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PREFACE

Model experiments on a shaking table are quite useful for identification of important
phenomena and verification of predictive theories regarding dynamic behavior of a
prototype structure subjected to an earthquake; and a shaking table is, in general,
controlled so that it follows closely the input free-field motion. In reality, however, a
structure interacts with its foundation on or in the ground, and responds differently. This
interaction thus causes the motion of the ground at the structure’s base to deviate from
the free-field motion. This effect may be partly incorporated by filling up a bin on the
table with actual prototype soil and by putting a model on it. This method is particularly
useful when non-linear features of the soil in the vicinity of a structure must be
considered. But the process of preparing a soil model is rather difficult; and if prepared,
it still can not allow for the effect of wave-dissipation into an infinite soil medium
existing in the field.

Shaking tables of many sizes have been used so far. Some are quite large, allowing
models with dimensions of several meters to be shaken. However, they are not always
large enough for all structural models of interest to be tested. Within the finite base size
of a shaking table and within the limit of its dynamic loading capacity, not the whole
structure but just one part of it, like some devices for vibration reduction, can be tested.
In this case also, the input motion to the model’s base must be affected by the presence
of the model.

The purpose of this project was to develop a method for controlling a shaking table
so that the soil-structure or base-structure interaction effect is incorporated. In order for
the interaction effect to be reflected in a shaking table test, the signal equivalent to the
further displacement induced by the interaction is added in real-time to the input ground
or base motion. This method, therefore, requires a device that can generate the signals
corresponding to the base-structure interaction motions. To all intents and purposes, the
expression of base stiffness must be simple enough for the device to loose no time in
responding to the input force, and producing the base-structure interaction motion.
Moreover, real-time adjustment of the shaking table’s motion is definitely a prerequisite
for the present method, and one cannot do it through iterative trials.

As is the case of many reports, this report is an outgrowth of different peer-reviewed
papers published in both domestic and international journals. Chapters in this report are,
thus, based on these papers. However, they were so arranged that the outline of this
study, and eventually, the remaining problems would be brought in full relief.

Acknowledgment here may be in order. I am indebted to the many people whose
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Chapter 1

SIMULATION OF SOIL-STRUCTURE
INTERACTION EFFECT ON SHAKING TABLES

1.1. TWO PRIMARY CAUSES OF SOIL-STRUCTURE INTERACTION

In this discussion, the multi-step method is used to describe the two primary causes
of soil-structure interaction - the inability of the foundation to match the free-field
deformation, and the effect of the dynamic response of the superstructure on the
movement of its supporting soil-foundation system. A soil-structure system is divided
into two substructures, the superstructure and the unbounded soil extending to infinity;
the latter includes an embedded foundation as illustrated in Fig. 1.1. The displacement

of the soil due to an earthquake, which is not affected by the presence of the foundation,

Fig. 1.1 Two primary causes of soil-structure interaction
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is referred to as the free-field motion, {uf } The foundation embedded in the soil

deposit, however, will not follow the free-field deformation pattern. This deviation of
the displacements from the free-field soil displacements, {uf } , 1s denoted by {us}.

The mass of the super-structure then causes it to respond dynamically, and the forces,
{p} ., transmitted to the lower soil-foundation substructure will produce further

deformation of the soil, {uR} (inertia interaction). The inertia interaction effect
would not occur in a fixed base structure. Thus, the displacements of soil, {u} , are
eventually expressed by the following equation as:
{u}:{u"}+{us}+{uR} (1.1)
Consider the case that a foundation has two degrees of freedom in sway and rocking

(x, 0) at the base of its super-structure as illustrated in Fig. 1.1. The interaction forces,

{p}(:{ D, pe}r), from the super-structure cause the inertia interaction motions,

{uR} , in the frequency domain to be:
. H H
Z/l; — |: xx (S) xe(S)ijx} (12)
U Hy (s) Hy(s) || po

H. (s) H,(s)
H, (s)  Hpy(s)

where,
} = [H] (1.3a)

is the flexibility (compliance) at the top of the foundation, and

S=i-o (1.3b),
in which i=+/~1, and @ is the excitement circular frequency. In the method
presented in this report, the motion of a shaking table is controlled by directly following
the above-described process of soil-structure interaction.

Fig. 1.2 shows a schematic view of the set-up in a shaking table test for earthquake
simulation, in which a superstructure model is placed directly on the table without a
physical ground model. The soil-structure interaction effects are simulated by adding
appropriate soil-structure interaction motions to the free-field ground motions at the

shaking table. In the simulation, first, the transducers at the base of the foundation pick
up the signals of the base forces, p, and p, in sway and rocking motions,

H,.,

H_, and H,, to produce the outputs corresponding to the soil-structure interaction

respectively. These two amplified signals are then applied to the circuits H

xx 2

motions, u* and u). The output signals are then added to the signals of the base
/

X

“+u’ and u) +uj, to produce the signals of foundation motions,

+u’ +u’ and u) +u)+uy. The method is, thus, based on the premise that

input motions, u
S

X

u
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Fig. 1.2 Present setup in a shaking table test for soil-structure interaction simulation

!

X

u/ +u’ and u) +u; are known beforehand as the base input motions. The signals of

the foundation motions are finally translated into the shaking table motions by the
shaking table controller.

This method, therefore, requires a device that can generate signals identical to the
transient motion of its base on a soil medium of infinite extent. To all intents and
purposes, the expression of soil stiffness, [k] (= [H]_1 ), must be simplified enough for

the device to loose no time in responding to the input force {p} , and producing the

soil-structure interaction motion, {uR} .
1.2 PHYSICAL INTERPRETATION OF DYNAMIC SOIL STIFFNESS

Observation of wave fronts radiating from a foundation offers important insights into
soil-structure interaction. This is also a very useful way to examine simple expressions

of soil-structure interaction. Konagai et al'*?

used a special experiment method to
directly observe the wave front radiating from a foundation subjected to an impulse. In
the method, a foundation model is put on, or embedded in a soft and transparent soil
model, which is made of urethane gel with a thin gelatin plate sandwiched upright in its
middle. The elastic constants of the gelatin plate are more or less identical to those of
the surrounding urethane gel. Since the gelatin has an extremely high photo-elastic
sensitivity compared with the urethane gel, the gelatin plate allows the visual
observation of the radial propagation of shear waves in the vicinity of the foundation. A

vertical impulse was applied to a model of a rigid surface disk. Fig. 1.3 shows a snap
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shot of the wave front radiating outwardly into the homogeneous ground model. The
hemispherical shape of the wave front suggests that the wave decays as it travels away
in the radial direction, . This wave with the velocity c is approximated by:

u =q(r)- f(r—ct) (1.4)
where, g(r) describes how the wave attenuates as it travels away. On the soil-disk

interface (7 =7,) having the contact area, 4, the reaction force, p, is schematically

R
p;TA:—{A,uﬁu } :—A,u{ﬁf+qﬁ}

described as:

or r or
dg ., qJf
=—Aus—f —=—— 1.5
'u{drf c é’t}z_z (1.5)

= —A,u{iuR —lﬂR}
q c

in which 4 is the elastic modulus of soil.

The force p thus turns out to comprise two components proportional to the

R

displacement, u”, and the velocity, ", of the disk, respectively. Equation (1.5) is

thus rewritten as:
p=K-u"+C-u" (1.6)

where,
K={-Auq'(r)/ q(r)},:,0 (1.7a)

C= {A,uq(z) / c} (1.7b)

Since ¢(r) decreases as r increases, —¢'(r) in equation (1.7a) is a positive value,

z=z,

and consequently, both parameters, K and C are positive. Equation (1.6), thus,
implies that the stiffness of the soil-disk system is mechanically identical to an

assembly of the spring K and the damper C arranged in parallel.
A simple semi-infinite soil rod with a constant cross-section (g(r) = ¢(r,) =1, Fig.

ip - »Z
a’l 9
L

Fig. 1.3 Hemispherical wave front from a rigid disk""? Fig. 1.4 Semi-infinite soil rod
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1.4), offers further clearer physical insight into the reaction from the soil. Only shear
deformation is allowed to take place in this rod. The soil stiffness at the end of the rod is
simply given by:

_H
= (1.8)

with L as the deformed length of the rod. For a static load applied to the end of the

rod, the entire length of the rod is deformed ( L = o), and eventually:

k:K:%:O (1.9a)

Equation (1.92) is consistent with equation (1.7a) because —g¢'(») is 0 for this rod of

constant cross-section. When a dynamic load p causes the rod’s end to be driven with

the velocity u”, the entire length of the rod does not move all at once within a limited
time . At this particular time ¢, displacement u#" and the deformed rod length L

reach 1"t and ct, respectively. The reaction force p is thus given as:

p=k-u* =ﬂ;a’3t =M~ o (1.9b)
C C

It is obvious that Equation (1.9b) is consistent with equation (1.7b) because the
specific energy does not decrease as the wave travels through the rod of constant
cross-section calling for ¢(r) =q(r,) =1.

An added mass parameter, M, if necessary, can be attached to the simplified model
for better approximation of the soil stiffness, leading to a slight modification of equation
(1.6) as:

p=M-i* +K-u*+C-u" (1.10)
The soil stiffness is thus written in the frequency domain as:

k=(K-o’M)+ioC (1.11)
implying that the stiffness is eventually a complex function of circular frequency . Its
real part is a downward open parabola with its peak at @ =0, whereas its imaginary

part increases linearly with increasing frequency.
1.3 SUMMARY

The above expression for the soil stiffness may be based on oversimplified conditions,
but gives us an idea that the stiffness for any of lateral, vertical or rotational response
mode will be approximately described by a limited number of simple
frequency-independent parameters. It is, however, certainly necessary to have a rational
numerical tool allowing rigorous stiffness parameters to be examined, and to be

compared with the simplified expressions. Especially, thorough discussions on piles
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grouped beneath super structures are essential in the course of this study; the discussion

follows in Chapter 2.

