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Shaking table test on soil-structure interaction system (2)
Superstructure with foundation on layered soil
Motosaka Masato**

Lee, Sung-Kyung* Min, Kyung-Won***

ABSTRACT

This paper proposes the shaking table testing method, without any soil specimen only using building
model as an experimental part, considering dynamic soil-structure interaction based on the substructure
m_ethod. The two—layefed soil is assumed as a soil model of the entire soil-structure interaction
syhstem(SSI) in this paper. Differently from the constant soil stiffness, the frequency-dependent dynamic
soil stiffness is approximated for the case of both acceleration and velocity feedback, respectively. The
interaction force is observed from measuring the accelerations at superstructure. Using the soil filters
corresponding to the approximated dynamic soil stiffness, the shaking table drives the acceleration or
velocity, which the needed motion to give the building specimen the SSI effects. Experimental results show
the applicability the proposed methodologies to the shaking toblé test considering dynamic soil-structure

interaction.

1. INTRODUCTION

It has widely been recognized for structural engineers that the grasping of the dynamic vibration
characteristics of soil-structufe interaction(SSI) system svubjected to seismic loading is required to
adequately evaluate the structural response under earthquake loads.

For this purpose, the application of substructure method to the numerical evaluation of dynamic
soil-structure interaction system gives less calculating time than Finite Element Method. With the endeavor
to calculate the non-linear superstructure on unbounded linear soil media, one of authors has applied this
method to the numerical evaluation of large nuclear power plant, which contains many vibration-sensible
devices[Motosaka et al, 1992, 1993].

The concept of substructure method has recently applied to the development of testing techniques.
lemura’s group has applied this method to the shaking table test including the vibration control device, to
verify its control efficacy. In his method, the experimental part is the vibration control device and the

computing part is the building or bridge structure[lemura et al, 2002], [Igarashi et al, 2002]. Meanwhile,
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Konagai has carried out the shaking table test on the SSI system as an application of substructure
method[Konagai et al, 1998]. In his method, the experimental part is the superstructure and the computing
part is the soil model. A force sensor, installed between the bottom of superstructure’s specimen and the
shaking table, was used for observation of interaction force and an analog circuit was used for expressing
the dynamic soil stiffness. The shaking table was used for producing the motion corresponding the
foundation of total SSI system, by observing the fed-back interaction force and the signal from analog
circuit corresponding to soil model. However, considering the following items:

@ the problem of the active vibration control of SSI system, the measuring of the structural responses is
needed since the active vibration control device usually is driven by the fed-back structural responses.

@ the problem of experimental installation, for example, accelerometers are easy to install in experiment
and frequently used for the typical shaking table testing.

® the problem of expenses for implementing experiment, the using of analog circuits may be increased in
its expense, due to its remaking for reflecting the change of soil model.

From these reasons, his method is not necessarily easy method for carrying out thé testing.

Paying attention to these points, this paper newly proposes the shaking table testing method of SSI system,
using the structural response, based on the substructure method. In this method, tﬁe shaking table is used
for generating the motion of the foundation in the total SSI system by observing the fed-back accelerations
from superstructure and the sighal from digital filter, which correspond to the dynamic soil stiffness and is
changeable in the control computer. Differently from an accompanying paper dealing with constant soil
stiffness[Lee et al, 2004], SSI system having the frequency-dependent dynamic soil stiffness is discussed in
here. The experimental system discussed in an accompanying paper is also used in here; a building
specimen, which is used as an experimental part of total SSI system, and the two degree-of-freedom

controller.

2. ANALYTICAL SSI SYSTEM
Fig. 1 illustrates the SSI system comprising the superstructure, which is identified for its damping and

stiffness coefficients in an accompanying paper, and the assumed two-layered soil model with the depth of
d =50cm, Poisson’s ratios of v, =v, =0.3, shear velocities of ¥V, =416.7cin/s and V_, =616cm/s, and
specific weights of 7, =10.1kN/m* and ¥, =11.7kN/m’ .

The dynamic soil stiffness, Sf(w), of the above two-layered soil model that is obtained by the thin layer
method[AIJ, 1996], one of methods of calculating the exact solution for the dynamic soil stiffness. The
calculated dynamic soil stiffness has the real(dark solid line) and imaginary part(light solid line), as shown
in Fig. 2.

