation-Soil System
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Figure 17 Hysteretic curve of foundation-soil system under both analytical models

Seismic Response of RC frame Structure

In this section, the seismic response of framectira under both equivalent-linear and
nonlinear SSI effect were presented under linegwaese of base-shear, overturning-moment
acceleration, and relative displacement in TD baseé&q. (7), as shown from Fig. 17 to 20,
respectively.
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Figure 17. Base-Shear response under equivalent-linear and nonlinear SSI effect
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-150 J
|
|

350

g EL SSI Effect

E 250 l|

= \

= Il

E 150

g 50 1." ‘

-

L5 i i || .I ! | || |]|II "I | l,|-"I fi |'| ||u .J'\nn'l'll' '|IM
oo J | I.r. |I Uy
g 50 g | 15

2

5 l

=

E

4

8-

Time Step (s)



g NL SSI Effect

2 150
g
= 50 oo \ )
?.i Nt f f AN i A n sl At faf)
o Eu AU e ﬁ'-f\f""' \'ﬁ'\c'.‘ V1/ R J/*.v.- VAR Uf\r\.f"u"-.‘.-._.'l\‘. A TARUAY, I'Ill,I“‘I i
= 30 ¢ 5 | 10 15 20
£
£ 150
2
S50 Time Step (s)
-350

Figure 18. Overturning-M oment under equivalent-linear and nonlinear SSI effect

- Acceleration in each floor:
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Figure 19. Acceleration under equivalent-linear and nonlinear SS| effect

- Relative Displacement:
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Figure 20. Relative displacement under equivalent-linear and nonlinear SS| effect

Based on the response results above, it was shidveedhe responses of structure under
equivalent-linear SSI effect were larger than tbgponses under nonlinear SSI effect using
substructure approach. These discrepancies sholbwmd averestimated responses of using
existing analytical model of SSI problem comparedhte actual response of structure under
earthquake disaster.

Conclusions

In this paper, the analytical model consideringlim@ar response of soil material and motion
in TD was proposed. The nonlinear response of matiolD showed a good agreement with
linear response for a few seconds from startingtpand with equivalent-linear analysis in
FD for the last several seconds. This agreemerfirowed about the validation of proposed
analytical model.

Furthermore, the seismic response of structure ruexisting and proposed analytical model
were conducted under linear response of base-sbearturning-moment, acceleration, and
relative displacement. The output results showedl tiiie structural response under existing
model were larger than the responses under propoeedl. These discrepancies showed
about the overestimated results of using existinglygical model compared the actual
response of structure under earthquake disaster.

In conclusion, the proposed analytical model coeréng) nonlinear SSI effect using
substructure approach on the structural responderwearthquake loading would be a good
candidate for SSI problem and showed about theusdegess of this approach compared to
the actual response of structure.
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