REFERENCES
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2) Konagai, K. and T. Nogami: Analog circuit to simulate dynamic soil-structure interaction

in shake table test, International Journal of Soil Dynamics and Earthquake Engineering,
17(5), 279-287, 1998.



Chapter 2

BEAM ANALOGY FOR
SOIL-PILE GROUP INTERACTION ANALYSIS

2.1 INTRODUCTION

Piles, grouped beneath a superstructure, interact with the surrounding soil during an
earthquake, and the dynamic pile-soil-pile interaction often affects the motion of the
superstructure to a considerable extent. Straightforward evaluation of the pile-soil-pile
interaction, however, is cumbersome especially in dealing with tens or hundreds of piles
grouped together. Hence a simplified approach for the evaluation of such dynamic
pile-soil-pile interaction is essential for the purpose of treating the dynamic behavior of
an entire soil-foundation-structure system. A great deal of research has been carried out
with the aim of developing such a simplified approach. These attempts include the
Ring-Pile method (Takemiya") and Closely-Spaced-Plates model (Ohira and Tazo”). In
these methods, piles with the soil caught among them are re-grouped into several
concentric cylinders (piles arranged in concentric circles) and soil-pile-striped upright
plates, respectively, allowing close evaluation of interaction effects to be made with less
time and trouble. This chapter presents a further simplified approach in which a group

of piles is viewed as a single equivalent upright beam.
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2.2 EQUIVALENT SINGLE UPRIGHT BEAM

2.2.1 Superposition method for evaluation of group effect

Prior to introducing the equivalent upright beam, straight-forward evaluation of
pile-soil-pile interaction is necessary to provide rigorous solutions. Based on the
numerical scheme presented by Tajimi and Shimomura® (Thin-Layered Method, 1976)
that allows the rigorous evaluation of soil-embedded foundation interaction effects, a
numerical program, TLEM”(Ver. 1.1), has been developed for soil-pile group
interaction analysis (Konagai®, 1998). The piles are assumed to be upright Timoshenko
or Beronoulli-Euler beams embedded in a horizontally layered soil deposit with infinite
extent. The evaluation of pile-soil-pile interaction effects in this program is based on the
superposition method that was originally proposed by Poulos™® (1968, 1971). In this
approximation, only two piles are considered in the formulation of a global flexibility
matrix, and other piles’ effects on these two piles are totally ignored (Fig. 2.1). Kanya
and Kausel” (1982) have shown that the superposition scheme gives reasonable results

not only for static loads but for dynamic loads as well.
The definition of a dynamic interaction factor 7, ; of a pair of piles, in which a unit

harmonic load (j = x: lateral force, j = ¢: moment) is applied to the first pile head

(active pile) and the displacements (i = x: lateral sway, i = ¢: rocking) are evaluated

for the second one (passive pile)], is as follows:
_ Dynamic displacement of passive pile

- 2.1
v Static displacement of active pile 1)

When rocking motions or moments are concerned, displacements and forces denote
ro¢ and M /r,, respectively, where 7, is the radius of pile, ¢ is the angle of

rotation of the passive pile and M is the moment applied to the head of the active pile.
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Table 2.1 Parameters for piles
E, I, (tf m’) Py (t/m’) 7, (m) length (m)

2.4x10° 2.0 0.5 15

Table 2.2 Parameters for surface soil deposit
p, (t/m’) v, (m/s) y Thickness (m)
1.75 100 0.40 20

active pile
/ - X

~

\\6\
S\ﬁd 22]"0

passive pile

Y
Fig. 2.1 Active and passive piles

Figs. 2.2a-2.2¢ show the wvariations of interaction factors with respect to
non-dimensional frequency wd /v, , in which @w= circular frequency, d =2r,, and

v, = shear wave velocity. The parameters used in the analyses are listed in Tables 1 and

2. The results are compared in these figures with the solutions by Kanya and Kausel”
(1982). The curves calculated with TLEM show small spikes at the resonance
frequencies of the surface soil deposit, because the bedrock underlying the surface layer
is assumed to be completely rigid in 7LEM analyses. Except for these upward spikes,
the interaction factors are in good agreement with the solutions by Kanya and Kausel”.
Given the interaction factors for all the possible pairs in a group of piles, the global

flexibility matrix of the pile group is assembled. Fig. 2.3 shows the variation of 2x2
pile-cap stiffness in x-direction, k_, compared with that obtained by Kanya and

xx

Kausel”. The good agreement between them validates TLEM.
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Fig. 2.2b  Variations of interaction factors (/)
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2.2.2 Stiffness matrix of equivalent single beam

The soil and n, piles system is divided into 7, horizontal slices as shown in Fig. 2.4.

The following assumptions are adopted herein to derive the stiffness matrix of the

equivalent single beam:

(1) Pile elements within a horizontal soil slice are all deformed at once keeping their
intervals constant, and the soil caught among piles moves in a body with the piles.
The cross-section, A4, of the equivalent single upright beam, thus, comprises both
the firmly joined piles and the soil.

(2) Frictional effects due to bending of piles (external moments on each pile from soil)
are ignored.

(3) Top ends of the piles are fixed to a rigid cap.

(4) All upper or lower ends of the sliced pile elements arranged on the cut-end of a soil
slice remain on one plane (Note this assumption does not necessarily mean that

each pile’s cross-section remains in parallel with this plane. See Fig. 2.4(b)).
With assumptions (1), (2) and (3), lateral external forces {px} are described in terms

of lateral displacements {ux} and anti-symmetric vertical motion of the cap w, as:

{Px}—[L][D]I{[L]{uxH{Z—; SUNEE 0}} 2.2)

where, R, is the radius of the equivalent single beam, and is assumed to be identical to

the radius of a circle with the same area as the cross-section A, that includes all the

cent‘:roid

—— remain on one plane
n, piles
(a) soil-grouped piles system (b) sliced elements

Fig. 2.4 Assumptions for evaluation of equivalent single beam
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grouped piles enclosed by the broken line in Fig. 2.4a, and )

hl hl
1t 1t 1 0
hl hl hZ h2 .
S S R I : (2.3a)
[L]= hy hy hy My
0 0 .. 0
. 1
hn,_—l
0 o . L 1
L n,—1 hn,fl hn, i
zi o 0 0 0 |
El, EI,
U . 0
El, EI, EI, El,
o1l o hy [h_z+AJ s ; (2.3b)
[P]=5 El, El, EI) EI,
0 0 , 0
. . . . np—l
EI,
hn -1 hn -1 hn
0 0 ’ ) P
EI, EI, EI,)|

with El, = ;1 , xE I, (E,I,=bending stiffness of a single pile).
Moment M, at the top ends of rigidly capped piles due to the lateral displacements

{u,} isexpressed as:

M, = {]St row of matrix [D]_1 [L]}{u)r } gt Dy, % (2.3¢)

0
where, D 11 = upper-left corner component of the matrix, [D]_1

Assumption (4) implies that the overall anti-symmetric rocking motion of a pile
group is controlled by axial motions of the piles. In other word, the external moments
on the overall soil-pile system from its surrounding soil are eventually sustained by the
piles that experience alternate push and pull in their axes. External moments due to the
anti-symmetric vertical motions {W} are described as:

{%}[Q]{w} 4

where,
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B G G
Elz - EIZ 0 0 0
R, hl R, hl
EI° EI° EI° EI°
) 5 T T2 0
Ro hl Ro hl Igo hz GRo hz o o
0 _H EI° | EI° _ E : (2.5)
[Q] = Ro hz Ro hz Ro h3 Ro h3
0 0 0
__EI7
Rozhnl,fl
EI° EI° EI°
0 ) 2 T
RO hnl,fl RO hnl,fl RO hnl,

where, EI° is the bending stiffness of the equivalent single upright beam. This EI°
is evaluated following the same procedure as that used for the evaluation of bending
stiffness of a reinforced concrete beam. Namely, EIC is assumed to be equal to the
sum of the Young’s-modulus-weighted products of all the elementary areas times their
distances squared from the centroid of the cross-section A, (Fig. 2.4a).

Given equations (2.2)-(2.5),the global stiffness matrix of the equivalent single beam

is finally expressed as:

- Ist column of [L]D]” and |
) [LIo] (L] Lp] and ]
x zeros for other columns x
T P (2.6)
M Ist row of[D]_1 [L] and | w
R, Dy, and [Q]
| zeros for other rows |

TLEM has been upgraded for evaluation of the behaviors of an equivalent single beam
(Ver. 1.2). Fig. 2.5 show the variations of pile cap stiffnesses for sway motions of 2x2
and 3x3 steel pile groups (Table 2.3) embedded in a homogeneous soil deposit (Table
2.4). The curves for the equivalent single beams agree well with rigorous solutions from
TLEM (Ver. 1.1).
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Table 2.3 Parameters for steel piles

E, (tf/m%) P, (t/m’) 7, (m) thickness (m) length (m)
2.1x10’ 7 0.3 0.0089 20
Table 2.4 Parameters for soil
Py (t/m’) v, (m/s) 1%
1.5 80 0.49
40+ 2 X 2piles 4.0 3 X 3 piles
[ ] ‘—r d 1 e o0 0
J T rigorous solution oo o0
3091 —o— equivalentbeam |® ® @
z g
=
= 2.5
'\kﬁﬁ
Q
Q
g
i)
2.
é &L s
O-O I T T T T T T T T T 1 00 I T T T T T T T T T 1
0O 2 4 6 8 10 0 2 4 6 8 10

Frequency (Hz) Frequency (Hz)

Fig. 2.5 Variations of stiffness parameters for sway motions of pile groups

The assumptions taken in this chapter to derive the stiffness matrix of the
equivalent-upright beam (equation (2.6)) imply that the spacing between piles, s, should
be within a certain limit. To investigate this constraint on the spacing between piles, the
results of the program TLEM (Ver. 1.2) were compared with the rigorous results
obtained from 7LEM (Ver. 1.1). Here, hollow cylindrical steel piles (Table 2.3)
embedded in a homogeneous soil (Table 2.4) were considered. The variations of the

ratios between approximate and rigorous solutions with respect to normalized frequency
ws /v, are shown in Fig. 2.6 for three different values of spacing (s/d =25

s/d =333 and s/d=50). Forawide range of cases examined, TLEM (Ver. 1.2) is
found to produce insignificant error below a certain limit of spacing, s/d < 3. Below

this limit, however, it is noted that the error can yet become significant as the
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lapprox. solution|
[rigorous solution|

0.0 0.5 1.0
nondimensional frequency (= s /v))

Fig. 2.6 Variation of ratios between approximate and rigorous solutions
with respect to normalized frequency ws/ v,

non-dimensional frequency increases beyond a certain limit (see thick lines in Fig. 2.6
for large number of piles).
An earthquake causes the free-field ground motion {uf } The piles in this soil

deposit, however, will not follow the free-field deformation pattern. This deviation of
the displacements from the free-field soil displacements {uf } is denoted by {us}.