The equation of motion in the frequency domain is expressed as:
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where, {Y,(w)} and Y,(w) are the Fourier transforms of the absolute displacements of superstructure,
{Y.(1)}, and of foundation, ¥,(¢), respectively.
The dynamic stiffness of superstructure in the left side of Eq. (1) is given by:

|:Ssss (w) Ss:b (w):| - |:[KSS‘] [Ksb]:| + ia{[css ] [Csb]:i -’ |:[MSS] [Msb ]}
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where, [M_], [C.} and [K,] are the structural mass, damping and stiffness matrix whose components

@

are the values identified in an accompanying paper, and
[Msb]=[Mbs]T=[OOO]T’ [M,,]=m,
[Csb] =[Cbs ]T =[O 0 —¢ ]T > [Cbb]=cl 3)
[KS,,] =[Kb:]T =[O 0 ‘kI]T’ [Kb,,]=k,

The interaction force appeared in the right side of Eq. (2) is also expressed as:

R, (®)=S5¢(w) -[Yb (0)-X# (a))] G}

The superstructure under the interaction force excitation expressed in Eq. (4) also satisfies the dynamic

equilibrium expressed as the following Eq. (5).

mbﬁ,(w)+gmiﬁ(w)= R, (o) ©)

3. EXPERIMENTAL VERIFICATION OF NUMERICAL SSI SYSTEM
At first, the approximation on the numerically calculated dynamic soil stiffness shown in Fig. 2 is discussed
for performing the test. Then, the controller design for experimentally realizing the motion of SSI system

expressed in Eq. (1) and its experimental verification are investigated in here.

3.1 Approximation of the dynamic soil stiffness
The approximation of dynamic soil stiffness is needed to reflect the dynamic soil stiffness shown in Fig. 2
on the control computer and perform the test.

The following Fig. 2 compares between the exact dynamic soil stiffness and its approximated ones in
both real and imaginary parts. The ‘Exact’ in the figure denotes the dynamic soil stiffness calculated by the
thin layer method, as shown in Fig. 2. The ‘Acc. fit’ and ‘Vel. fit’ indicate the approximated dynamic soil

stiffness for the acceleration and velocity feedback experiment, respectively.

-531 -



Dyngimic soil etiffness
8
!

~—== Exact (Re)
~— Exact (m)
R | Ace. fit (Re)
~J08H ..... Acc. fit (m)
4| ~== Yol fit (Re)
wae Vel fit (Im)
I

2

:FI’BQI.!&V;]%? (Hz)

Figure 1. Superstructure with foundation Figure 2. Approximated dynamic soil

on two-layered soil v stiffness

The corresponding filters for the above approximated dynamic soil stiffness in Fig. 2 are expressed as the
following Egs. (6)~(11).
The approximated dynamic soil stiffness for the acceleration feedback is given by:

g (g :”a(s)=(S_Pal)'(s"pnz)'(s_Paa)'(s—Pa4)'(s_pas)
HE40 (=2) (=2 (= 22) ©

where, s=iw
z,=-149,z,=-500+287i,2,=-500-2.87i @)

and
P, =-132,p,=-3.13+3.16i, p,, =-3.13-3.16i, p,, =-4.16+2.89i, p , =-4.16-2.89 (8)

The approximated dynamic soil stiffness for the velocity feedback is also expressed as:

SE(5)= ;V(S) (5= p0) (5= Pa) (5= 2s) (5= Pa) (5~ 21s) ©)
W(s) (s=24)-(s-2,) (s~ 25) (s~ 24)
where, |
z, =-149, z,=-961, z,=-500+2.87i, z,=-500+2.87i (10)
and
Pa=Pa> Pv=Pas Pu=Pus Pu=DPuss Pus= Pus (1D

3.2 Controller Design Of SSI System
(1) Acceleration feedback

The interaction force based on the acceleration formulation is given by[Mdtosaka et al, 1990]:
SE(s ., .. ,
R,,v(s)=__-’;2( )-[Yb (s)-¥¢ (s)] (12)
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The acceleration at the shaking table, which is required to excite the building specimen with the interaction
force expressed as Eq. (12), is derived from substituting Eq. (6) into Eq. (12) and rearranging it.
2
=S a3
The interaction force in the above Eq. (13), as known from Eq. (5), can be found by observing the absolute
accelerations from the all floors of building specimen and the shaking table.