Equation (2.6) is also used to evaluate effective foundation input motion {uf } + {us} .

The effects of soil-embedded-foundation kinematic interaction are portrayed in the form

of two kinematic displacement factors in sway and rocking motions

u' +u’ u' +u’ s
T, sway = % T, rocking = ( () )"""""”“” = ”uf:yg (2.7a),(2.7b)
sway sway
plotted as functions of frequency. In Equation (2.7b), u°rocking is defined as:
U’ rocking = Ry (2.8),

and it is noticed that u” jocking is essentially identical to zero.

Fig. 2.7 shows the kinematic displacement factors of a 2x2 PC pile group (s/d =2,
See Tables 2.1 and 2.2), which are in good agreement with rigorous solutions by Fan et
al.y (1982).
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Fig. 2.7 Kinematic displacement factors of pile groups

2.3 SUMMARY

Piles grouped beneath a superstructure can be viewed as a single equivalent upright
beam when the piles are closely spaced. The stiffness matrix presented herein (equation
(2.6)) yields close approximations of both dynamic pile-cap stiffness and kinematic
displacement factors. Given this simple beam analogy, it is shown in the following
Chapter 3 that salient features of soil-pile group interaction are strongly affected by
their active lengths below which the piles’ deflections become negligible; this fact

greatly simplifies the expression of pile cap stiffness.
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Chapter 3

SIMPLE EXPRESSION OF THE DYNAMIC
STIFFNESS OF GROUPED PILES

3.1 INTRODUCTION

Careful examination of deflections of grouped piles reveals that most piles are indeed
flexible in practice in the sense that they do not deform over their entire lengths. Instead,
pile deflections become negligible below their active lengths. With the active lengths
provided for different soil-pile systems, it is shown in this chapter that pile-cap
(grouped-piles-head) stiffness can be approximated in terms of mass, damping and
stiffness parameters; the parameters are invariant of frequency and are dependent only
on the mechanical properties of the soil and the piles. Needless to say, this study forms
a part of the project to develop a new experimental method for real-time simulation of
soil-structure interaction effects on shaking tables. The method requires real-time
manipulation of soil-structure interaction parameters in accordance with the
development of non-linear features of soils and piles. The present simple expression of
pile-cap stiffness, thus, proves to be useful despite the existence of efficient numerical

programs for analyzing pile-soil-pile interaction.

3.2 ACTIVE PILE LENGTH

Pile deflections become negligible below an active length L, (Fig. 3.1). This length

depends on how stiff the pile is in comparison with the surrounding soil. Some formulas

for extreme soil profiles are certainly available (Randolf", Velez” and Gazetas”). In
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general, however, L, is closely related to the following parameter L,:

L \E 6.
)7

where, EI = bending stiffness of the pile, and g = shear modulus of soil
(representative value). The active length L, is thus given as:
L, =al, (3.2)

The parameter « in the above equation differs in different soil profiles. For pile
groups, EI in equation (3.1) will presumably be replaced with E7, in equation (2.3b)

in Chapter 2.
o

Fig. 3.1 Active length of pile

R,

(a) Vertically sliced soil above L, (b) Equivalent model
Fig. 3.2 Soil deformation
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3.3 SIMPLE EXPRESSION OF PILE CAP STIFFNESS

It is assumed that only the soil above the active pile length, L, , is deformed as

shown in Fig. 3.2a. The upper soil is then divided into vertical soil columns. These
columns, given the prescribed vibration mode y , can be replaced with simple-damped

oscillators. Reducing the cross-section of each soil column, the soil deposit above L,

is modeled by a plane of infinite extent supported by Winkler-type springs (Fig. 3.2b).
Lame’s constants A,, u,(u,= shear modulus) and mass density p, of the soil

plane and Winkler-type spring constant &, for the model are expressed in terms of y

as:

O-_,h

Ny @) ., = [H(pE@) dz, p, = [ pE(p() d= and

2
k, = j y(z)(%j dz (3.32)-(3.3d)
) oz
A frequency parameter, @,, is introduced herein as:
k
w, = |- (3.4)
Py

For a homogeneous soil, parameters A, u«, and p, in equations (3.3a)-(3.3c) are

rewritten as
A, =ABL,, u, = upL, and P, = PPL, (3.4a)-(3.4c)
Even for in-homogeneous soils too, similar expressions may be derived with A, u,
and p interpreted as representative values of A(z), u(z) and p(z), and the
parameter, [, portraying different soil profiles.
The expression of soil stiffness, k , for the lateral motion of a massless body

embedded in this soil plane in Fig. 3.2b is completely identical to that given in Novak et
al.¥ regardless of the presence of Winkler-type springs, o 1€

po Uy =k, = ”ﬂpaoz 4K, (by) K, (ay) +a,K,(by)Ky(ay) +byK,(by)K,(ay) (3.5)
boKy(by)K,(ay) +ayK,(by)Ky(ay) +bya K, (by)Ky(a,)

where, K, and K, are modified Bessel functions of the first and second order,

respectively. Both @, and b, are normalized circular frequencies, and the only

difference from Novak’s solution, owing to the presence of Winkler-type springs, k,,

appearsin a, and b, as:

2
g = @R,y R 1_(_j

Vr Vi

(3.6a)-(3.6¢)
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Table 3.1 Valuesof & and ¢,

Poisson’s ratio, Sk S
%

0.50 2.000 1.0000
0.47 1.831 0.5336
0.45 1.741 0.3740
0.43 1.667 0.2628
0.40 1.580 0.1428
0.35 1.476 0.0352
0.25 1.351 0
0.20 1.311 0
0.10 1.252 0
0.00 1.213 0

in which, @ 1is the circular frequency, and
v, =,/u,/ p, (= transverse wave velocity in the plane) (3.6d)
v, = \/(/Ip +2u,)/ p, (= longitudinal wave velocity in the plane)  (3.6¢).

The expression of equation (3.5) for a Poisson’s ratio equal to 0.5 is obtained by
taking a limitas v — 0.5 in equation (3.5), 1.e.:

k,=2S" +m o (3.7)
where, m (= pperoz) is the soil mass of the same volume as the cylindrical hollow in
the soil plane, and

*_ a, K (a,) 3.8
S Ky (ay) G5

It is found that the stiffness &, for the Poisson’s ratio other than 0.5 can be
approximately expressed in the same form as equation (3.7) but with a small
modification, i.e.:

ko=EW)-S + &) ma’ (3.9)
where, v is Poisson’s ratio, and &, (v) and &, (v) are functions dependent only on
a Poisson’s ratio. The values &,(v) and &, (v) are given in Table 3.1.

Konagai et al.” showed that assuming plane stress condition over the entire extent of
the soil plane allows k£, to approximate closely the rigorous solution of the soil

stiffness, and thus, Poisson’s ratio v in equation (3.9) must be replaced with v* for a

plane-stress medium, which is expressed as:
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*

* A
N B (3.10)
24, +u,)
. 24
where, Py 3.11)

- A, +H,
It is noted that v’ ranges from 0 to 1/3, and thus, & (v') in equation. (3.9) is

completely equal to zero. Equation (3.9) is then rewritten as;

k=& (V)-8 (3.12)
The function K, (s)/K,(s) in S” is approximated by 1+0.4 /s, when the absolute
value of s is larger than 0.01 (Konagai et al.%, 1998). This simplification leads to:

* K %
ky =2mu, &, (v )“5{02—2‘:;);2%,5,(@ )-ay(1+ 04/ ay) (3.13)

Two limiting cases of @ —>0 and @ —> o are addressed herein. For the static case
(w = 0), non-dimensional frequency a, is:

ay - % (3.14)
Equation (3.13) is thus simply written as:

k, =27&, PuL, [% + 0.4} =ulL, fkﬂ[ﬂ'z % + O.87z} (3.15)
For the dynamic case (@ — = ), non-dimensional frequency «, converges on:

ay =i =g (3.16)

Vr

Equation (3.13) is thus approximated by:

ke, = pL, & i - 27a + 0.87) (3.17)
Form equations (3.15) and (3.17), soil stiffness will presumably be approximated as:

k.= L, {(ﬂzgk ﬂ% + 087, ﬁ) vi2mE, ﬂ-a} (3.18)

Even without the soil above the active pile length, the pile group exhibits its own
stiffness, &, (Fig. 3.2b), which is presumably described as:

My _ ¢
L3 _a3

where, the value of ¢ depends on the prescribed vibration mode of piles, w(z). Both

EI,
kgE§L3 =¢

a

4L, (3.19)

k, and k, sustain the mass m, of the embedded pile group with soil caught among

the piles. This mass m, is approximated by:

~

m, = | paR, w(2)’ dz = p,aR,’ L, B (3.20)

O

Therefore the overall stiffness k& of the pile cap for sway motion is given as:
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k. =k +k, —mga)2 (3.21)
From equations (3.18), (3.19) and (3.20), equation (3.21) is rewritten as:
R
k=l {ﬁgkﬂL—O + (o.s;zgkm %)} Vi 278 Bra—np- az} (3.22)
. a
Substituting equation (3.2) into equation (3.22), one obtains:
R
ko =L, {ﬂ2§k po (o.sngkaﬂ + izj} Vi 27, fa-a—nfa- az} (3.23)

The assumptions taken to derive the above equation may be such an oversimplification
of reality that the coefficients in equation (3.23) do not always yield the best fit to the
rigorous solution of k. For more general cases, therefore, equation (3.23) will be

written as:

kxxEMO{{01%+02}+i-c3~a—c4-az:l (3.24)

0

The validity of the equation (3.24) has been investigated by examining cases of

different soil and pile parameters. The parameters that have been considered are pile
parameters including group-pile stiffness, £/, in Equation (2.6) (Chapter 2) and active

pile length ratio, L,/ L, and soil parameters including shear modulus and material

damping. In this discussion, only homogeneous soil profiles with a square arrangement
of piles are considered. The best fit of the values from equation (3.24) to rigorous
solutions of % 1is obtained for a wide range of cases by setting ¢,, ¢, ¢; and ¢, at
2z, /2, 27 and 7x/4, respectively. Only some representative cases are shown in
Figs. 3.3a-3.3f. Equation (3.24) is thus rewritten as:
kxx;,uLOHZEIZ—Z+§}+i-27Z-a—§-a2} (3.25)

It is noted that k_ in equation (3.25) is described in terms of the following
frequency-independent stiffness, damping and mass parameters, k,, ¢, and m,,

respectively:
Ko R T G _np oang Mo T (3.262)-(3.26¢)
HLy Ly 2 HLy MLy 4
The present simple expression of k. (equation (3.25)) allows the effects of overall
site non-linearity to be reflected by simply replacing the shear modulus of the intact soil,
4, with the complex modulus, z'(1+iD), that describes equivalent-linear features of
the soil experiencing dynamic loading, and is obtained from shear-modulus-reduction
and damping ratio curves of the soil. This manipulation, however, causes the stiffness
and damping parameters,k, and c¢,, in equations (3.26a) and (3.26b) to be slightly

dependent on frequency as:
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R
]fo :(27z—0+£]—27zD-a (3.272)
ML o 2
R
% =27r+(27r—°+£—£az]D (3.27b)
MLy o 2 4

When the effect of D cannot be ignored in equations (3.27a) and (3.27b), appropriate
values of k, and ¢, must be determined taking into account the most probable
predominant frequency a in the soil-structure interaction reality. Figs. 3.3a-3.3b show
that introducing the complex shear modulus of soil allows the effect of material
damping to be properly taken into account.

From the study of a wide range of pile parameters (viz. number of piles, diameter of
individual piles and length of piles), it has been found that equation (3.25) is valid
irrespective of pile and soil parameters as long as the active-pile-length ratio, L,/ L, is
within a certain limit. Beyond this limit the behavior of piles deviates from the

‘flexible’ nature. Figs. 3.3¢-3.3e show this trend of the deviation of equation (3.25)
from the results of “TLEM” (Ver. 1.2) as the ratio L,/ L increases. In these figures

L,/ L is changed by the arbitrarily changing number of piles and/or diameter of
individual piles. These figures show that the allowable limit of L,/ L is about 0.4.

Equation (3.25) underestimates slightly the real part of stiffness, and overestimates its
imaginary part for lower values of shear modulus of soil as can be seen in Fig. 3.3f. The
downward dips in these non-dimensional plots of rigorous variations of &, vs.
frequency occur at essentially the resonance frequencies of the soil stratum for vertical
shear wave propagation. Thus the results from 7LEM analyses with a perfectly rigid
base laid under the soil stratum correspond to cases where this effect is most
pronounced. It is therefore more likely that the solutions adhere along the ridges of
these plots as the bases become more flexible.

There is scope to extend this study for heterogeneous soil-profile and local
non-linearity of soil that develops in the vicinity of piles. In this extension also, active
pile length, if rationally estimated, would allow pile-cap stiffness to be approximately

described in a similar manner.
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Fig. 3.3a Comparison between equation (3.25) and the results of "TLEM" (Ver. 1.2)
(D=0.05)

No. of piles=4, dia=0.5m, length=10m, = 30000 tf/m’ (v,=414 m/s)
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Fig. 3.3b Comparison between equation (3.25) and the results of "TLEM" (Ver. 1.2)
(D=0.20)
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Fig. 3.3c Comparison between equation (3.25) and the results of "TLEM" (Ver. 1.2)
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Fig. 3.3d Comparison between equation (3.25) and the results of "TLEM" (Ver. 1.2)

(L,/L=0.31)
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Fig. 3.3e Comparison between equation (3.25) and the results of "TLEM" (Ver. 1.2)
(L,/L=0.40)
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Fig. 3.3f Comparison between equation (3.25) and the results of "TLEM" (Ver. 1.2)
(u = 1875 th/m’, v, = 103.5 m/s)
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3.4 SUMMARY

The idealization of grouped piles as a single equivalent upright beam (Chapter 2) and
the concept of the active pile length have facilitated the derivation of a simple
expression of pile-cap stiffness in terms of frequency-independent mass, damping and
stiffness parameters (equations (3.26a)-(3.26¢)). This expression is valid irrespective of

pile and soil parameters as long as the pile group exhibits “flexible” nature with its
active-pile-length ratio, L,/ L, kept less than 0.4. The present simple expression of

pile-cap stiffness also allows the effects of overall site non-linearity to be reflected by
simply replacing the shear modulus of the intact soil, g, with the complex modulus,

u'(14+1iD), that describe equivalent-linear features of the soil experiencing the seismic

motion.

There is further scope to extend this study for heterogeneous soil-profiles and local
non-linearity of soil that develops in the vicinity of piles. In this extension also, active
pile length, if rationally estimated, would allow pile-cap stiffness to be approximately
described in a similar manner. A similar expression might also be derived for the
dynamic stiffness of grouped piles in rocking motion and for the coupled stiffness
between lateral sway and rocking motions. Further detailed study on these points will be
addressed in a later publication.
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Chapter 4

SIMPLE EXPRESSION OF THE
DYNAMIC STIFFNESS OF RIGID
EMBEDDED FOUNDATIONS

4.1 INTRODUCTION

Flexible piles have been the focus of the previous discussions in Chapters 2 and 3. The
idealization of grouped piles as a single equivalent upright beam and the concept of the
active pile length have facilitated the derivation of a simple expression of the pile-cap
stiffness in terms of frequency-independent mass, damping and stiffness parameters.
This simple approximation, however, is not appropriate for a stiff embedded body
subjected to dynamic loading. Moreover, the rigidity of the foundation prevents it from
following closely horizontal component of the free-field deformation pattern {uf ' } .

It is shown in this chapter that salient features of soil-stiff embedded foundation are
often insensitive to the detailed variations of soil profiles, and this fact enables us to
apply the method discussed in this chapter for soil-structure interaction simulation to
real complex conditions. Nonlinear effects of soil will presumably be taken into account
by changing the frequency-independent mass, spring and damping parameters with
change in the soil shear modulus. Therefore, it is worthwhile to examine if rather
secondary factors can be eliminated so that the simulations have a good balance

between mathematical rigor and uncertainty in the complex environment.
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4.2 KINEMATIC INTERACTION

A foundation of radius R, is assumed to be embedded in a soil deposit underlain by a

semi-infinite bed-rock as shown in Fig. 4.1. The inability of the rigid embedded
foundation to conform to the deformation of soil thus causes the motion of the
soil-structure interface to deviate by {u“} from the free-field motion {uf}

(kinematic interaction). The foundation input motion must thus be modified to

incorporate the effect of the kinematic interaction. The foundation-input motion
{uf } + {us} for the system illustrated in Fig. 4.1 is estimated rigorously by using the

thin layered element method (Tajimi and Shimomura"). Fig. 4.2 shows the variation of
(uf x +usx)/ u’ ., i.e., the foundation-input motion at the ground surface, which is

normalized by the free-field motion /.. The ratio is nearly a real function of

frequency, and decreases gradually as the frequency increases beyond the first
fundamental natural circular frequency @, of the soil deposit. This implies that the

contribution of the fundamental vibration mode y, of the soil deposit to the

foundation-input motion is predominant, because the rigidity of the embedded
foundation keeps it from following the motion of higher modes. Therefore, it might be
acceptable to approximate the foundation input motion excluding the higher modes of

vibration. To examine this point, the free-field motion is calculated by taking into
account only the first mode of vibration y,, and compared with the rigorous solution.

Fig. 4.3 shows the variation of the approximate solution of (uf x +usx)/ u’ .. The

similarity is immediately apparent when Fig. 4.3 is compared with Fig. 4.2, and thus,

provides a firm basis for this approximation.