The following Fig. 3 shows the experimental set-up and its signal flow in the control computer, in which
the digital signal processing board is installed, for the experiment of the soil-stfucture interaction system
with foundation on two-layered soil in case of the acceleration feedback. The signal flow in the figure was
constructed based on the above Eq. (13). The interaction force is observed from the accelerations from the
shaking table in addition to those from building specimen. The acceleration, which has to be driven by
shaking table, is calculated from adding assumed effective ground input acceleration to the observed
interaction force. Finally, the shaking table moves according to it, through the 2 D.O.F. controller based on

acceleration observation.
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Figure 3. Signal flows in control computer in case of acceleration feedback

The following Figs. 4 and 5 show the experimental results obtained from conveﬂiﬁg the filters and 2
D.O.F. controller in Fig. 3 into their digital version and reflecting théfn on LabVIEW[Robert, 2001]. Fig. 4
compares the results observed from the shaking table test in Iéig. 3(solid line) with thbse calculated from
the numerical analysis in Eq. (1)(dotted line). Fig. 5 compares the expérimental results between the

foundation-fixed system and the SSI system shown in Fig. 3.
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Figure 4. Comparison of results between Figure 5. Comparison of experimental
the numerical analysis and the experiment results with and without SSI effect
of SSI system (Acceleration feedback) (Acceleration feedback)

(2) Velocity feedback

The interaction force based on the velocity formulation is expressed as[Motosaka et al, 1990]:
SE(S) o . |
7, () =22 [, (5)- k¢ )] (19

The velocity at the shaking table, which is required to give the building specimen the interaction force
expressed as Eq. (14), is derived from substiiuting the approximated dynamic soil stiffness for the velocity
feedback, Eq. (9), into the velocity-formulated interaction force, Eq. (14), and rearranging it.

7,(5) = 2. ()43 (5) a3

n,(s)

In the same manner as the case of the acceleration feedback, the interaction force in the above Eq. (15), as
known from Eq. (5), is also found by observing the absolute accelerations from the all floors of building
specimen and the shaking table.

The following Fig. 6 shows the experimental set-up and its signal flow in control computer for the
experiment on the SSI system with foundation on two-layered sqil in case of velocity feedback. The signal
flow in the figure is based on the above Eq. (15). Effective ground input velocity is inputted and the
integrator is added to integrate the fed-back acceleration at the shaking table for the velocity feedback.

Fig. 7 compares the results observed from the shaking table test in Fig. 6(solid line) with those calculated
from the numerical analysis in Eq. (1)(dotted line). Fig. 8 compares the experimental results between the

foundation-fixed system and the SSI system shown in Fig. 6.
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3.3 Identification of experimental dynamic scil stiffness

(1) Acceleration feedback

Substituting s=iw and Eq. (6) into Eq. (13) and rearranging it with _Sf(w) gives,
- R, ()

Y, (0)- 1§ ()

The interaction force, R,(t), the absolute acceleration at the shaking table, ¥,(¢), and the effective ground

St (@)= (16)

input acceleration, ¥?(¢), can be experimentally obtained in the control computer, as shown in Fig. 3.

Therefore, the experimentally obtained soil stiffness such as the following Fig. 9 (a) is calculated from
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taking the Fourier transform into them and from the relation of the above Eq. (16). The ‘Acc. fit’ in Fig. 9

(a) denotes the approximated dynamic soil stiffness for the acceleration feedback in Fig. 2.

(2) Velocity feedback

Substituting s =iw and Eq. (9) into Eq. (15) and rearranging it with  Sf(w) leads to,
io- R, (o) |

F,(@)-% (o)

The interaction force, R,(r), the velocity at the shaking table, Y(¢), and the effective ground input velocity.

VSt (0)= (17)

¥#(t) , can be experimentally measured in the control computer, as shown in Fig. 6. Taking the Fourier
transform into them and using the relation of the above Eq. (17) give the experimentally obtained dynamic
soil stiffness, as shown in Fig. 9 (b). The ‘Vel. fit’ in the figure indicates the approximated dynamic soil
stiffness for the velocity feedback in Fig. 2.
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Figure 9. Comparison between the analytical and the experimental soil stiffness

4. CONCLUSIONS
This paper proposed the shaking table testing methods of SSI system having a soil model with the
frequency-dependent dynamic soil stiffness, using the feed-back of structural response, based on the
substructure method.

The shaking table was used for producing the motion at the foundation of entire SSI system comprising
the building model as an experimental part and the assumed soil as a computational part.

The proposed acceleration and Velocity feedback methodologies were experimentally verified in its
validity by their experimental performing through reflecting the approximated dynamic soil stiffness on the

control computer for the soil’s effect on the superstructure.
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