Fig . 4.1 Foundation embedded in thin-layered soil deposit
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4.3 SIDE SOIL STIFFNESS FOR ROCKING MOTION

When the embedded foundation experiences an intense earthquake motion, the
surface soil deposit exhibits more pronounced nonlinear features than the bed-rock. As
a result, soil shear moduli at different depths in the surface layer vary with time. On the
contrary, densities and Poisson’s ratios of soils are very little or negligibly influenced
by the soil nonlinearity. Thus the rocking stiffness of an embedded foundation reflects

the overall change in soil shear moduli throughout the depth.
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The following linear variation of shear wave velocity with respect to the depth z is

assumed with specific values of shear wave velocities at the top and bottom of the
surface soil deposit:

v(2) = (v (L)~ vr(0>)§+ v,(0) 4.1)

where, L is the thickness of the surface soil deposit. The shear wave velocities are

modified to fluctuate randomly around the values given by equation (4.1) so that the
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ratio of the deviation Av,(z) to v,(z) eventually exhibits the Gaussian distribution

with the standard deviation of 20%. Finally, the obtained shear wave velocities at
various depths are multiplied by a uniform factor throughout the depth, to keep the
fundamental resonance frequency equal to that for the original simple soil profile
described by equation (4.1). Following this procedure, four different soil profiles are
prepared for each of two different cases of v, (0)/v,(L)=1 and v,.(0)/v,(L)=2 as
shown in Fig. 4.4a and 4.4b. Impedance functions for the rocking mode of the
embedded foundation were computed for these soil profiles by using Thin-Layered
Element Method.

Figs. 4.5a and 4.5b show the computed rocking stiffnesses (impedance functions). It
is noted that the change in the soil profile to the extent shown in Figs. 4.4a and 4.4b
causes no serious change in the stiffness of the foundation. These examples suggest that
the rocking stiffness of a stiff embedded foundation is strongly governed by the
fundamental natural frequency of the surrounding soil deposit, and rather secondary
detailed features can be eliminated. It is therefore worth examining the contribution of
the first fundamental vibration mode of the soil deposit to the impedance function of the
foundation.

The present simulation approach utilizes simple expressions for soil responses at the
side of the embedded foundation, which are obtained neglecting the vertical soil
response for the horizontal and rocking responses of the foundation. This assumption

was first used by Tajimi® (1969). Modified Tajimi’s solution shows that the restoring
moment M, for the harmonic rotation ¢,e'” is expressed in the form of:

Mr = kR,side(DOeia]t (42)

where,
_ 81Llr03 L c §m2Q/n

kR,s[de - e 4
T Ty mm135. M

4K, (b,) K (a,) +a,K,(b,)K,(a,)+b,K,(a,)K,(b,)
" a,K,(a,)K (b,)+b,K,(b,)K (a,)+a,b,K,(a,)Kyb,)

[ONY [ON VA%
am:é’m#’ bm:é’m%’ a)lzzdl:zg

Vr Vi

Cn = \/ m* (1+iD) - (ﬁj (4.3a)-(4.3)

1

where K, 1s modified Bessel function of order m. Though the original Tajimi’s

solution is based on the assumption of vanishing vertical displacement, the modified
longitudinal wave velocity v, * is used here to consider the stress free condition on

the ground surface (Konagai and Maehara®, 1992). The contribution of the first
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Fig. 4.6 Contribution of the first vibration mode of surrounding soil
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(a) soil deposit surrounding an embedded body (b) soil plane overlying Winkler springs

Fig. 4.7 Vertically sliced soil deposit

mode is isolated from the other modes in this expression. The impedances computed
in this manner is compared in Figure 4.6 to those computed with up to 10 modes.
They are also computed by the thin-layered element method which does not ignore the
vertical soil response and is considered to be rigorous compared with Tajimi’s method.
It is clear in this figure that the exclusion of higher vibration modes in Tajimi’s method
affects little the dynamic stiffness, and the good agreement between the rigorous and
approximate solutions proves the predominant contribution of the fundamental vibration
mode.

All the examples mentioned above shows that salient features of the impedance
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function of a stiff embedded foundation are insensitive to the detailed variations of soil
profiles and, thus, this allows us to describe the impedance function by only a limited
number of parameters.

The superior contribution of the fundamental vibration mode y/, to soil-embedded
rigid body interaction greatly simplifies the soil-embedded body interaction analysis.
When the surface soil deposit is divided into vertical soil columns as shown in Fig. 4.7a,
these columns, given a prescribed vibration mode of y,, can be replaced with
simple-damped oscillators. Reducing the size of each soil column, the surface layer is
modeled by a plane of infinite extent supported by Winkler-type springs (Fig. 4.7b).

The similarity is immediately apparent when Fig. 4.7 is compared with Fig. 3.2 in
Chapter 3, and it is now obvious that the rocking stiffness, K,, of the embedded

foundation has the same form as k&, in equation (3.15) (Chapter 2), with L* added to
its right-hand side as:

K,=L-&()-S (4.4)
Further extended discussion on the stiffness could be made in the similar manner as that
in Chapter 3. In Chapter 3, downward dips in the plots of rigorous variations of &k vs.

frequency were ignored in discussing simplified expression of k& _ in terms of the

frequency-independent mass, spring and damping parameters. Figs. 4.5 and 4.6,

however, show that these dips are rather clearer and more significant than those
appeared in k_ of flexible pile groups. Substituting equations (3.6a) and (3.6¢c) in

equation (4.4) yields both the real and the imaginary parts of K, as

Re(K +04 - <o
_Relly) )% : (4.50)
2mp, & (V) 04 e W> 0,
0o - <
_ImRy) ={ o= (4.5b)
2mu, & (v) a0 0>,

Noting that a, = o R, /v, :(7r/2)-(R0 /L) at =0, the real part of K, drops
from 04+ (7z / 2) . (R0 / L) down to 0.4 as @ approaches ,. The drop thus depends
on the aspect ratio R,/ L of the foundation. For thick and short foundation, this drop

is remarkable and cannot be ignored.

The stiffness S~ in equation (4.4) or its inverse, namely, a flexibility function
H'(=1/8") is the most frequently encountered expression in soil-structure interaction
analyses. The flexibility function H is found to be closely approximated by the

following form as:

(@)= 4, d,
io+a, (iw+a,) +o,

(4.6)
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Fig. 4.8 Flexibility functions H (@) for different height-radius ratios

Figs. 4.8a-4.8¢ show flexibility functions for the rocking motion of an embedded rigid
cylinder for different height-radius ratios (L / R, ), 2, 4 and 8, respectively. Within this
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range of radius-height ratio, the expression agrees well with the rigorous solution.
Inverse Fourier transformation of H yields the impulse response function /"(¢) as:

h(t) = Ah,(t)+ Ah(t) (4.8)
where, h,=e“", h,=e " cosw,t (4.9a), (4.9b)
Equation (4.8) implies that the impulse response function, 4 (¢), is approximated by

adding up exponential and exponentially decaying cosine functions.
4.4 SIMPLE EXPRESSION OF STIFFNESS

Needless to say, use of the simple models that have been discussed so far leads to
some loss of precision, to be sure, however, reviewing these expressions, it is found that

the impulse responses of these models are closely approximated by summing up
exponential and/or exponentially decaying sine and cosine functions of time ¢, &, (t),

h,,(t) and h,(f),namely,

h(t) = 3 (A, he, (O + A b, (0 + A, (0) (4.10)
m=1
where, 4,,, 4., and A, areunknown constants and
—a®™t — el . >
hoho (k. (=1 ¢ cosw,,t, e “sinw ,t t>0
R ’ t<0
(4.11)
Fourier transforms of #,,,(¢), 4,,(¢) and A, (f) inequation (4) are:
1 s+ ae,m
#(h,,())=H,,(s)= =— - (4.12a)
st+a,, s +2a,,5ta,,

s+a,,

A, (O)=H,,(s)= (4.12b)

2
c,m

2 2
s“+2a, ,5ta,, to

a)sm
and  Z(h, (0)=H,,(s)=— — p (4.12¢)
s*+2a,,5ta,, to

s,m
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Fig. 4.9 Mechanical model for basic response functions

where, s =iw and 7 denotes Fourier transformation.
k

¢,,, shown in Fig. 4.9Y is expressed in the following form

It is noted here that the flexibility function of an assembly of three springs, &

al» a2’

k, , and two dashpots, ¢

al»

as:

(Cop +Cu)s+ (kyy + k) (4.13)

H(s) = >
CuCanS” + ik, Coy T hpney +ky(c,, e )s+kyk, +k,(k, + kaj)

which has the same form as any of equations (4.12a), (4.12b) and (4.12c). Setting
c¢,.c,, 1nequation (4.13) at a minus constant value -1, for example, and equating all the

terms in equation (4.13) with those of equation (4.12a), five model parameters, k&
k

al»

k,, ¢, and c,, are given as real values as:

a2’

k, =0618a,, (4.14a)
k,, =-1618¢,, (4.14b)
ky =0 (4.14c)
¢, =0618 (4.14d)
¢, =—1618 (4.14¢)

It is noted here that the mechanical model with the above five parameters (equations
(4.14a)-(4.14e)) is identical to a simple Kelvin-Voigt model with a single spring, -, ,,

and a single dashpot, -1, arranged in parallel. Similarly, the parameters for equation
(4.12b) are obtained as:

k, =(0618a,, +o,,) (4.15a)
k,, =—(1618,, +,,) (4.15b)
k, =—22360,, (4.15¢)
¢, =0618 (4.15d)
¢, =—1618 (4.15¢)

and those for equation (4.12c) are:
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kal = as,m - ~
(4.162)
a)sm
ki = =0ty == (4.16b)
k, = 1250, (4.16¢)
¢, =1 (4.16d)
¢, =-1 (4.16¢)

Needless to say, springs and dashpots should be positive in actuality. If these
parameters were free from this restriction however, it would surely be possible for
equation (4.13) to be completely identical to any of equations (4.12a), (4.12b) and
(4.12c), and this assumption is possible in both analog circuits and digital signal
processors as is demonstrated later in Chapter S.

The side soil stiffness, K, (equation (4.4)), for the rocking motion of an embedded

rigid body is, thus, approximated by a simple mechanical model illustrated in Fig. 4.10.

-kb,c

—— e e e m——

4.5 BASE SOIL STIFFNESS

Fig. 4.10 Simple expression of side soil stiffness
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Differing from flexible pile foundations, the contribution of a base reaction to the
stiffness of an embedded rigid body is not always small enough to be ignored.
Unit-impulse functions of soil/rock, at the base of a rigid embedded foundation, are
assumed to be those for a half-space medium. According to the approach presented by

Meek and Wolf™ (1992-1993), the soil is idealized as a truncated semi-infinite elastic
cone with its own apex height z, (Fig. 4.11), in order to develop unit-impulse

functions for a surface foundation. The apex ratio z,/7,, or the opening angle of the

cone, is determined for each degree of freedom such that the static stiffness coefficient
of the disk on the cone is equal to that on the semi-infinite soil half-space. It is noted
that, although the cone is defined for the static condition, wave propagation through the

cone dominates the behavior in the high frequency range. For a translational motion, the
unit-impulse response function /% (¢) 1is thus obtained as:
1 v, .

— e t>0
h(=1K =z ° (4.17)

X, static

0 <0
with K. = pv,> -’ | z,, where v, is the shear wave velocity. The unit-impulse

response function /4,(¢) for a rotational response is similarly obtained as:

1 v* %;f V3w V3w
A (l) K [3C 7—1‘—\/_ 7_j t>0

9,static ZO ZO

0 t<0

(4.18)

with K, .. =3pv,’l,/z, , where I,=(z/4)r," and v,  is the modified

longitudinal wave velocity (Meek and Wolf™).
The above expressions for unit-impulse functions are also found to be linear

combinations of exponential and/or exponentially decaying sin and cosine functions.

4.6 SUMMARY

translational cone rotational cone
Fig. 4.11 Cones for various degrees of freedom (Meek and Wolf*")
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Salient interaction features are often insensitive to the detailed variations of soil
profiles. As for an embedded stiff foundation, its impedance function (stiffness) is
strongly governed by the fundamental vibration mode of the surrounding soil deposit
and the contributions by other modes can be ignored. This fact allows us to describe the
impedance function by only a limited number of parameters. Such a small number of
parameters are easily manageable even in commercially-available personal computers.
This simplification thus certainly enhances the practicality of the present simulation
approach and also will enable us to use the present simulation approach in the nonlinear

soil environment.
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Chapter 5

REAL TIME CONTROL OF SHAKING TABLE FOR
SOIL-STRUCTURE INTERACTION SIMULATION

5.1. INTRODUCTION

Simple descriptions of foundation stiffness parameters have been discussed in the
first half of this report (Chapters 1-4). The stiffness parameters are eventually
approximated by a limited number of frequency-independent parameters. All these
expressions may be such an oversimplification of reality that they cannot cover all cases
of soil-structure interaction reality. They, however, allow the real-time production of
the soil-structure interaction motions on a shaking table. A faithful reproduction of
input motions on a shaking table, however, is not easily done when the table is heavily
loaded with a structure model to be tested. This chapter presents the method for
simulating soil-structure interaction effects in shaking table tests, in addition to some
pieces of equipment contrived for better control of shaking tables. Simple examples of

soil-structure interaction simulations are also given in this chapter.
5.2 REPRODUCTION OF SOIL-STRUCTURE INTERACTION MOTIONS

Fig. 5.1 shows a schematic view of the set-up in a shaking table test for earthquake

simulation”

, in which a superstructure model is placed directly on the table without a
physical ground model. The soil-structure interaction effects are simulated by adding
appropriate soil-structure interaction motions to the free-field ground motions at the

shaking table. In the simulation, first, the transducers at the base of the foundation pick
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Fig. 5.1 Present setup in a shaking table test for soil-structure interaction simulation

f .8
Uy +u p+U

up the signals of the base forces, p, and p, in sway and rocking motions,
H,,
H_, and H,, to produce the outputs corresponding to the soil-structure interaction

respectively. These two amplified signals are then applied to the circuits H

xx 2

motions, u* and u). The output signals are then added to the signals of the base
/

X

input motions, u/ +u’ and u) +u}, to produce the signals of foundation motions,

u! +u’ +u® and u] +u) +uf. The method is, thus, based on the premise that
u/ +u’ and u) +u) are known beforehand as the base input motions. The signals of

the foundation motions are finally translated into the shaking table motions by the
shaking table controller.

This method, therefore, requires a device that can generate signals identical to the
transient motion of its base on a soil medium of infinite extent. Foundation stiffness
parameters that have been discussed in the first half of this report (Chapters 1-4) are
found to be approximated by a limited number of frequency-independent parameters..
Reviewing these expressions as well as those by a number of researchers, it is found
that they are closely approximated by summing up exponential and/or exponentially
decaying sine and cosine functions of time ¢, the functions being easily produced by

simple analog circuits and/or digital signal processors, namely,
h(t) =Y Ah, (1) (5.1)
0

where, 4, are unknown constants, and

h(t)=e " cos(w;t —¢,) (5.2)
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with o /._l = time constant, @; =circular frequency that can be zero, and ¢, =phase

lag. Applying the Laplace transform to equation (5.2) leads to:
(s+a;)-cos¢, +w, -sing,

H,(s)= (5.3)

(s+a;,) +o/
From equation (5.3), it is found that the Laplace transform of equation (5.1) eventually
has a rational form that is described as:

a,s" +a, s"" +-+a;s+ H(0)

H(S) = m m—1
b, s"+b, s" +-+bs+1

(5.4)

where, a, and b . (j=1,2,--,m ) are unknown constants, and m<2n. The constant,
a, , must be zero as far as the Laplace transforms, H,(s), (equation (5.3)) for different
values of j are added up. However, the constant, a, , is intentionally left in equation

(5.4) for a more general expansion of the present method. Equation (5.4) is rewritten as:

{S}{a} = H(0) - H(s) (5.5)
where,

{S}:{—s’" ceeo—s S"H(s) - SH(S)}, (5.6a)
and

{a}={a, - a b, - b} (5.6b)

The 2m unknown constants included in the coefficient vector {a} are determined in

such a way that {a} allows the approximate expression of H(s) described in equation

(5.4) to best-fit its rigorous values in a desired frequency range. Since equation (5.6)
should be satisfied for both its real and imaginary parts, m values of s are first taken
within this frequency range. Then, m pairs of equation (5.5) (real and imaginary parts)
at these particular points of s eventually make up a set of 2m simultaneous equations,
and solving the linear simultaneous equations, one obtains all the coefficients in {a} .

It will be worthwhile examining how closely the expression in equation (5.4)
approximates rigorous solutions of flexibilities. Fig. 5.2 shows the variation of
flexibility, H

xx

at the cap of a 3x3 pile group (Kanya and Kausel”) with respect to the
dimensionless frequency, a, (=2r,@ /v, =2r,s/iv,). The parameters, r, and v,
are the radius of pile and the shear wave velocity in the surrounding soil, respectively.

There are two numerical examples of simulation shown in this figure; one with the
number of unknown constants 2m set at 4 (4, =0.3 and 0.6), another with 2m = 8

(a,=0.2,0.4, 0.6 and 0.8). The larger the number of coefficients is, the more closely

the approximate expression fits the rigorous values. It is, however, noted in this figure
that even a small number of coefficients (2m = 4) eventually allow the close

approximation to be realized over almost the entire extent of the frequency range



50 REAL TIME CONTROL OF SHAKING TABLE FOR SOIL-STRUCTURE ...

2r,
S
3
[ exact (Kanya and Kausel, 1982)
. [ Ro —0-m=2 a,=03,06

T \ m=4 a,=02,04,0.6,0.8
z ]
= 1 <
5 \ real part
5 [sn —5% -9 oY
= 4 "= COUCTD)COITTIP000000
B ‘ ‘Qo‘ UTSDNQ
N \\? N
g RN - c©C 1maginary part
8 \Q(‘-er\fu

R i i i i i 1

0.0 0.2 0.4 0.6 0.8 1.0

dimensionless frequency a,=2r /v
s

Fig. 5.2 Dynamic flexibility of 3 X3 pile group for harmonic loading

(0<a,<1) in this figure. The number of coefficients for approximation should be

reduced to some allowable minimum. Meek and Wolf” have developed approximate
expressions of flexibility functions for vertical, sway and rocking motions of a rigid mat
foundation (radius =, ) on a homogeneous half-space. Their expressions are interpreted
in such a way that the allowable minimum of the number of coefficients is eight
(2m=8) in order for a close approximation to be obtained within the frequency range,
0<a,<5. As for an embedded rigid foundation, Konagai and Nogami3 > have
demonstrated that the same number of coefficients allow the flexibility function to be
closely approximated for its rocking motion within the same frequency range. Simple

descriptions of stiffness parameters of grouped piles are given in Chapter 3.

5.3. PRESENT SYSTEM

5.3.1 Equivalent analog circuits

Electric signals can be controlled by using analog circuits. The first-level units in
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(a) adder (b) linear amplifier (¢) integrator
Fig. 5.3 Key circuits

(a2)
>—o €

(@)

(b)

Fig. 5.4 Analog circuit to generate

the circuits are operational amplifiers and passive elements (resisters and capacitors).”

These units form an adder (Fig. 5.3a), an amplifier (Fig. 5.3b) and an integrator (Fig.
5.3¢) which add several different input signals (e,, e,, - e, ) together, multiply an input

signal, e,, by a scale factor, a, and integrate a signal, e,, respectively. The functions of
both the adder and the amplifier can actually be realized by one sole circuit called a

“scaled adder”. For the sake of simple explanations, however, they are separately shown
in Figs. 5.3a and 5.3b.
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(a) e (b) e cosw, t (c) e ™' sin2w, ¢t
Fig. 5.5 Basic response functions generated by the present analog circuit (0.1 s/div.)

Setting the number m at 2 in equation (5.4), for example, the input and output signals,
e, and e , of the circuit for producing the interaction motion »" should satisfy:

2
a, +a,s+a,s e
H(s) =—2>— == 2 (5.7)
b, +b,s+b,s e

Introducing an unknown quantity ¢, the above equation (5.7) can be separated into the

following two equations as:

e, =a0%+a11+a2q (5.8a)
s s

e, =by-L+bLibyg (5.8b)
s s

With the expression in equations (5.8a) and (5.8b), the circuit that is capable of
generating e, to an arbitrary input signal e, is designed as shown in Fig. 5.4a. The

input signal e, and two additional signals, which will be shown later identical to
—q/s’> and —b,-q/s, are added together first by the adder (al) and then multiplied
by 1/b, by the linear amplifier (b1l). The output signal in the above process is g

according to equation (5.8b). Noting that integrating a signal is equivalent, in the

frequency domain, to dividing its Fourier spectrum by s, integrators (c1) and (c2)
produce signals ¢ /s and ¢ /s”, respectively. After these two signals go through

linear amplifiers (b2) and (b3) with scale factors —b, and -1 respectively, they
become —b,-q/s and —¢q/s’, and return to the adder (al): whereas linear
amplifiers (b4), (b5) and (b6) produce H(0)-q/s>, a,q/s and a,q respectively,
which are added together by the adder (a2). It is now clear from equation (5.8a) that the
output of the adder (a2) is identical to the signal e, .

Fig. 5.4b shows a model for a test try of Fig. 5.4a-equivalent circuit. Five pairs of

knobs are for tuning the five scale factors in Fig. 5.4a. In Figs. 5.5a-5.5¢ examples are
shown for the transient response of the circuit (&, =55 st w ;=157 s') to an



REAL TIME CONTROL OF SHAKING TABLE FOR SOIL-STRUCTURE ... 53

impulse (rectangular pulse of 5V, duration time = 10 ms). Only tuning the parameters to

prescribed values allows any of the basic response functions to be generated.

5.3.2 Controller of shaking table

It is noted that the system illustrated in Fig. 5.1 is realized on condition that a shaking
table loses no time in producing faithfully its input motion, (u} (= {u.f} + {u} + {u} ).
The motion produced by the shaking table, however, is not exactly identical to the
intended time history because the ratio of output-to-input amplitude of the shaking table
system does not remain the same over the desired frequency range. The performance of
the system’s transfer function is also affected by the presence of models on the shaking
table; this fact may cause the motion of the table to further deviate from the intended
time history. A controller with the transfer function 7' normally performs like a low
pass filter, and experiments on the table are conducted below its cut-off frequency.
Below this frequency yet, there remains a time delay Az between the produced motion
and the input signal. The effect of the time delay, described in the frequency domain as
T=e ' could be canceled by multiplying the flexibility function H by T7'.
Assuming that the performance of a soil-foundation system is approximated by that of a

simple-damped oscillator with a spring K, a dashpot C and a mass M (Fig. 5.6), the
flexibility function H_ is expressed as:
1

= 59
Y K—w'M+ieC (59
Thus, the cancellation of the time-delay effects is made by
WAt
HT'= ° (5.10a)

K-—o*M+iaC

mat foundation

-
= [V

— |

half space of soil

Fig. 5.6  Equivalent spring-damper system supporting a rigid mat foundation
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For smaller values of @Af?, equation (5.10a) is rewritten as:
1

H,T' = - ; (5.10b)
K-o"(M-AM)+io(C—-AC)
where,
AM = C- At (5.11a)
AC=M - At (5.11b)

Equation (5.10b) shows that the equivalent mass and the viscous damping coefficient
are reduced by cAr and M -Ar, respectively. The reduced mass am-aAm and the

damping coefficient ¢-Ac must be positive, calling for:

AM t At
e 3 (5.12a)
Ly
£—£<] 5.12b
c (5.12b)
with
t,=C/K (5.13a)
ty =27NM I K (5.13b)

The above conditions (equations (5.12a) and (5.12b)) are usually satisfied in reality for
many cases of soil-structure interaction, because radiation of waves from a foundation
leads the motion of the structure to be noticeably damped.

It is, however, necessary for the time delay to be minimized when equations (5.12a)
and (5.12b) are not satisfied. One possible measure for reducing the time delay is to

increase the feedback gain of a servo-amplifier of the shaking table (Fig. 5.7). In Fig.
5.7, u, and u,, are the input signal and the signal of the motion produced by the

shaking table, respectively. The deviation of the produced motion from the input signal,

u,, —u,,1s multiplied by a negative factor — £, and is added to the input signal u,, .

out

The following relationship between u,, and wu,, is then satisfied with the original

out

transfer function of the controller itself (g =0) denoted by G':

uout = G(uin + ﬂ(um - uou[ )) (5'14)
From equation (5.14), the overall transfer function 7 is described as:
_You _ G+ GP (5.15)
u,, 1+Gp

It is noted in equation (5.15) that 7 comes closer to 1 as the feedback gain, g,

increases. The servo-amplifier shown in Fig. 5.7 was built in a one-dimensional shaking

table system to check its performance. Fig. 5.8 shows that a servo-amplifier with a
larger value of g offers more significant improvement in expanding the frequency

range in which the ratio of output-to-input amplitude remains almost constant with little
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phase-shift. The increase of g, however, leads to a decrease in the margin for unstable

clattering of the table that is caused by the noise echoing through the closed circuit of
the servo-amplifier.
u;, ©

> —O U,y

(uin' uou )
§ t /1|
“Uput \I

Fig. 5.7 Servo-amplifier

|
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(b) phase lag
Fig. 5.8 Effect of feed-back gain on shaking-table transfer function
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5.4. EXPERIMENTS

5.4.1 Flexible upright cantilever

In order to provide a proper perspective on the usefulness of the present method, a
simple example of simulation of soil-structure interaction effects is introduced herein.
Eight steel plates (2000 mm X 300mm X 1 mm) were fastened together with rivets
arranged in a grid to form a simple cantilever. The cantilever was then fixed upright on
a shaking table with six degrees of freedom, as shown in Fig. 5.9, because it was
expected that the bending of the cantilever would cause a rocking motion in its
foundation. The feedback gains, g, of the servo-amplifier for this shaking table are set

at 0.53 and 0.41 in respect to horizontal and rocking degrees of freedom. Mechanical

Fig. 5.9 Upright beam on shaking table

Table 5.1 Parameters of cantilever

width Height | thickness | Bending stiffness £/ | density p
(m) (m) (m) (Nm’) (kg/em’)
0.3 1.8 0.008 2132.5 0.00801

Table 5.2 Soil properties
Density p, shear wave | Poisson’s ratio
(kg/em?) velocity v
v, (m/s)
0.0016 4.8 0.5

Table 5.3 Parameters for foundation
Radius 7, thickness d density p,
(m) (m) (kg/cm®)
0.8 0.1 0.0025
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properties of the cantilever are listed in Table 5.1. The cantilever is rather flexible, with
its natural frequency set approximately at 1Hz, so that interaction forces (both shear
force p, and moment p,) are easily measured by bonding strain gages to the lower
end of the cantilever. This flexible cantilever was assumed to be mounted virtually on a
circular rigid mat foundation (radius (7,) = 1.2 m, thickness (d) = 0.2 m, Table 5.3)
resting on a soft semi-infinite half-space of soil (v, = 9m/s, Table 5.2). Meek and

Wolf” 7 have developed a unified approach for soil-structure interaction analysis by
using truncated semi-infinite cone models representing an unbounded soil medium.
According to their approach, the soil supporting a rigid mat foundation is idealized for
each degree of freedom as a truncated semi-infinite elastic cone with its own apex
height z, (Fig. 5.10). They also showed that the stiffness parameters for sway and

rocking motions are approximated by those of discrete element models illustrated in Fig.
5.10. The flexibility, H (s), of the discrete-element model in horizontal x direction is

described as:

H, (5)=———— (5.16)
sC.+K,
where,
2 2
Kk, =2Y% T (5.17a)
Zy
C,=pyv, -m’ (5.17b)

and v, is the shear wave velocity propagating through the cone that dominates the

stiffness within considerably high frequency range. The apex ratio z,/r,, or the

opening angle of the cone, is determined by simply equating the static stiffness
coefficient of the disk on the semi-infinite soil half-space to that of the corresponding
cone, and is given by:

Zi:%(z_v) (5.17¢)

"o
As far as the rocking motion of the disk is concerned, a rotational cone should be
discussed. The flexibility, H,,(s), of the equivalent-discrete-element model in rocking

motion is described as:

i
H,(s)= ¢ HK (5.18)
S+ s+ 2
0 M0
where,
2
K, =20 (5.192)

C, = pvl, (5.19b)
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mat foundation

half space of soil

Fig. 5.10 Mat foundation and equivalent discrete element model
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time (s)
Fig. 5.11 Input base motion u/ +u’
M,=pzl, (5.19¢)

with I, =(z/ 4’ (5.194)

The velocity v is assumed to be identical to that of the longitudinal wave traveling

through the cone when Poisson’s ratio of the soil is less than 1/3. For larger values of

Poisson’s ratio, v issetat2v, . The apex ratio z,/r, of the rotational cone is:
V4

_022_’2[(1_ V)(_J (5.19¢)

v
"y Ve
In actuality, the lateral and rocking motions of a foundation are coupled, and the present
method illustrated in Fig. 5.1 allows the effect of the coupling to be simulated. The
coupling effect, however, is ignored in this simulation. Equations (5.16) and (5.17)
indicate that the present example is described by equation (5.4) with m set at 2.
As has been mentioned, electric-resistance strain gages were used as a sensing device
for both shear-force and moment. A pair of strain gages were bonded on both sides of
the lower end of the cantilever to sense the strain in the cantilever resulting from the

bending motion of the cantilever. The outputs of strain gages are then connected to an



REAL TIME CONTROL OF SHAKING TABLE FOR SOIL-STRUCTURE ... 59

appropriate bridge circuit that produces a signal proportional to the bending moment.
Another pair of strain gages were then pasted 10 cm above them, and the measurement
of moments at these two points permitted a determination of the shear force at the lower
end of the cantilever. It is noted that the moment and the shear force sensed by these
strain gages are not identical yet to the interaction forces, p, and p,, on the
soil-foundation interface. The interaction forces are to be evaluated taking into account

the inertia forces of the foundation virtually resting on the half-space of soil. For this

evaluation, both lateral and rocking accelerations, ii, and ii,, were measured on the
shaking table, and the signals of ii, and ii, were multiplied respectively by the
foundation mass, M, (=p,-7r,d), and the moment of inertia, u», (=p.1,d+M,,,),

where 7, is the contribution of the soil mass caught beneath the foundation, and is
given by:
M,, = 1.2@-3 p 1o, (5.20)

A horizontal impulse shown in Fig. 5.11 was given to the shaking table as an effective
foundation input motion, u/ +u’, and the acceleration response at the top end of the

cantilever was measured. The dotted line in Fig. 5.12a shows the acceleration time

history without the interaction motions, u.

and u,, being added; whereas the dotted
line in Fig. 5.12b shows the response affected by the interaction motions. Thick lines in
these figures show the computed responses of the discrete element model in Fig. 5.10.
In this numerical simulation, the finite difference method was utilized to obtain the
solutions in the time domain. The thick and dotted lines are in good agreement in both
figures; this fact clearly demonstrates that, for the simulation of soil-structure
interaction motions, the present method works properly as expected. These figures show
that incorporating the effect of the interaction motion leads to the increase of damping
and to the slight decrease of natural frequency as well. Although only horizontal base
motion was given to the shaking table, bending motion of the cantilever eventually
caused the shaking table (the virtual foundation) to rock as shown in Fig. 5.13. The
observed rocking motion, u,, is also in good agreement with the numerical simulation

(thick line).
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Fig. 5.12 Accerelation at the top end of upright beam

The present system is conditionally stable as is often the case with feed-back control
systems. Especially when a structure model with low damping ratio is shaken, the
motion of the shaking table sometimes echoes through the circuit causing a serious
clattering (howling) of the table. Fig. 5.14 shows one example of clattering that
happened before the table was properly heated up and stabilized. The predominant
frequency of the noise is 11 Hz, and is about identical to the fourth natural circular
frequency of the model. When the predominant frequency is higher than the frequency
range in which the desired signal exists, a low-pass filter may be used to reduce the
noise. It is however noted that the use of a low-pass filter causes the response of the
table to be more delayed. Some built-in device such as an adaptive echo canceller'”

would be useful for further improving its performance.



REAL TIME CONTROL OF SHAKING TABLE FOR SOIL-STRUCTURE ... 61

" . ) ;
h numerical simulation
0.2 R measured i
~ I A
"g | Al A \
S n , i\ \ n . I 1 '
e \ i \ \ A A I Al A
! 4 ) \ \ | \ \§ ]
2 oo\ NAWANVAWANAYA
| ] \l I \ \ v v
z TV Y VYV
.5 f 3,
2 v
S
-0.2
o 1 2 3 4 5
time (s)
Fig. 5.13 Rocking of shaking table
200

. 2
acceleration (cm/s”)
Ny
o
o o

o 1 2 3 4 5
time (s)

Fig. 5.14 Howling observed at the top end of upright beam



62 REAL TIME CONTROL OF SHAKING TABLE FOR SOIL-STRUCTURE ...

5.4.2 Slippage of rigid block on mat foundation

A rigid cylindrical block is assumed to be put on a rigid and circular mat foundation
resting on a semi-infinite half medium of soil (Fig. 5.15a)”. The dimensions of both the
prototype block and foundation are listed in Table 5.4, whereas Table 5.5 shows the
parameters for the soil medium. Poisson’s ration of the soil was set at 0.5 on the
assumption that the ground is an alluvial soft soil deposit that is totally saturated with
water. In this case also, the soil supporting a circular mat foundation is idealized for
each degree of freedom as a truncated semi-infinite cone (Fig. 5.15b) with its own apex
height z;. Only translational motion of the foundation is discussed herein, and the
soil-foundation is modeled by a damped one-degree-of-freedom system. The model of
the soil-structure system is then prepared by reducing the parameters, m, k and ¢ to the
uniform scale of 1 to 100. Since the ratio of these parameters is kept unchanged, the

time scale is not changed at all.

rigid block rigid block

half space of soil

a Rigid block on mat foundation b translational cone

Fig. 5.15 Rigid block put on a rigid mat foundation
resting on a semi-infinite soil medium

Table 5.4 Dimensions of block and foundation

(a) block
Mass Radius height
7.1X105 kg 7m 2 m

(b) mat foundation
Mass Radius height
1.4x108 kg 11 m 1.6 m

Table 5.5 Mechanical properties of soil
Density Shear wave Poisson’s ratio
velocity
1.6x103 kg/m?3 100 m/s 0.5
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Fig. 5.16 shows the model put on a shaking table. The steel block in the middle is the
model of the rigid block, and the shaking table itself virtually represents the motion of
the mat foundation on the semi-infinite soil half-space. The block is put not directly on
the shaking table but on a flat steel plate supported by four stiff upright legs with strain
gages pasted on them. These gages pick up the base shear force from the block. An
impulse as shown in Fig. 5.17 is given to the shaking table as an input motion u_ . The
test was also conducted for the above block model put on the rigid base. Fig. 5.18
shows time histories of both the displacement of the shaking table and the distance that
the block has slipped. Dotted lines in this figure show the motions without the
interaction effect being taken into account, whereas thick lines show the motions
affected by the soil-structure (foundation-block) interaction. Incorporation of the
soil-structure interaction leads to slight increase in the duration of the base motion and
drastic decrease of the distance that the block has slipped. The mass of the block is the
direct cause of the increase in the duration of the base motion, and the decrease of the
sliding distance is closely linked with the increase of the energy that has dissipated as
outwardly propagating waves into the virtually spreading soil medium. The present
method allows both influx FE it and efflux FE dissipated of energy through the

foundation to be measured in real time. These two kinds of energy are respectively:
t

Einput = J.(pxux +p9a6’)'dt (5213')
0
t

E id = [ (— P, — P, ) - dt (5.21b)
0

The energy, E used up within the model on the shaking table is then obtained

consumed

as:

E -E (5.21c¢)

consumed input E dissipated
Fig. 5.19a shows the variations of these energies with time where the interaction effects
are ignored, and thus, the cumulative loss of energy through friction ends up to be the
same amount as the energy influx. On the other hand, Fig. 5.19b, in which soil-structure
interaction effects are incorporated, shows that a part of influx energy dissipates away

and just the remainder is used up through friction.
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Fig.5.16  Block model on shaking table
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Fig. 5.17 Displacement of shaking table and distance that block has slipped
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Fig. 5.18 Influx, efflux and consumption of energy

5.5 SUMMARY

A new method for a model experiment on a shaking table has been presented. The
present method allows soil-structure interaction to be simulated. The conclusions of this
study are summarized as follows:

(1) In the present method, soil-structure interaction effects are simulated by adding
appropriate soil-structure interaction motions to the free-field ground motions at the
shaking table. A variety of unit-impulse response functions of bases or soil mediums
overlaid with structures are closely approximated by summing up basic functions which

can be generated by simple analog circuits and/or digital signal processors. This method
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thus has the potential to be applied to a variety of experiments of soil-structure
interaction without preparing any physical soil model.

(2) The present system is realized on condition that a shaking table produces faithfully
its input motion. The motion produced by the shaking table, however, is not exactly
identical to the intended time history because the ratio of output-to-input amplitude of
the system does not remain the same over the frequency range desired. The performance
of the system’s transfer function is also affected by the presence of a model on the
shaking table, a fact that may cause the motion of the table to further deviate from the
input. This effect will be canceled by multiplying the flexibility function, H, of a
soil-foundation system by the inverse transfer function, 7', of the shaking table
system. This manipulation, however, leads to reducing both the mass, M, and the
viscous damping coefficient, C, making up the discrete element model equivalent in
mechanical properties to the soil-foundation system. Needless to say, the reduced mass,
M — AM , and the damping coefficient, C— AC, must be positive. The conditions are
usually satisfied in reality for many cases of soil-structure interaction because wave
radiation from a foundation leads the motion of the structure to be noticeably damped. If
not, it would be necessary for the time delay to be minimized. One possible measure for
reducing the time delay is to increase the feedback gain of a servo-amplifier of the
shaking table. It is, however, noted that the increase of feedback gain leads to a decrease
in the margin for unstable clattering of the table that is caused by the noise echoing
through the closed circuit of the servo-amplifier.

(3) In order to provide a proper perspective on the usefulness of the present method, a
simple upright 2,000 mm long steel cantilever was shaken on a shaking table. The
observed responses of the beam showed that incorporating the effect of the interaction
motion leads to the increase of damping and to the slight decrease of natural frequency
as well. The numerical simulations were in good agreement with the observed
responses, demonstrating that the present method for the simulation of soil-structure
interaction motions works properly as expected. It is, however, noted that unexpected
noise amplification can cause serious problem in operating the shaking table when a
less-damped structure model is tested on a shaking table.

(4) A steel block was put on a shaking table that virtually represents the sway motion of
a rigid circular mat foundation on a semi-infinite half space of soil. An impulsive
displacement was then given to the shaking table as an input free-field motion, and both
the displacement of shaking table and the distance that the block slipped were
measured. Incorporation of the soil-structure interaction led to slight increase in the

duration of the base motion and noticeable decrease of the distance that the block
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slipped.
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